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Abstract

Polymerization-induced self-assembly (PISA) has emerged as a scalable one-pot
technique to prepare block copolymer nanoparticles. Recently, we developed a PISA
process that resulted in poly(L-lactide)-b-poly(ethylene glycol) block copolymer
nanoparticles coined ring-opening polymerization-induced crystallization-driven self-
assembly (ROPI-CDSA). The resulting nanorods demonstrated a strong propensity for
aggregation, resulting in the formation of 2D sheets and 3D networks. Here, we report the
synthesis of poly(N,N-dimethyl acrylamide)-b-poly(L)-lactide block copolymer
nanoparticles by ROPI-CDSA utilizing a two-step, one-pot approach. A dual-
functionalized photoiniferter was first used for controlled radical polymerization of the
acrylamido-based monomer, and the resulting polymer served as a macroinitiator for
organocatalyzed ring-opening polymerization to form the solvophobic polyester block.
The resulting nanorods are highly stable and display anisotropy at higher molecular

weights (>12k Da) and concentrations (>20% solids) than our previous report. This
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development expands the chemical scope of ROPI-CDSA block copolymers and provides

readily accessible nanorods made with biocompatible materials.
Introduction

Polymerization-induced self-assembly (PISA) has revolutionized the field of block
copolymer self-assembly as it enables the reproducible and scalable production of
nanoparticles.’=3 In PISA, a macromolecular stabilizing block is chain extended with
monomer that forms a solvophobic block. PISA can be conducted in solutions ranging
from 10 to 50% solids wt in contrast to traditional methods, which typically yield
nanoparticle solutions around 1% solids wt."34 PISA has been developed for a wide
range of polymerization techniques,>*’ including for crystalline and semicrystalline
polymers, termed polymerization-induced crystallization-driven self-assembly (PI-
CDSA).8 PI-CDSA has allowed for the scaled-up production of anisotropic nanostructures

such as rods and lamellae.8-12

Recently, we developed PI-CDSA for the ring-opening polymerization (ROP) of
semicrystalline polyesters, termed ring-opening polymerization-induced crystallization-
driven self-assembly (ROPI-CDSA)."™-13 ROPI-CDSA is one of the earliest examples of
PISA for ROP."-2 In this process, the poly(ethylene glycol) (PEG) macroinitiator was
chain extended with L-lactide in toluene using various organocatalytic systems. The
resulting poly(L-lactide)-block-pol(yethylene glycol) (PLLA-b-PEG) particle morphology
varied from 1-D nanorods to 2-D lamellae, including 3-D stacked lamellae. However, the
majority of nanoparticle dispersions displayed mixed morphologies, and we were not able
to solely obtain well-defined nanorods.""-'3 Poly(N, N-dimethyl acrylamide)-block-poly(L)-

lactide (PDMA-b-PLLA) is an excellent block copolymer (BCP) for controlled

2



50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

crystallization-driven self-assembly of anisotropic nanorods and lamellae (CDSA), as
demonstrated by O’Reilly et al.?>23 In these studies, uniform morphologies were obtained.
We reasoned that substitution of PEG for a polyacrylamido block such as PDMA would
improve the uniformity and anisotropy of the assemblies resulting from ROPI-CDSA.
Developing a PISA process for PDMA-b-PLLA would necessitate a controlled radical
polymerization technique, followed by ROP. Hedrick et al. performed nitroxide-mediated
polymerization of DMA using a nitroxide with a hydroxyl group followed by the ROP of L-
lactide to synthesize PDMA-b-PLLA.?42% As far as we know, this is the sole example of

PDMA-b-PLLA synthesis in a two-pot, two-step manner.?4-26

Recently, Xia et al.?” showed that photoiniferter polymerization and organocatalytic ROP
could be performed stepwise or synchronously using a hydroxy-functionalized
trithiocarbonate (TTC) dual-initiator for the one-pot production of polyacrylamido-b-
polyether BCPs. Photoiniferters enable the polymerization of vinyl monomers with
predictable molecular weights, low dispersity (D), and high end-group fidelity with the
advantage of being performed at ambient conditions.?2-3? Organocatalytic ROP of lactides
and lactones can be conducted using various catalysts and is typically performed under
ambient conditions.3334 However, these ROPs are typically performed in solvents at
monomer concentrations of around 1.0 M,?%3% whereas the photoiniferter polymerization

of polyacrylamides is carried out at higher monomer concentrations.?’

Here, we describe a two-step, one-pot process to produce PDMA-b-PLLA based
nanostructures. A TTC dual initiator-photoiniferter is first used to polymerize N,N-dimethyl
acrylamide with the resultant macroinitiator being used for organocatalytic ROP of L-

lactide in toluene to generate uniform BCP self-assemblies. Block lengths of the
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solvophilic corona and solvophobic core were modified and studied by cryogenic

transmission electron microscopy (cryoEM) to examine how block length impacts the

resulting core and corona thickness.
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Figure 1: Synthesis of PDMA-b-PLLA. A) Scheme showing the photoiniferter

polymerization of DMA (Step 1) followed by the polymerization of L-lactide to yield

PDMA-b-PLLA (Step 2). The second step is carried out in toluene, which leads to self-

assembly. B) Gel permeation chromatography in DMF showing the chain extension of

the PDMA macroinitiator during the polymerization of LLA at varying degrees of

polymerization.

Results and Discussion

As previously mentioned, photoiniferter polymerization of acrylamides and ROP of

lactides and lactones are performed at different monomer concentrations, necessitating

a sequential, one-pot approach. For the photoiniferter polymerization, we first synthesized
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PDMA using previously optimized synthetic conditions.?” Next, we developed and
optimized the synthetic conditions for the second step of organocatalytic ROP. Initially,
we used diazabicyclodecene (DBU), an excellent catalyst for the ROP of L-lactide, but
the resulting PDMA-b-PLLA BCPs had dispersity values over 1.1 (Figure S1). Therefore,
we switched to a milder and slower catalytic system based on thiourea (TU) and (-)-
sparteine (Figure 1, Table 1).3% Additionally, we reasoned that this slower reaction rate
would lead to more control over self-assembly.'? Keeping L-lactide concentration at 10%
solids resulted in low dispersity (<1.1) while maintaining reasonable conversions (>66-
95%) after four days of stirring at room temperature (~20 °C). A consequence of
maintaining L-lactide concentration at 10% solids is that the total polymer concentration
varies widely as target block lengths of the PDMA and PLLA blocks change. This variation
leads to reactions targeting higher degrees of polymerization (DP) of PDMA being more
concentrated. The target DP of both PDMA and PLLA was varied from 50-200 to produce
a library of BCPs (Table S1 with select samples in Table 1). All polymers had low
dispersity (<1.1) with shorter PDMA blocks giving higher conversion. Most of the resulting

copolymer dispersions also became turbid, indicative of in-situ self-assembly.

Table 1: Synthetic parameters and results for select two-step, one-pot PDMA-b-PLLA

synthesis.

STPTP Polymer bDP I Polymer wt. %
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CryoEM was used to determine the morphology of the PDMA-b-PLLA dispersions (Figure
2). The nanoparticles were extracted into excess water from toluene to yield
concentrations around 0.25-5 mg/mL." The PLLA crystallinity serves as a kinetic trap at
room temperature, allowing the morphology to be retained upon transfer to water.!

CryoEM images show both the core and the corona blocks. While polymeric coronas are
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often not visible in cryoEM, direct visualization has been demonstrated previously,3® in

particular with acrylamido-based amphiphilic homopolymers.37

All BCP dispersions consisted primarily of nanorods, with no appreciable lamellar
nanostructures. Wide-angle X-ray scattering (WAXS) confirmed the semicrystalline
nature of the PLLA blocks (Figure S2). BCP dispersions 2 and 5 were entirely nanorods,
while 3 and 1 contained a few lamellar aggregates that appear to result from rod fusion,
and 4 contained larger lamellar aggregates. BCP dispersions 2 and 5 varied corona block
length with PDMA DPs of 135 and 179, respectively, and PLLA DPs of 73 and 74,
respectively. Corona thickness, measured as the total thickness of the nanorods after
subtracting the thickness of the core, was 27.1 + 2.8 nm for 2 and 35.6 + 2.6 nm for 5.
These results are expected, as core and corona thickness should increase with increasing
DP of PLLA and PDMA, respectively.® This trend was also observed for BCP dispersions
3 and 1, where the PDMA DPs were 142 and 92, respectively, and the PLLA DPs were

107 and 128, respectively (Figure 3, Table 2).



Increasing PLLA Degree of Polymerization (DP)
Increasing Core Thickness >

Decreasing PDMA DP
Decreasing Corona Thi
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Figure 2: CryoEM images of select PDMA-b-PLLA BCPs. Images are labeled with the
representative sample number (Table 1). Images A-C show the effect on core thickness
and morphology with increasing PLLA chain length. Images D-E show the effect on
corona thickness with changes in the PDMA chain length, with D having a longer PDMA
chain than A with similar PLLA lengths and E having a shorter PDMA chain than B with
similar PLLA lengths. Dark spheres present in these images are ice contamination, an

artifact of cryoEM sample handling.
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Figure 3: CryoEM core and corona nanorod measurements for PDMA-b-PLLA BCP
dispersions. A) Representative cryoEM of 2 (left) with inset (right) with the line profile
area in the blue box. B) Line profile of nanorod in A showing the measurement of the
thickness of the core (green) and the total rod thickness (blue). Corona thickness is
calculated by subtracting total thickness from the core thickness. C) Plot of core and
corona thickness and the degree of polymer chain stretching (w) for samples 1-5.

Table 2: CryoEM core and corona nanorod measurements for PDMA-b-PLLA BCP
dispersions. Results are graphically represented in Figure 3C.

Sample Polymer  Total Core w* Corona
ID Structure thickness thickness thickness
(nm) (nm) (nm)
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1 PDMAg2-b- 33.5+1.5 13.6+0.8 0.14 19917
PLLA12s

2 PDMA13s5- 40.0+2.6 129+ 1.0 0.24 271128
b-PLLA73

3 PDMA142- 433124 13.8+1.1 0.17 29526
b-PLLA107

4 PDMA13e- 445+2.2 14.3+0.9 0.14 30.2+2.1
b-PLLA140

5 PDMA179- 488 %25 13.2+0.8 0.24 356+26
b-PLLA74

*w = degree of polymer chain stretching (core block only)

BCP dispersions 2, 3, and 4, representing PDMA135-b-PLLAn polymers with n (DP) = 73,
107, and 140, respectively, showed a clear trend in nanorod core thickness increasing
with PLLA block length from 12.9 £ 1.0 nm core thickness in 2, 13.8 £ 1.0 nm in 3, and
14.3 £ 0.9 nm in 4 (Table 2). This series also shows an interesting morphology transition
from nanorods with a uniform core thickness (2) to nanorods with a rough (jagged) core-
corona interface (3) to a more complex mixture of nanorods and lamellae morphology (4).
To better understand this transition, we calculate the degree of core polymer chain
stretching (w) as the ratio of the nanorod core radius (r) to the maximum theoretical length

of the core polymer chain (Lmax) (Eqg. 1, Figure 3C, Table 2).13°

w=— (1)

Lmax

Using an Lmaxof 3.69 A * PLLA DP,"" w changes from 0.24 in 2 to 0.17 in 3 to 0.14 in 4,
indicating that the PLLA core is more highly foldedat higher PLLA DP, resulting in a
reduced corona density. This reduction in density is also supported by the apparent
reduction in corona contrast from 2 to 3 to 4. As the corona density decreases, the growth
mechanism may shift from unimer growth to a hybrid unimer growth/particle aggregation

mechanism.'" Additionally, 5, with the same PLLA DP as 2, also had an w of 0.24 despite

10
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a longer corona block. Therefore, w may have stronger dependence on the PLLA DP

than the molar ratio of PLLA to PDMA.
Conclusion

In conclusion, we demonstrate a new synthetic approach to well-defined polyacrylamido-
block-polyester nanoparticles by leveraging a dual photoiniferter, ROPI-CDSA approach.
The resulting nanoparticles of the PDMA-b-PLLA synthesis showed excellent anisotropy
and uniformity when compared to the PLLA-b-PEG assemblies from our previous work.
Lower PLLA DP nanorods are particularly anisotropic due to their higher corona densities
compared to that of the than higher PLLA DP nanorods. This work represents a scalable

technique for obtaining uniform nanorods made from biocompatible materials.
Experimental Section:

Materials: N,N-Dimethylacrylamide (DMA, Sigma Aldrich) was dried using calcium
hydride and vacuum distilled and stored under 4 A molecular sieves. 4-Hydroxybutyl 2-
((dodecylthiocarbonothioyl)thio)-2-methylpropanoate was synthesized according to
previous literature procedures.?’” L-Lactide (TCl) was recrystallized three times from
toluene. Anhydrous toluene (99.8%), DBU, and (-)-sparteine were obtained from Sigma-
Aldrich and stored under 4 A molecular sieves. Benzoic acid (Fisher Chemical) was used
without further purification. Thiourea (TU) derived from cyclohexylamine (Sigma-Aldrich)
and 3,5-bis(trifluoromethyl)phenyl isothiocyanate (TCl) was synthesized following
established literature procedures.?® Chemicals were stored in a dry-N2 atmosphere

glovebox. Reactions were performed in a N2 glovebox.

11
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Synthetic Procedures: Photoiniferter polymerization of DMA (Step 1): DMA (208 mg, 2.1
mmol, target DP = 150) and 0.1 mL stock solution of 4-Hydroxybutyl 2-
((dodecylthiocarbonothioyl)thio)-2-methylpropanoate in toluene (6.0 mg, 1.4 x 10-2
mmol) were charged to an 8-mL vial. The vial was sealed with a chemically inert screw
cap and irradiated with UV light (365 nm, 3.5 mW cm ) for 8 h under stirring at room

temperature (25 °C with light source).

Ring-opening polymerization of L-lactide (Step 2): L-Lactide (151 mg, 1.1 mmol, target
DP = 150) was added to a solution of hydroxy functionalized PDMA from Step 1 (214 mg,
1.4 x 10-2 mmol mmol) and 10% mol TU (35 mg, 103 pymol) in 1.16 mL of toluene (10%
L-lactide w/w). Next, 10% mol (-)-sparteine (24 pL, 103 umol) was added. The solution
was stirred for 4 days at 400 rpm at room temperature (20 °C) and subsequently

qguenched with 0.05 mL of saturated benzoic acid toluene solution.

Structural characterization: Proton nuclear magnetic resonance (*H NMR) spectra were
collected on a 500 MHz Bruker Avance spectrometer in CDCIs (Figure S3). Chemical
shifts are given in ppm, calibrated from residual CHCIs. Conversion was calculated for
DMA polymerization by comparing the monomer peaks (5.7, 6.3, 6.6) ppm to the end
group 0.95 ppm. Conversion was calculated for L-lactide polymerization by comparing
the peak area of the PLLA peak at 5.16 ppm to the L-lactide monomer peak at 5.03 ppm.
Size exclusion chromatography (SEC) was performed in DMF using an Agilent 1100
chromatograph equipped with RID detector and a PL gel 5 pm 300 x 7.5 mm mixed

column at 40 °C. Samples were calibrated against polystyrene standards.

Wide-angle X-ray Scattering (WAXS) were measured using lyophilized polymer samples

on a Rigaku Smart lab X-ray diffractometer in Bragg—Brentano diffraction mode utilizing

12
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X-rays generated at 40 kV and 44 mA with Cu Ka irradiation (step size 0.02°, speed 1.0,

IS 0.5°, RS1 4.0°, RS2 13 mm).

Cryogenic-transmission electron microscopy (cryoEM) samples were prepared on
Quantifoil grids (R 2/2 40 Mesh, Electron Microscopy Sciences) from original samples
that were extracted into excess water from toluene giving final concentrations of = 0.1
pug/mL. Extraction was performed by diluting a small volume of the reaction mixture (~5—
10 yL) into an uncapped vial of excess water (~2 mL) and vortexing the solution briefly
followed by gentle sonication for 5 minutes. The vials were capped after several hours,
allowing the toluene to evaporate.'® Vitrification was carried out by an Automatic Plunge
Freezer ME GP2 (Leica Microsystems) with 3 uL of sample. Grid preparation was
performed at >95% humidity and the grids were blotted for 3 s prior to plunging into liquid
nitrogen. CryoEM samples were then placed on a Gatan cryoEM holder and imaged on
a JEOL 2100F transmission electron microscope using a Schottky type field emission gun
operating at 200 keV. Images were recorded using SerialEM software in low dose imaging

mode with a Gatan OneView CMOS camera at 4k x 4k resolution.
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