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ABSTRACT: Ring-opening polymerization (ROP) has been acknowledged as an |

efficient approach to biodegradable polylactones. Herein, by a sequential ROP of ™% ‘7(\ )J\/ TKL J\r 5\[{?\ J\/ \(\ )ks/ch
p,L-lactic acid (D,L-LA) and r-lactic acid(L-LA) monomers in toluene, we reported PDLLA (Amorphous block) PLLA (Crystalline block)
a ROP-induced self-assembly (ROPISA) process. The poly(p, L-lactic acid)-b- g = ..
poly(t-lactic acid) (PDLLA-b-PLLA)-based all-polylactones nano-objects were oA L, Jo &
prepared in a one-pot manner. The crystalline PLLA served as a core-forming y )\'fo T
block, and amorphous PDLLA acted as a stabilizer block. The morphologies of the
generated nano-objects included spheres and platelets by varying the polymer- |
ization parameters. Uniquely, the ROPISA was synergistically driven by - At
crystallization and solubility of the PLLA core. The versatility of the ROPISA | , , . ...
process was also demonstrated by the successful preparation of nano-objects with ', ;...
poly(&-caprolactone) (PCL) or poly(5-valerolactone) (PVL) as the stabilizer block,
and PLLA as the core-forming block. Based on the living and controlled character
of ROPISA, in the final polymerization, the living species in the PLLA core could be in situ cross-linked by 4,4’-bioxepanyl-7,7’-
dione (BOD) and the nano-objects could be stabilized. The melting temperature (T,,) of the polylactone blocks in the core or shell
region was independent and unaffected. Comparing with the unstabilized nano-objects, the thermal stability of stabilized nano-
objects can be significantly enhanced.

Bl INTRODUCTION observed the formation of spherical nano-objects with
The polylactones [e.g., poly(e-caprolactone) (PCL), poly(5- stereocomplex cores by self-assembly of a mixture of PLLA-
valerolactone) (PVL), poly(glycolic acid) (PGA), and poly- b-PAA and PDLA-b-PAA in water.” Subsequently, they
(lactide) (PLA)], as environmentally friendly alternatives, have further studied the self-assembly of poly(4-acryloyl morpho-
gained increasing attention 0W1ng to their unique biocompat- line)-b-poly(r-lactide) (P4AM-b-PLLA), methoxy polyethy-
ibility and blodegradablhty ® The polylactones with predict- lene glycol-b-poly(r-lactide) (mPEG-b-PLLA), and poly(N,N-

able molecular weight (MW), narrow MW distribution (M,/ dimethylacrylamide)-b-poly(i-lactide) (PDMA-b-PLLA) block
M,), and high end group fidelity have given rise to a broad

range of practical applications, including packaging,* agrlcul-

S;leéera?ri;?ri():ilgal;;)mgsl;if ii:ic}ﬁf;lzuﬁ)h 5y j:llcllgsiegjlery’ prepared a series of well-controlled and unprecedented
)

PLA, owing to its excellent properties as well as the “green” hierarchical 2D structures using poly(4-vinylpyridine)-b-poly-
synthetic route, has been well studied and extensively (1-lactide) (P4VP-b-PLLA) via the seeded growth route. Chen

copolymers'® and explored the nano-objects as antibacterial
agents, emulsifiers, adhesives, etc.'”™>' Manners et al.** had

applied.13 For instance, more than 15 PLA-based micro/ et al.>>** prepared a series of sphere, fiber, and platelet nano-
nanoparticle products had been approved and marketed.'* In objects using PLLA as the core and glycopolymers as the shell.
most practical applications, it was a highly desirable approach They expected that the glyco-functionalized nano-objects with
to introduce PLA as a block in copolymers, which can be different morphologies and dimensions would open a new
further constructed as self-assembled nano-objects with avenue for immunological therapeutics. However, based on the

controlled morphologies and functions. For example, Han et
al."® had investigated the self-assembly of poly(i-lactic acid)-b-
polystyrene (PLLA-b-PS) diblock copolymers in selective
solvents of the carbon disulfide (CS,)/tetrahydrofuran
(THF) mlxture and the lamellar nano-objects were captured.
O’Reilly et al."® had prepared spherical and cylindrical nano-
objects by direct dissolution of poly(p,L-lactide)-b-poly(acrylic
acid) (PDLLA-b-PAA) or poly(r-lactide)-b-poly(acrylic acid)
(PLLA-b-PAA) block copolymers in water. Interestingly, they

above examples of self-assembly systems, the nano-objects
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Scheme 1. Schematic of the ROPISA Process and Stabilization of All-Polylatones Nano-Objects
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were mostly featured with complex operation steps and
relatively low concentrations (<1.0% w/w).”

The polymerization-induced self-assembly (PISA) has been
demonstrated for constructing nano-objects with simple
operation and relatively high solids content (up to 50% w/
w),273° which addressed the above-mentioned issues and
further facilitated the practical appliC'c\.tions.3l_34 However, in
most conventional PISA systems, the core-forming block was
noncrystallizable. Alternatively, when a crystallizable core-
forming block (such as the polylactones of PLLA, PCL, PVL,
etc.) is introduced into a PISA system, crystallization will
become the primary driving force. This will consequently lead
to the formation of nano-objects with distinct morphologies
from those obtained using the conventional PISA system.””*°
The crystallizable polylactones were generally synthesized by
the ring-opening polymerization (ROP) mechanism.”” ™’
Correspondingly, the ROP-induced self-assembly (ROPISA)
of lactones should be an optimized route for nano-objects with
crystallizable core-forming block.** For instance, Patterson et
al.*"** performed the ROPISA process of the L-LA monomer
using mPEG—OH as the macroinitiator. Du et al.™> and
Bonduelle et al.***° realized the ROPISA process of the N-
carboxyanhydride (NCA) monomer using mPEG-NH, as the
macroinitiator. Alternatively, Yang et al.** and Manners et al.*’
reported the ROPISA process of fluorene trimethylene
carbonate (FTMC) and salicylic acid o-carboxyanhydride
(SAOCA) monomers using mPEG—OH as the macroinitiator.
Without exception, mPEG was mostly employed as the
macroinitiator/stabilizer, and the ROPISA was dominantly
realized via a two-stage process. Aiming to develop the
ROPISA technique, in our previous work, § we performed a
ROPISA process using hydroxyl-terminated polyisobutylene
(PIB—OH) as macroinitiator and PCL or PVL as core-forming
block. Although the available macroinitiator/stabilizer and
core-forming blocks were enriched, a two-stage process was
also required. Given the increasing requirements on poly-
lactone-based nano-objects, further development on the
ROPISA technique is still urgent.

Recently, a tentative experiment showed that p;-lactic acid
(D,L-LA) and vr-lactic acid(L-LA) monomers can be
polymerized using the same catalyst of 1,8-diazabicyclo[5.4.0]-
undec-7-ene (DBU). However, the resulting PDLLA and
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PLLA have distinct solubility in toluene. This phenomenon
inspired us to target the all-polylactide-based nano-objects by a
one-pot ROPISA process, which is hoped to simplify the
synthetic route to nano-objects and correspondingly facilitate
their applications. Herein, all-polylactides nano-objects with
amorphous PDLLA as the stabilizer/macroinitiator block and
crystallizable PLLA as the core-forming block were realized by
the sequential ROPISA process using 1-tetradecanol, toluene,
DBU, D,L-LA, and L-LA as the initiator, solvent, catalyst, and
monomers, respectively (Scheme 1). The factors of the degree
of polymerization (DP) of PDLLA (DPpp;;,) or PLLA
(DPpy1a), solids content and solvents on the morphological
evolution were systematically monitored, and the morpholo-
gies of spheres and diamond-shaped platelets were captured
from the PDLLA-b-PLLA-based ROPISA system. Further-
more, a similar strategy can also be performed for poly(e-
caprolactone)-b-poly(i-lactic acid) (PCL-b-PLLA) or poly(§-
valerolactone)-b-poly(r-lactic acid) (PVL-b-PLLA)-based all-
polylatones nano-objects, demonstrating wide applicability of
the ROPISA process. The nano-objects can be stabilized by in
situ cross-linking of living species using a degradable cross-
linker of 4,4'-bioxepanyl-7,7'-dione (BOD) in the final
polymerization stage. The thermal properties of all-polylatone
nano-objects were also performed and compared.

B RESULTS AND DISCUSSION

Practicability of ROPISA Using Amorphous PDLLA as
the Stabilizer Block and Crystallizable PLLA as the
Core-Forming Block. Employing DBU, toluene, and 1-
tetradecanol as the catalyst, solvent, and initiator, respectively,
the PDLLA stabilizer/macroinitiator block was synthesized by
ROP of the D,L-LA monomer in the first polymerization stage.
Subsequently, in the second polymerization stage, the L-LA
monomer was added, and the PDLLA-b-PLLA diblock
copolymer was generated. As the toluene was a good solvent
for the PDLLA block and a simultaneously poor solvent for the
PLLA block, the generated PDLLA-b-PLLA favored to
aggregate with the gradual chain extension of the PLLA
block, and the ROPISA process was thus realized.

Using the synthesis of PDLLA g-b-PLLA3; as an example,
the ROPISA process was realized by sequential addition of D,
L-LA, and L-LA monomers with a solid content of 10% w/w at
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Figure 1. Polymerization kinetics for the ROPISA process (targeted at PDLLA 4-b-PLLA;5 with a solid content of 10% w/w at the temperature of
20 °C and stirring rate of 300 rpm): (a) GPC curves of PDLLA and PDLLA-b-PLLA diblock copolymers at different polymerization times, (b) 'H
NMR spectra of crude product at different polymerization times (in CDCL;), (c) plots of monomer conversion and In([M],/[M]) versus time, and
(d) plots of M, geor Myynmr, My gpe, and M,,/M,, versus monomer conversion.

Table 1. Formulation, Characterization, and Morphologies of Nano-Objects Obtained in the ROPISA Process”

entry samplesb DPPD:EAH/IT)IPPLLA the first polymerization stage the second polymerization stage moxphologiesd
Mn,NMRb M, cpc Mn,NMRb M, cpc”
(g/mol) (g/mol) M, /M,* (g/mol) (g/mol) M, /M,
1 PDLLA;-b-PLLA,, 3.50 5000 5400 1.17 6400 6600 125 irregular
morphology

2 PDLLA;,-b-PLLA 5 1.89 4900 5300 1.18 7600 7600 1.30 sphere

3 PDLLA,;-b-PLLA,, 1.02 6100 5700 1.18 12,200 11,000 1.24 sphere

4 PDLLA;,-b-PLLA 0.58 4900 5200 1.24 13,200 9200 1.32 sphere and platelet
S PDLLA;,-b-PLLA 0.48 4600 4700 1.18 14,000 8300 1.28 platelet

6 PDLLA,,-b-PLLA, 031 4900 5300 124 20,800 9800 134 platelet

7 PDLLA;;-b-PLLA, 4, 0.22 4700 5200 1.27 25,700 13,400 1.20 platelet

8 PDLLA 4-b-PLLA,, 0.90 2500 3000 1.20 5400 4600 1.18 sphere and platelet
9 PDLLA,4-b-PLLA;4 0.47 2500 3800 1.24 8000 7600 123 platelet

10 PDLLA ;-b-PLLAg, 0.31 2500 4000 122 11,000 11,500 1.22 platelet

11 PDLLA,,-b-PLLA¢g 0.25 2400 2700 123 12,300 7800 125 precipitate

12 PDLLA,,-b-PLLA,, 1.69 10,200 5100 1.19 16,200 7000 1.23 sphere

13 PDLLAg,-b-PLLA,; 0.88 9200 5500 11S 19,700 8300 1.28 platelet

14  PDLLAgb-PLLA,; 0.49 9500 5900 122 28,900 12,500 133 platelet

15° PDLLA,,-b-PLLA,, 0.46 4900 4200 119 15,500 6500 135 sphere

16° PDLLA;¢-b-PLLA., 0.51 5100 5600 1.24 15,400 12,600 141 platelet

“PDLLA, DBU, and toluene were used as stabilizer/macroinitiator block, catalyst, and solvent, respectively. Polymerization temperature was set as
20 °C, solids content was set as 10% w/w, and stirring rate was set as 300 rpm. bSubscript represents the DP for each block, which was calculated
according to monomer conversion (>96%) based on '"H NMR spectra. ‘M, cpc and M,/M, were determined using GPC, wherein THF and
poly(methyl methacrylate) (PMMA) were used as the eluent and standard, respectively. “Morphologies were measured using HCTEM and field-
emission scanning electron microscopy (FESEM). “Solids content was set as 5% w/w in entry 15 and 20% w/w in entry 16, respectively.

a temperature of 20 °C and a stirring rate of 300 rpm. As

shown in Figure S1, the matrix-assisted laser desorption/

ionization-time-of-flight mass spectrometry (MALDI-TOF
MS) confirmed that the PDLLA possessing a 1-tetradecanol
residue and a hydroxyl chain end was successfully synthesized

via DBU-catalyzed ROP. The gel permeation chromatography
(GPC) curves with unimodal peaks confirmed that PDLLA
and PDLLA-b-PLLA with controlled MW and narrow MW
distribution (M,,/M,) were successfully prepared (Figure 1a).

The conversion of the L-LA monomer can be calculated by 'H
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Figure 2. (a—f) HCTEM images of PDLLA-b-PLLA-based nano-objects generated from the ROPISA process with different DPppy;,/DPpy14 in
toluene. (a’,d’) FESEM images of the corresponding nano-objects. Nano-objects were diluted into 0.07—0.2% w/w dispersions. Samples on the
copper grid were not stained. (i) Wide-angle X-ray scattering (WAXS) patterns of PDLLA4,-b-PLLA g- and PDLLA;,-b-PLLA-based nano-

objects.

NMR spectra based on the variation of the resonance signals
attributed to the methine proton (—CH(CH;)COO—) at 4.89
ppm on the L-LA monomer and that at 5.35 ppm on the PLLA
block (Figure 1b). Prolonging the polymerization time, the
conversion of L-LA monomer was regularly increased, and the
polymerization can be finished in 110 min (Figure lc). The
kinetics evolution of In([M],/[M]) versus time indicated that
the polymerization process was realized with a fast first-order
stage and followed by a relatively slow one. The kinetics
evolution tendency was different to conventional reversible
addition-fragmentation chain transfer (RAFT) PISA proc-
ess”®®'" and the previous ROPISA process of the L-LA
monomer,”"*” in which the polymerization kinetics was
featured with a slow first-order stage and followed by a
relatively fast one. Alternatively, the polymerization kinetics in
this work was rather similar to that for a typical solution
polymerization of lactones*’ and a previous work on
ROPISA of e-CL and §-VL monomers.”® The possible reason
can be attributed to the balance between the polymerization
rate of the L-LA monomer and the crystallization rate of the
core-forming PLLA block, which might be affected by
parameters (such as solvent, temperature, catalyst, etc.)
employed in the PISA process."”* In our case, the DBU
catalyst might promote a fast polymerization rate, and the
crystallization rate or self-assembly process was relatively
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delayed even after the complete conversion of the monomer.
Thus, the L-LA monomer might be dominantly polymerized in
a relatively homogeneous stage without or with weak
aggregation of copolymers, which still obeyed the kinetic
behavior of a conventional solution polymerization process
rather than a typical PISA process. The number-average
molecular weight (M, gpc) of PDLLA-b-PLLA was regularly
increased while maintaining narrow M,/M, (Figure 1d).
However, the M, gpc had an obvious derivation from M, 4,
due to the relatively poor solubility of PDLLA-b-PLLA in THF
elution.”” ~>* Alternatively, in the following section, the M, xyr
calculated from 'H NMR spectra was adopted for all samples,
and the derived DP was labeled as the subscript.
Morphological Evolution of PDLLA-b-PLLA-Based
Nano-Objects in the ROPISA Process. The morphologies
of the resulting nano-objects from the ROPISA process can be
affected by multiple parameters. Herein, fixing the temperature
at 20 °C and stirring rate at 300 rpm, the ROPISA process was
dominantly investigated by varying DPppp; 4 of the stabilizer/
macroinitiator, DPppy;14/DPpy1 s, solvents, and solids content.
As described in the above section, the crystallization rate or
self-assembly process might be slower than the polymerization
process. For consistency, the ROPISA process was continued
for another 4.0 h with stirring at 300 rpm after the complete
polymerization, and the sampling for high contrast trans-
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Figure 3. (a—f) HCTEM images of PDLLA-b-PLLA-based nano-objects generated from the ROPISA process with different DPppy;,/DPpyp4 in
toluene. Nano-objects were diluted into 0.07—0.2% w/w dispersions. Samples on copper grid were not stained.

mission electron microscope (HCTEM) measurement was
followed. The detailed results are summarized in Tables 1 and
SL.

First, fixing the solids content at 10% w/w and DPpp;,
around 3S, the morphologies of nano-objects derived from
PDLLA-b-PLLA diblock copolymers were evaluated by
HCTEM while varying the DPpp;s/DPppya ratio. For the
DPppa/DPpis of 3.50, the PDLLA;-b-PLLA,, block
copolymer was formed, and no regular self-assembled structure
could be discerned (entry 1 in Table 1). The reason can be
attributed to shorter core-forming blocks and weaker
aggregation ability of the block copolymers. As shown in
Figure 2a (entry 2 in Table 1), PDLLA,,-b-PLLA;5 was
generated, and pure spheres were observed when the DPppy; 14/
DPyp; ;4 was decreased to 1.89. When the DPppy;4/DPppa Was
decreased to 1.02, the PDLLA,;-b-PLLA,, diblock copolymer
was formed, and spheres were also collected from Figure 2b
(entry 3 in Table 1). When the DPppa/DPpiia was
decreased to 0.58, the PDLLA;,-b-PLLA, diblock copolymer
was generated, and a mixture of spheres and diamond-shaped
platelets could be discriminated from Figure 2c (entry 4 in
Table 1). When DPpp;;4/DPpy;4 was further decreased from
048 to 031 and 0.2, PDLLAs,-b-PLLAs, PDLLAs,-b-
PLLA,,;, and PDLLA;-b-PLLA,,, diblock copolymers com-
prising pure diamond-shaped platelets were synthesized,
respectively (Figure 2d—f, entries 5—7 in Table 1). The
FESEM images of the nano-objects based on PDLLA,-b-
PLLA;s and PDLLA.;-b-PLLA4s provided additional con-
firmation on their respective spheres and diamond-shaped
platelets, aligning consistently with the images from HCTEM
measurement (Figure 2a’,d’). It should be noticed that, in
most cases, the platelet nano-objects were composed of
multiple layered crystalline structures. The reason might
come from the overlapping of the generated platelets during
either the self-assembly process or the sampling for the TEM
measurement.

The WAXS measurement was also carried out on spherical
and diamond-shaped nano-objects derived from PDLLA,-b-
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PLLA,, and PDLLA,-b-PLLA¢ (Figure 2i). The WAXS
patterns illustrated that the crystalline PLLA exhibited peaks at
distinct diffraction angles compared to amorphous PDLLA.
Specifically, the most prominent peak at 16.6° corresponded to
the diffraction of (110)/(200) planes, while the peak at 19.8°
was attributed to the (203) plane. The micrometer-sized
diamond-shaped nano-objects observed by HCTEM images
precisely matched the crystal planes with (110)/(200)
examined through WAXS, featuring the aspect ratio of the
direction (b to a) ca. 0.58 (Figure 2f). Simultaneously, the
angles of adjacent edges were measured as 60 and 120°,
respectively. The diamond-shaped nano-objects conferred an
advantageous low-curvature structure, which served to
minimize the surface energy, akin to the self-assembled single
crystals observed in traditional PLLA homopolymer.”
Uniquely, the growth of single crystal remained unaffected
by the PDLLA block. Additionally, the WAXS data offered
semiquantitative insights into the degree of crystallinity across
the samples. According to the literature,® defining the
crystallinity of PLLA homopolymer as 1.00, the relative
crystallinity of PLLA in nano-objects of PDLLA;,-b-PLLA 4
and PDLLA;-b-PLLAgs can be derived as 0.41 to 0.79,
respectively. The results indicated that the spherical nano-
objects arose from the relatively lower crystallinity of core-
forming PLLA, whereas the PLLA was featured with a higher
crystallinity in the diamond-shaped nano-objects. In other
words, the crystallinity of core-forming PLLA has a close
relationship with the self-assembled morphologies.
Alternatively, decreasing the targeted DPpp;a as 17, the
PDLLA 4-b-PLLA,, diblock copolymer was generated at the
DPppria/DPprpa of 0.90. In this case, the spheres were
dominantly formed with minor coexisting diamond-shaped
platelets (Figure 3a, entry 8 in Table 1). When the DPppy;;,/
DPyp;, was decreased from 0.47 to 0.31, the PDLLA 4-b-
PLLA;; and PDLLA 4-b-PLLA,, diblock copolymers compris-
ing diamond-shaped platelets were generated, respectively
(Figure 3b,c, entries 9—10 in Table 1). When DPppp 4/DPpyy s
of 0.25 was further attempted, the PDLLA,,-b-PLLA4; diblock
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Figure 4. (a—c) HCTEM images of PDLLA-b-PLLA-based nano-objects (maintaining DPpp;;4/DPpy;4 around 0.50) obtained by varying solids
content in toluene. (d—f) HCTEM images of PDLLA-b-PLLA-based nano-objects (maintaining DPpp;;2/DPp;; 4 around 0.50) obtained with
solids content of 10% w/w by varying solvents. Nano-objects were diluted into 0.07—0.2% w/w dispersions in the corresponding solvents for the

ROPISA process. The sample on the copper grid was not stained.

copolymer were generated, and however, the precipitate was
gradually observed (entry 11 in Table 1). Furthermore,
designing the targeted DPppi;, as 70, the resulting
PDLLA,;-b-PLLA,, diblock copolymer with an DPpp;a/
DPpy ;4 of 1.69 led to the formation of pure spheres (Figure
3d, entry 12 in Table 1). Similarly, when the DPppy; ,/DPpy; 4
was decreased from 0.88 to 0.49, PDLLAy,-b-PLLA,; and
PDLLA4-b-PLLA, ;5 diblock copolymers were synthesized,
respectively, and the diamond-shaped platelets were observed
in both systems (Figure 3e,f, entries 13—14 in Table 1). Unlike
the formation of precipitate in the case for PDLLA,,-b-PLLAg;,
the longer PDLLA4 efficiently increased the stability of
PDLLA4s-b-PLLA, ;5-based nano-objects. Thus, it can be found
that the morphological window can be efficiently comodulated
by both DPpp; 4 of the PDLLA stabilizer and the DPppy; ./
DPypy 4 ratio.

Second, the morphologies of nano-objects based on PDLLA-
b-PLLA diblock copolymers were evaluated by fixing the
DPpp1a/DPpiia around 0.50 and DPpp;;, around 35 while
varying the solids content. As shown in Figure 4a (entry 15 in
Table 1), the PDLLA;,-b-PLLA,, diblock copolymer was
generated at a solid content of 5% w/w, and only spheres were
formed. When solids content was increased to 10% w/w and
20% w/w, PDLLAs,-b-PLLA4 and PDLLA,4-b-PLLA,, diblock
copolymers were synthesized, respectively, and diamond-
shaped platelets were captured (Figure 4b,c, entries S and 16
in Table 1). In the case with lower solids content, lower-order
spheres were favored, which might be attributed to the reduced
collision and fusion of nano-objects. Alternatively, in the case
with higher solids content, the relatively higher concentration
greatly accelerated the collision and fusion of nano-objects,
which facilitated the arrangement and crystallization of the
PDLLA-b-PLLA copolymer, and the diamond-shaped platelets
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were generated. Thus, the solids content also has a significant
effect on the morphological evolution of nano-objects.

Third, the effect of solvents on the ROPISA process was also
studied. Maintaining the DPpp;;,/DPprya around 0.50,
DPppiia around 35, and the solids content of 10% w/w, a
good solvent of dioxane was introduced into the ROPISA
system, and the effect was evaluated. When w0 % in
toluene/dioxane cosolvent was set as 0%, the resulting
PDLLA 4-b-PLLA;; diblock copolymer formed the diamond-
shaped platelets (Figure 4d, entry 1 in Table S1). When wg;syane
% was increased to 2%, the obtained PDLLA,4-b-PLLA,,
diblock copolymer still contributed to the diamond-shaped
platelets (Figure 4e, entry 2 in Table S1). Increasing the
Waioxane 10 5%, however, the resulting PDLLA,-b-PLLA;,
diblock copolymer led to the formation of pure spheres, and
the size was approximately 400 nm (Figure 4f, entry 3 in Table
S1). Furthermore, when wioxe % was designed as 10%, the
PDLLA s-b-PLLA;¢ block copolymer was formed, and no
regular self-assembled structure can be discriminated (entry 4
in Table S1). For a typical amorphous block copolymer, the
solvophobic interactions between solvent and core-forming
block are the driving force.>® However, in a self-assembled
system containing crystallizable core-forming blocks, the
determinants impacting the assembly morphology are notably
intricate and multifaceted.””*® The solubility and crystallinity
should synergistically affect the self-assembly process. Thus,
the variation of the solvent also has an obvious effect on the
morphological evolution.

By summarizing the above results, it can be found that the
diamond-shaped platelets can be captured at relatively higher
DPp;; 4, higher solids content, and poorer solvents. On the
contrary, only the spheres can be collected. Additionally, it
should be noticed that all-polylactones nano-objects prepared
by the PISA process were not as well-defined in shape or as
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Figure 5. (a) GPC curves for the stabilizer/macroinitiator and the corresponding diblock copolymers in the ROPISA process (THF was used as
eluent). (b) "H NMR spectra for PCLg;-b-PLLA,, and PVLg,-b-PLLA,; diblock copolymers (in CDCly).
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Figure 6. (a—f) HCTEM images of PDLLA-b-PLLA, PCL-b-PLLA, and PVL-b-PLLA-based nano-objects generated from the ROPISA process in
toluene. Nano-objects were diluted into 0.07—0.2% w/w dispersions. Samples on the copper grid were not stained.

uniform in size as those produced by the traditional self-
assembly technique. We have failed to modulate the shape and
size by adjusting several experimental parameters. The reason
can be attributed to the limitations of the ROPISA process
itself, in which the shape and size might be significantly
affected by both the polymerization behavior of the L-LA
monomer and the crystallization behavior of the crystallizable
core-forming PLLA block. Any fluctuation in the polymer-
ization process might affect the crystallization behavior as well
as the morphological evolution of the nano-objects. Com-
paratively, the parameters of the ROPISA process were more
complicated than those for the traditional self-assembly
process.

Scope of the Stabilizer/Macroinitiator Block for the
ROPISA Process. In order to demonstrate wide applicability
of the ROPISA process, PCL and PVL were also introduced as
the stabilizer/macroinitiator blocks. Similar to the aforemen-
tioned PDLLA-b-PLLA diblock copolymer synthesized in the
ROPISA process, we also set the temperature at 20 °C, the
stirring rate at 300 rpm, the solid content at 10% w/w, and
employed toluene as the solvent. Differently, methanesulfonic
acid (MSA) and diphenylphosphate (DPP) were used as
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organocatalysts for &-CL and 6-VL monomers at the first
polymerization stage, respectively. The GPC results showed
that the PCL—OH and PVL—OH stabilizer/macroinitiator
blocks were first and successfully synthesized. After the chain
extension, the GPC results clearly showed that the PCL-b-
PLLA and PVL-b-PLLA diblock copolymers were formed
(Figure Sa). However, due to the possible side reaction, such
as the transesterification,’ a trace amount of homopolymer
with low MW was generated, and the GPC curves were
exhibited with a tail. The characteristic resonance signals of the
stabilizer/macroinitiator and the corresponding diblock
copolymers attributed to the related protons were also
observed from the 'H NMR spectra (Figures S2—S3 and
Figure 5b). The GPC and '"H NMR confirmed that the PCL-b-
PLLA- and PVL-b-PLLA-based ROPISA processes can also be
realized in a controlled manner.

The PDLLA-b-PLLA, PCL-b-PLLA, or PVL-b-PLLA diblock
copolymer with close DPppija/DPpria, DPper/DPppya,
DPpy;/DPprps, and MWs were designed and used as
comparisons, and the detailed results were summarized in
Table S2. For the DPppiy/DPprps of 1.02, the resulting
PDLLA,;-b-PLLA,, diblock copolymer was synthesized, and
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Figure 7. (a) Schematic of the stabilization of nano-objects in the final polymerization stage by BOD. PDLLA (PCL or PVL), L-LA, and toluene
were stabilizer/macroinitiator block, monomer, and solvent, respectively. (b—d) HCTEM images of the stabilized nano-objects in dichloromethane
(DCM). Samples were diluted into 0.1—0.2% w/w dispersions in DCM, and samples on copper grid were not stained. (e—g) dynamic light
scattering (DLS) results of the stabilized and unstabilized nano-objects. Samples were diluted into 0.2—0.4% w/w dispersions.

the spheres were formed (Figure 6a, entry 1 in Table S2). The
PDLLA3,-b-PLLA4 diblock copolymer was synthesized by
decreasing DPpp;y/DPppp4 as 0.48, leading to the formation
of nano-objects with diamond-shaped platelets (Figure 6d,
entry 2 in Table S2). Similarly, for the DPp¢; /DPpy4 of 1.26
and 0.81, it was found that the PCL;-b-PLLA,, and PCL¢4-b-
PLLAgo block copolymers also tended to form spheres and
diamond-shaped platelets, respectively (Figure 6b,e, entries 3—
4 in Table S2). In addition, for the DPpy; /DPpy4 of 1.42 and
0.70, the similar formulation led to the formation of PVLg;-b-
PLLA,; and PVL,-b-PLLA¢, diblock copolymers, and the
spheres and diamond-shaped platelets could be observed,
respectively (Figure 6c,f, entries S—6 in Table S2). Obviously,
employing different lactone monomers, it was feasible to
generate nano-objects composed of all-polylactones by the
ROPISA process.

Stabilization of the Nano-Objects Formed in the
ROPISA Process. Given in a detailed application, the nano-
objects should be stabilized to maintain the self-assembled
morphologies.””" Herein, the ROPISA process has a living
and controlled character, and the monomer can be completely
converted in a defined polymerization time. Thus, the cross-
linking of the PLLA core-forming block can be in situ realized

8977

by adding a cross-linker of 4,4’-bioxepanyl-7,7’-dione (BOD)
after the complete consumption of the L-LA monomer (Figure
7a and Figure S4). That was, the nano-objects can be stabilized
in the final polymerization stage.

As shown in Figure 7b, the stabilized nano-objects from
PDLLA,;-b-PLLA,, diblock copolymer have a similar spherical
morphology in DCM as the unstabilized one in toluene (entry
1 in Table S2). Maintaining the original spherical morphology
in DCM confirmed the successful cross-linking of the core-
forming block in nano-objects, as DCM was a good solvent for
both PLLA and PDLLA blocks. Similarly, the nano-objects
from PCLg3-b-PLLA,, (Figure 7c, entry 3 in Table S2) and
PVL¢-b-PLLA,; (Figure 7d, entry S in Table S2) diblock
copolymers can all be stabilized. The DLS results indicated
that the sizes in DCM were slightly larger than those in toluene
(Figure 7e—g). The reason can be attributed to the enhanced
swelling of the stabilized nano-objects by the DCM solvent.
These results obtained from HCTEM and DLS measurements
affirmed that the spherical nano-objects formed in the ROPISA
process had been selectively and efficiently stabilized.

However, for the diamond-like nano-objects, the same
stabilization strategy was infeasible. This might be due to the
higher crystallinity of the PLLA block in diamond-shaped
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Figure 8. (a—f) DSC thermograms from consecutive runs for nano-objects synthesized from the ROPISA process. Samples were recovered from
methanol, dried under a vacuum, and used for DSC measurement. Samples were heated or cooled between —20 and 200 °C in the first to fifth run.
(g—i) Melting enthalpy value (AH,,) of the PLLA block was determined by DSC from different runs for the stabilized and unstabilized nano-
objects synthesized in ROPISA process. (j—1) TGA curves of the stabilized and unstabilized nano-objects synthesized in the ROPISA process.

nano-objects, which led to a more orderly arrangement and
prevented the cross-linking reaction from the active hydroxyl
groups at chain ends. Alternatively, in the case of spherical
nano-objects, the PLLA block with relatively lower crystallinity
facilitated the cross-linking reaction, and thus, the spherical
nano-objects can be efficiently stabilized.

Thermal Behavior of All-Polylactones Nano-Objects
from the ROPISA Process. As mentioned above, the
PDLLA-b-PLLA, PCL-b-PLLA, and PVL-b-PLLA diblock
copolymer-based all-polylactones nano-objects can be success-
fully prepared by the ROPISA process. For a practical
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application, the thermal property was a key parameter for
polylactone-based materials. Thus, the thermal analysis on all-
polylactone nano-objects formed in the ROPISA process was
further conducted by differential scanning calorimetry (DSC)
and thermogravimetric analysis (TGA) measurements, respec-
tively.

Before DSC analysis on nano-objects, PDLLA,, and PLLA,,
homopolymers were first synthesized and subjected to a DSC
measurement. As shown in Figure S5a, the DSC curve for
PDLLA homopolymer showed a melting temperature (T,,) at
82 °C in the first heating run and a glass transition temperature
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Figure 9. (a—c) DSC thermograms from consecutive runs for nano-objects synthesized from the ROPISA process (*Samples were heated or
cooled between —20 and 100 °C in the first to fourth run, while heated from —20 to 200 °C in the fifth heating run). (d—f) The AH,, of PLLA
blocks was determined by DSC from different runs for the unstabilized nano-objects synthesized in the ROPISA process.

(Ty) around 35 °C in all heating/cooling run. In Figure S5b,
the DSC curve for PLLA showed a T,, at 141 °C in the first
heating run and, however, no signal in the second cooling run.
Alternatively, a weak crystallization temperature (T.) at 95 °C
and T, at 126 °C were observed in the third heating run.
Continuously, no signal can be discriminated in the fourth
cooling run, and a further weakened T, and T, were detected
in the fifth heating run.

Using DSC curves for the PDLLA,, and PLLA,
homopolymers as references, the DSC curve for PDLLA;-b-
PLLA,, nano-objects was monitored and analyzed. It should be
noted that both the stabilized and unstabilized nano-objects for
DSC measurement were purified by dropping the ROPISA
dispersions into methanol, which was simultaneously a poor
solvent for PDLLA and PLA blocks. Thus, the spherical or
diamond-shaped morphologies of nano-objects can be
maintained. As shown in Figure 8a, the DSC curve for
PDLLA,;-b-PLLA,, nano-objects showed a T, at 137 °C,
which was attributed to PLLA block in the first heating run
from —20 to 200 °C. Unexpectedly, no T, can be observed
from the DSC curve in the second cooling run from 200 to
—20 °C, and only a T, at 43 °C can be detected. Continuously,
in the third to fifth run, the T, and T, completely disappeared,
while a T, around 41 °C still remained.

Obviously, DSC results showed that the as-synthesized
PDLLA block had a low crystallinity, which was destroyed and
diminished after the first heating run, and only the amorphous
PDLLA was reserved. Meanwhile, the as-synthesized PLLA
block had a relatively high crystallinity, which was gradually
weakened after the third and fifth heating runs. The reason for
the disappearance of T, or T,,, on PDLLA or PLLA blocks was
further probed by GPC measurements. GPC results before and
after DSC measurement showed that the PDLLA,, and
PLLA,, homopolymers, as well as the PDLLA,;-b-PLLA,,
diblock copolymer, were subject to thermal degradation during
the DSC measurement (Figure S6). The degraded fragments
with low MW significantly weakened the crystallinity of
PDLLA or PLLA blocks, which should be attributed to the
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disappearance of T. or T, in DSC curves. Alternatively, in
Figure 8d, when the PLLA block in the core region was cross-
linked and the nano-objects were stabilized, the T around 105
°C and T, around 131 °C can always be detected in the third
and fifth heating runs in DSC curves. That was, the
stabilization can greatly enhance the thermal stability of the
PLLA block as well as the nano-objects.

During DSC cycles, the melting entropy (AH,,) around 130
°C for PLLA blocks was summarized in Table S3. As shown in
Figure 8g, it can be found that, for unstabilized nano-objects,
the AH,, in the first heating run was 28.1 J/g, and no AH,, can
be discriminated in the following third and fifth heating runs.
However, for the stabilized nano-objects, the AH,; in the first
heating run was 20.8 J/g, which can be well kept in the third
(21.5 J/g) and fifth heating runs (21.1 J/g). The comparison
on AH,, further confirmed that the thermal stability of the
stabilized nano-objects can be greatly improved. Furthermore,
the stabilized and unstabilized nano-objects were also
subjected to a TGA measurement. As shown in Figure 8;j,
the thermal decomposition curve of unstabilized PDLLA ;-b-
PLLLA,, nano-objects started at around 200 °C and ended at
around 310 °C. Prominently, the decomposition temperature
of the stabilized PDLLA;-b-PLLLA,, nano-objects started at
approximately 300 °C and ended at 400 °C. Obviously, the
thermal stability of the stabilized PDLLA,;-b-PLLLA,, nano-
objects has been enhanced by approximately 100 °C.

For stabilized or unstabilized PCLg;-b-PLLA,, and PVLg;-b-
PLLA,; nano-objects, the evolution of T, or Ty, at around 130
°C for the PLLA block in DSC curves has a similar tendency as
those from PDLLA;-b-PLLA,, nano-objects. Differently, from
the first to fifth heating run, the T, and T, for PCL block were
detected at 31 and 48 °C (Figure 8b,e), and the T, and T, for
PVL block were detected at 22 and 48 °C (Figure 8cf),
respectively. Obviously, the crystallization and melting
processes of PCL, PVL, and PLLA were independent (Figure
S5c,d). After DSC measurement, GPC curves for PCL, PVL,
PCL-b-PLLA, and PVL-b-PLLA confirmed that there was no
degradation on PCL and PVL blocks (Figure S7). However,
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the PLLA block was still subjected to serious degradation. The
AH,, of PLLA blocks for stabilized or unstabilized PCL;-b-
PLLA,, and PVLg;-b-PLLA,; nano-objects are summarized in
Table S3. Again, in the third to fifth heating run, the AH
gradually dropped for unstabilized nano-objects, while AH,
almost remained constant for stabilized nano-objects Figure
8h,i. From the TGA curves, it can be discriminated that the
thermal stability of PLLA blocks in stabilized PCLg;-b-PLLA,,
and PVL¢,-b-PLLA; nano-objects was also enhanced (Figure
8kJl).

DSC analysis on unstabilized PDLLA,;-b-PLLA,,, PCLs;-b-
PLLA,,, and PVL¢-b-PLLA,; nano-objects was further
performed by an alternative program as follows. The sample
was heated or cooled between —20 and 100 °C in the first to
fourth run, while heated from —20 to 200 °C in the fifth
heating run. Interestingly, it was found that the T, peak of
PLLA can be well remained in the fifth heating run at around
138 °C (Figure 9a—c). As shown in Figure 9d—f, the AH,,
values for PLLA blocks in the fifth heating run remained
similar to these values in the first heating run in Figure 8g—i.
That was, under relatively low temperature (below 100 °C),
the crystallization of the PLLA block was unaffected and kept,
while PDLLA, PCL, and PVL blocks can subject to a typical
melting and crystallization process. The thermal transition of
the PDLLA, PCL, and PVL stabilizers and PLLA core-forming
block was independent. With this character, all-polylactones
nano-objects can be sufficiently blended with the matrix (such
as PDLLA, PCL, or PVL) below 100 °C, while the
encapsulated PLLA can preserve its morphologies and
contribute intrinsic functions to the formed materials.

B CONCLUSIONS

In summary, all-polylactones nano-objects with crystalline
PLLA as the core-forming block and amorphous PDLLA as the
stabilizer/macroinitiator block were successfully generated by
the ROPISA process in a one-pot manner. The ROPISA
process was featured with high solids content up to 20% w/w.
The factors, including the DPpp; 4, DPpy 4, solids content, and
solvents, demonstrated significant influence on the formation
of morphologies of spheres or diamond-shaped platelets. The
ROPISA process was demonstrated with wide applicability for
the all-polylactones system by successful preparation of nano-
objects with PCL or PVL as the stabilizer block, and PLLA as
the core-forming block. Based on the living and controlled
character of the ROPISA process, the formed nano-objects
could be efficiently stabilized by in situ cross-linking of the
living species using a difunctional BOD agent. The thermal
analysis showed that the stabilization can significantly enhance
the thermal stability of nano-objects. Due to the relatively high
T,, of PLLA in the core region and low T, or T, of PDLLA,
PCL, or PVL in the shell region, the original morphologies and
intrinsic function of the nano-objects can be well maintained in
a given composite system. Thus, the proof-of-concept
experiments in this work have demonstrated that the ROPISA
process was a promising method for all-polylactones nano-
objects.
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