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ABSTRACT 

Fiber-like micelles based on biodegradable and biocompatible polymers exhibit considerable 

promise for applications in nanomedicine, but until recently no convenient methods were 

available to prepare samples with uniform and controllable dimensions and spatial control of 

functionality. ‘Living’ crystallization-driven self-assembly (CDSA) is a seeded growth 

method of growing importance for the preparation of uniform 1D and 2D core-shell 

nanoparticles from a range of crystallizable polymeric amphiphiles. However, in the case of 

poly(L-lactide) (PLLA), arguably the most widely utilized biodegradable polymer as the 

crystallizable core-forming block, the controlled formation of uniform fiber-like structures 

over a substantial range of lengths by ‘living’ CDSA has been a major challenge. Herein, we 

demonstrate that via simple modulation of the solvent conditions via the addition of 

trifluoroethanol (TFE), DMSO, DMF and acetone, uniform fiber-like nanoparticles from 

PLLA diblock copolymers with controlled lengths up to 1 μm can be prepared. The probable 

mechanism involves improved unimer solvation by a reduction of hydrogen bonding 

interactions among PLLA chains. We provide evidence that this minimizes undesirable 
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unimer aggregation which otherwise favors self-nucleation that competes with epitaxial 

crystallization from seed termini. This approach has also allowed the formation of well-

defined segmented block co-micelles with PLLA cores via the sequential seeded-growth of 

PLLA block copolymers with different corona-forming blocks.  

INTRODUCTION 

The solution self-assembly of amphiphilic block copolymers (BCPs) with amorphous core-

forming blocks has been widely studied as a method for fabricating nanoparticles with 

morphologies such as spheres, cylinders/worms or ‘fiber-like’ micelles, platelets and 

vesicles.
1-4

 Cylinders or fiber-like micelles are attracting much interest particularly in 

biomedicine, due to the advantages of extended in vivo circulation times and improved 

cellular uptake behavior that have been observed in several comparative studies with 

spherical particles.
5-8

 However, morphologically pure samples of fiber-like micelles with 

amorphous core-forming blocks are challenge to access by BCP self-assembly as they 

generally correspond to a restricted region of phase space.
9-11

 Furthermore, access to low 

dispersity samples of controlled length has not been possible.
12-18

 

Recent work has demonstrated that BCPs and related amphiphiles with a crystalline core-

forming block readily form 1D fibers via a process termed crystallization-driven self-

assembly (CDSA).
10-11, 19

 Moreover, seeded-growth methods have been developed which 

allow length control and access to low length dispersity samples. This process shows many 

analogies with living covalent polymerizations and has been termed ‘living CDSA’ (Scheme 

1).
20-22

 In the most common form of living CDSA, polydisperse fiber-like micelles are 

prepared first in solution and are then fragmented by sonication to form small fragments or 

‘seeds’. The termini of the seeds are active to epitaxial growth of the additional BCP. 

Furthermore, adjustment of the ratio of the added BCP to the seeds, yields fiber-like micelles 

of controlled length and a low length dispersity.  

 

Scheme 1. Schematic representation of uniform fibers prepared by seeded-growth method of living 

CDSA. 
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The living CDSA method was initially developed using BCPs with crystallizable  

poly(ferrocenyldimethylsilane) (PFS)
23

 core-forming block. Cylinders can be formed with a 

wide range of corona-core block ratios from ca. 6:1 to 22:1,
24-25

 and using living CDSA can 

be prepared with lengths controlled from ca. 20 nm to > 5 m.
21, 26

 The sequential addition of 

PFS BCPs with different corona-forming blocks yields segmented block co-micelles.
27

 The 

formation of 1D block co-micelles that possess spatially-defined coronal regions with 

complementary hydrogen-bonding (H-bonding) groups allows access to supermicelles via 

hierarchical self-assembly.
28

 In addition, 2D platelets with controlled size have been prepared 

from diblock copolymers with low corona-core block ratios,
29

 blends of diblock copolymers 

and homopolymer,
30

 and charge-terminated homopolymers.
31

 The properties and applications 

of PFS-based micelles and supermicelles have also been explored, including their lyotropic 

liquid crystalline phase behavior,
32

 use in surface patterning,
33

 dispersion in aqueous media
34

 

and subsequent use in interface stabilization to form colloidosomes.
35

  

Studies on fiber-like micelle formation with BCPs with a crystallizable core-forming block 

have been extended to other materials, such as polyethylene
36-39

 and π-conjugated 

polymers.
40-53

 In order to develop applications in nanomedicine, well-defined 1D micelles 

based on crystalline biodegradable and biocompatible polymers are highly desirable.  Poly(L-

lactide) (PLLA), poly(ε-caprolactone) (PCL) and polycarbonates fulfill these requirements 

and possess a trend in their ease of biodegradation (PLLA > PCL > polycarbonates).
54-55

 

Exploration of living CDSA approaches to yield well-defined 1D and 2D assemblies derived 

from these materials as core-forming blocks has attracted much attention.
56-70

 Examples of 

length control of up to ca. 800 nm have been described for PCL-containing fibers in ethanol. 

After transferring seeds into water by dialysis, living CDSA was successfully performed 

directly in aqueous media.
71

 In addition, a recent report
72

 described the successful extension 

of seeded-growth methods to polycarbonate-based fiber-like micelles.  

In contrast, the efficient use of living CDSA methods for PLLA BCPs has been a substantial 

challenge. Initial studies in 2011 demonstrated that fine-tuning the self-assembly solvent 

composition and temperature allowed the formation of uniform micelles with length up to 

300 nm.
56, 58

 By altering the solvation of the PLLA core-forming block, transitions between 

spheres (with kinetically-trapped amorphous cores) and cylinders (with crystalline cores) 

have been studied.
57

 Further work revealed a remarkable reverse morphology change from 

cylinders to spheres triggered by the stereocomplexation of two enantiomeric BCPs with 

PLLA and poly(D-lactide) (PDLA) core-forming blocks.
63

 More recently, the solubility of 



4 
 

PLLA-containing diblock copolymers has been found to have another interesting and 

unexpected effect on the morphology formation.
64

 A high corona-core block ratio leads to a 

preference for the formation of  2D platelet micelles, while a low ratio was found to lead to 

1D cylindrical micelles. This behavior is the opposite to that usually observed for self-

assembled BCPs with crystallizable core-forming blocks and contrasts with that predicted by 

packing-parameter considerations. In other studies spherical, cylindrical, and platelet-like 

micelles have been reported for block copolymers with PLLA cores and glucose carbonate 

coronas.
73

 In addition, the CDSA of PLLA-based diblock and triblock copolymers has also 

been characterized  in detail by establishment of a phase diagram mapping the morphology 

formed versus hydrophobic fraction.
65

 Significantly, uniform 2D platelets with PLLA cores 

can be obtained under thermal self-seeding conditions in which seed formation is controlled 

by temperature.
74

 In another study, 2D platelets with controlled dimensions and block co-

platelets spatially segmented structures have been reported using seeded-growth of a charge-

terminated PLLA homopolymers.
31, 75

 However, no uniform 1D fiber-like micelles of PLLA-

based diblock copolymers with length control over a wide range have been reported via a 

seeded-growth process under mild conditions. 

Herein, we discuss the results of a detailed collaborative exploration of the ‘living’ CDSA of 

PLLA-containing diblock copolymers in an attempt to improve the length control of PLLA 

fiber-like micelles. This has led to the development of a new approach involving the addition 

of solvents which minimize unimer self-nucleation and thereby allow access to low dispersity 

samples of controlled length over a substantial length range. We have also applied the new 

method to prepare previously unknown PLLA-based block co-micelles with a segmented 

coronal architecture.  

RESULTS 

1. PLLA BCP Synthesis and Characterization.  

In this work, we have focused our studies on two PLLA BCPs, PLLA-b-Poly(N-

isopropylacrylamide) (PLLA-b-PNIPAm) and PLLA-b-Poly(2-vinylpyridine) (PLLA-b-

P2VP) (Figure 1). In order to favor 1D fiber-like micelles formation, block ratios were 

targeted in which the degree of polymerization (DPn) of the corona-forming block was 

substantially larger than that of PLLA segment. The diblock copolymers were prepared by a 

combination of ring-opening polymerization (ROP) and a Reversible 

Addition−Fragmentation Transfer (RAFT) polymerization (Scheme S1). The polymer molar 
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mass characteristics were analyzed by various technique (Figure S1-S3 and Table S1). To 

confirm the purity of the diblock copolymer, DOSY NMR spectroscopic analysis was 

employed to complement GPC characterization. In the DOSY spectra of the PLLA47-b-

PNIPAm267 and PLLA47-b-P2VP503 (Figure S4), all the signals appeared at the same position 

in each spectrum and with a diffusion coefficient of D = 1.31 × 10
-6

 and 7.26 × 10
-6

 cm
2
∙s

-1
, 

respectively, which indicated successful preparation of essentially pure diblock copolymers 

devoid of homopolymer impurities. 

 

Figure 1. Structures of PLLA47-b-PNIPAm267 and PLLA47-b-P2VP503. 

The prepared polymers were also characterized by Fourier-transform infrared spectroscopy 

(FT-IR) (Figure S5) and thermogravimetric analysis (TGA) was carried out on the diblock 

copolymers (Figure S6). The latter showed that the decomposition temperatures (defined as 

the temperatures of 5% mass loss) of PLLA47-b-PNIPAm267 and PLLA47-b-P2VP503 were 

determined to be 245 and 295 °C, respectively.   

2. Fiber-Like Micelle Formation and Seed Micelle Preparation 

Fiber-like micelles of PLLA-b-PNIPAm was prepared by the direct dissolution method 

according to previous reported procedures.
20, 22, 76

 PLLA47-b-PNIPAm267 was dissolved in 

DMSO/EtOH (v:v = 1:9) at 70 °C for 2 h followed by slow cooling to 23 °C over 2.5 h 

(Figure S7a). DMSO was used as a common solvent in the self-assembly to prepare unimer 

solution. Although the solubility parameters for the polymer and solvent are significantly 

different (δPLLA = 20.2 MPa
1/2

, δDMSO = 26.4 MPa
1/2

), the formation of molecularly dissolved 

unimers and the absence of detectable aggregates was demonstrated by dynamic light 

scattering (DLS, Figure S19). EtOH was used as the selective solvent for self-assembly due 

to the similar solubility parameters of PNIPAm and EtOH (δPNIPAm = 24.8 MPa
1/2

 and δEtOH 

=26.2 MPa
1/2

). Seed micelles were prepared by sonication of the polydisperse PLLA47-b-

PNIPAm267 micelle solution in an ultrasonic cleaning bath for 2 h at 0 °C (Figure S7b). The 

prepared seed micelles had a measured number average length (Ln) of 36 nm, and a length 

dispersity (Lw/Ln) of 1.10 (Figure S7c). 
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3. Living CDSA in EtOH: Evidence for Competition between Self-nucleation and 

Epitaxial Growth 

Elongated micelles were obtained by adding various amount of unimers (PLLA47-b-

PNIPAm267 in DMSO) to the seed solutions in EtOH. After aging for 5 days, samples were 

analyzed by TEM. The images (Figure S8a-f) showed presence of small non-spherical 

particles in addition to the anticipated elongated fiber-like micelles. The fibers had measured 

Ln values from ca. 100 - 800 nm, with Lw/Ln ≥ 1.06 depending on the unimer-to-seed mass 

ratios (munimer:mseed). The lengths of elongated micelles were found to be significantly shorter 

than predicted values (Figure S8g). The predicted average length can be calculated from Ln = 

(munimer/mseed + 1) × Ln seed. Furthermore, the micelle length dispersity Lw/Ln and standard 

deviation increased significantly (from 1.06 to 1.15) with the increase of added unimer 

(Figure S8g). 

In the contour length histograms an appreciable fraction of short fiber-like micelles was 

apparent with an Ln value much lower than that predicted. (Figure S9). Significantly, the 

shortest micelle lengths measured in each sample were longer than the average length of the 

seeds (36 nm). This suggests that the most likely rationale for the uncontrolled epitaxial 

growth is that the self-nucleation of added unimers leading to the new seeds formation and 

excludes the seed defects as an explanation. The formation of a very small but significant 

quantity of non-spherical nanoparticles (Figure S8) provides evidence that unimer 

aggregation can also occur sufficiently rapidly to form aggregates where the PLLA core has 

insufficient time to fully crystallize. This process would also deplete the reservoir of unimer 

available for seeded-growth.  

4. Living CDSA studies for PLLA47-b-PNIPAm267 in EtOH in the presence of 

trifluoroethanol (TFE) as a H-bond disruptor  

For living CDSA to be efficient, all or virtually all the added unimer needs to grow from the 

seed micelle termini. In the case of PLLA47-b-PNIPAm267, evidence for undesirable unimer 

aggregation to lead to self-nucleation was detected. We considered as a possible explanation 

for the facile unimer aggregation the formation of C−H∙∙∙O hydrogen bonds (H-bonds) 

between the protons of a methyl group and the carbonyl oxygen on another polymer chain. 

A crystal unit model of PLLA was constructed based on the data reported by Kanamoto
77

 

(Figure S10). The distance between the proton of methyl group and the oxygen atom of a 

carbonyl group on adjacent chain was measured. The average length is 3.4 Å, which is in the 
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range expected for weak H-bond formation. The C−H∙∙∙O bond is an example of a weak 

interaction which has been probed by computational calculations
78-79

 and experimentally by 

FT-IR spectroscopy.
80-81

 The bond energy associated with a C−H∙∙∙O interaction has been 

calculated as 4.2 – 8.4 kJ/mol, significantly smaller than that of the well-known N−H∙∙∙O or 

O−H∙∙∙O hydrogen bonds (16 – 21 kJ/mol). The weak C−H∙∙∙O bond has been found to be 

important in the structural conformation of small molecules, nucleic acids, proteins and 

carbohydrates.
82-85

 Based on these considerations it is therefore plausible that H-bonding 

plays an important role in both PLLA BCP unimer aggregation which can result in self-

nucleation and the formation of non-spherical aggregates. This led us to explore the use of 

additives to the self-assembly solution to mitigate this potential problem. 

To prevent the fast self-nucleation when adding the unimer to seed solutions, trifluoroethanol 

(TFE), a reagent often used as a H-bond disruption agent,
86

 was added into the solvent system. 

The amount of added TFE was increased in line with the increase of the unimer-to-seed mass 

ratio. Unimer in unimer-to-seed mass ratios of 2.5, 5.0, 10.0, 15.0, 20.0, and 30.0 was added 

to seed solutions in TFE/EtOH with volume ratios of 3:97, 3:97, 5:95, 8:92, 10:90 and 15:85, 

respectively. After aging for 5 days, the samples were analyzed by TEM (Figure 2a-d). In 

contrast to the seeded-growth experiments performed in the absence of TFE, the measured 

micelle lengths possessed Ln values of up to 1103 nm, close to the predicted values, with low 

dispersity (Lw/Ln ≤ 1.06) even at high unimer-to-seed mass ratios. A linear plot of the 

measured length versus the unimer-to-seed mass ratio was obtained (Figure 2f) with data 

points located on the predicted line indicative of the controlled epitaxial growth of PLLA47-b-

PNIPAm267 micelles by living CDSA. Significantly, the micelle contour length histograms 

showed narrow distributions for each sample with different unimer-to-seed mass ratios 

(Figure 2e). No overlapping peaks at low Ln values were detected, consistent with the absence 

(or virtual absence) of self-nucleation events (Figure S11). In addition, only a very small 

quantity of non-spherical nanoparticles indicative of unimer aggregation were observed by 

TEM, in contrast to the experiments in the absence of TFE. 
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Figure 2. TEM images of samples (5 days aging) of uniform PLLA47-b-PNIPAm267 micelles prepared 

by seeded growth from seed micelles (Ln = 36 nm, Lw/Ln = 1.10, σ/Ln: 0.26) in TFE/EtOH with 

volume ratios of (a) 3:97, (b) 3:97, (c) 8:92 and (d) 15:85 after the addition of unimers (in DMSO) 

with unimer-to-seed mass ratios of (a) 2.5, (b) 5.0, (c) 15.0 and (d) 30.0, respectively; (e) Summary of 

contour length histograms of micelle length distributions; (f) plot of number average micelle length vs 

munimer:mseed (the error bars represent the standard deviation); TEM samples were stained with a 2 wt% 

solution of uranyl acetate in EtOH. 

5. Comparative Kinetic Studies on the Living CDSA of PLLA47-b-PNIPAm267 in the 

Presence and Absence of TFE 

In order to explore the effect of TFE on the living CDSA growth kinetics, we studied the 

seeded-growth by adding PLLA47-b-PNIPAm267 unimer in DMSO to the seed solutions 

diluted with TFE/EtOH or pure EtOH as a control experiment over 5 days. Aliquots were 

taken from the solutions at set time points and were characterized by TEM after solvent 

evaporation. This allowed the micelle length to be monitored throughout (Figure S12-S16, 

Table S2 and S3). 

The results (Figure 3) reveal qualitatively similar plots to those recently established in studies 

of the 1D growth kinetics for the living CDSA of PFS BCPs.
87

 The micelles prepared in 

TFE/EtOH possess lengths longer than those prepared in pure EtOH at all of the set time 
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points, even after 5 days. This provided additional evidence for the reduction in self-

nucleation on addition of TFE. Furthermore, the formation of small non-spherical aggregates 

was only detected in the absence of TFE, as noted earlier (Figure S12 vs S14) and similarly 

self-nucleation was evidenced by the presence of shoulder peaks in the short length range in 

contour length histograms (Figure S13). In the samples prepared in TFE/EtOH, no evidence 

for significant self-nucleation was detected (Figure S15).  

 

Figure 3. Kinetic studies on seeded growth of PLLA47-b-PNIPAm267 unimers (in DMSO) from seed 

micelles (0.5 mg/mL in EtOH, Ln = 36 nm, Lw/Ln = 1.10) in (a) EtOH and in (b) TFE/EtOH (v:v = 

3:97, 3:97, 5:95, 8:92, 10:90 and 15:85 for munimer:mseed = 2.5, 5.0, 10.0, 15.0, 20.0 and 30.0, 

respectively). The amount of DMSO in the final growth solutions varied from 0.6 – 3.0 vol. %. (a and 

b) Plots of micelle lengths verses unimer-to-seed mass ratios; (c and d) plots of micelle lengths as a 

function of time. The predicted length corresponding to a unimer-to-seed mass ratio of 30 is Ln = 1116 

nm. 

6. Influence of TFE and other Solvent Additives on Polymer Solubility and Solvent 

Polarity 

The solvent polarity and therefore the polymer solubility would be expected to change upon 

addition of TFE as a cosolvent. To gain further understanding of the effect of cosolvent 

addition, a selection of different solvents was introduced as the cosolvent with EtOH in the 

seeded-growth of PLLA47-b-PNIPAm267. From the TEM images (Figure 4a-d, S17 and S18), 

controlled seeded-growth has been obtained with of four solvents with optimized volume 

fractions (5% DMSO, 5% DMF, 5% acetone and 10% TFE) after aging for 5 days. Higher 

volume fractions of cosolvent led to poorer length control in living CDSA experiments and 

this is attributed to significant micelle dissolution due to the improvement in core solubility in 

the solvent medium. 
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Figure 4. Seeded-growth of PLLA47-b-PNIPAm267 in different solvent mixtures after aging for 5 days: 

(a) in DMF:EtOH = (0.5:9.5), Ln = 504 nm; (b) in DMSO:EtOH = (0.5:9.5), Ln = 525 nm; (c) in 

acetone:EtOH = (0.5:9.5), Ln = 510 nm and (d) in TFE:EtOH = (1.0:9.0), Ln = 528 nm. (e) 

Comparison of the predicted micelle length (Ln = 528 nm) and the measured micelle length in 

different solvent systems. 

To evaluate the change in solvent polarity and polymer solubility upon cosolvent addition, we 

evaluated the dielectric constant
88-90

 and octanol-water partition coefficient (logPoct) 

normalized by the Connolly surface area (SA). (Figure 5). LogPoct/SA has been reported as a 

reliable tool with which to evaluate the hydrophobicity of polymers and solvents and to 

predict the most appropriate solvents for block copolymer self-assembly based on 

solubility.
64, 91

 

 

Figure 5. (a) Dielectric constants of cosolvents and (b) comparison of logPoct/SA values between 

solvents and polymers. The solvents labelled in green allow controlled seeded-growth, while those 
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with red labels do not. Percentage values represents the volume fractions of cosolvents in the solvent 

system. 

Comparison of the dielectric constants of selected cosolvents indicated that the polarity of 

solvent mixtures increased on addition of TFE, DMSO, DMF or MeOH but decreased when 

acetone, THF or dioxane (Figure 5a) were added. As controlled seeded-growth was observed 

with polar TFE, DMSO and less polar acetone and was not detected on the addition of polar 

MeOH, these results suggested that the solvent polarity change is not directly correlated with 

the observation of controlled seeded-growth. 

To further study the solubility effects, first DLS was used to evaluate the dissolution of 

PLLA47-b-PNIPAm267 in different cosolvents (Figure S19). PLLA47-b-PNIPAm267 was 

present in the unimer state in all solvents except in MeOH, where aggregates with a Rh, app 

value of ca. 55 nm were formed. To evaluate the polymer solubility in solvent mixtures, the 

calculated logPoct/SA values were compared (Figure 5b and S20). According to a previous 

report,
64

 a solvent with a logP value similar to that of the corona-forming block should be an 

appropriate solvent for diblock copolymer self-assembly due to the promotion of the unimer 

solubility. However, all of the solvent mixtures studied possessed values closer to that of the 

core-forming block (PLLA) than to the corona-forming block (PNIPAm). This indicates that 

all of the solvents tested as cosolvents, even those that were found to hinder controlled living 

CDSA, should promote the solubility of PLLA. This would be expected to help suppress the 

self-nucleation to improve the seeded-growth in all cases so again no useful correlation was 

evident. 

However, the potential disruption of PLLA intermolecular H-bonding, which would 

otherwise favor unimer-aggregation and self-nucleation appears to be an important factor for 

the controlled seeded-growth. Due to the correlations with polarity, the H-bonding capability 

of the cosolvents was evaluated by Dimroth and Reichardt’s Transition Energy (ET).
92-93

 TFE 

(61.2), DMSO (44.8), DMF (43.1) and acetone (41.6) possess higher ET values than THF 

(38.9) and dioxane (38.1), which indicates a stronger H-bonding capability with which to 

disrupt the PLLA intermolecular H-bonding (Table S4). Although MeOH has a high ET 

(53.6), it precipitates PLLA to facilitate unimer aggregation and self-nucleation. Therefore, 

controlled seeded-growth was observed only in the presence of TFE, DMSO, DMF or 

acetone. 
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7. Structural Characterization of Uniform Fiber-Like PLLA47-b-PNIPAm267 

Micelles  

As living CDSA proceeds via an epitaxial growth mechanism the resulting crystalline micelle 

cores are highly ordered, and their structure has been likened to that of a single crystal.
31, 94-95

 

We therefore took advantage of living CDSA with the presence of TFE to prepare a sample 

of PLLA47-b-PNIPAm267 fibers with Ln = 1040 nm and Lw/Ln = 1.04 (Figure S21) to allow a 

detailed study of the micelle structure.  

Atomic force microscopy (AFM) measurements showed that the micelles possess a uniform 

height of 14 nm assigned to the PLLA core (Figure 6 and S22a). The adhesion profile (Figure 

6b) provided a detailed information such as the core width, and also the width of the corona 

flanking each side of the core predominantly lying on the substrate, giving values of 36 and 

16 nm, respectively (Figure 6c). Due to the low electron density of PLLA47-b-PNIPAm267, 

TEM grids were negatively stained with uranyl acetate (2% in EtOH), which resulted in a 

difficulty in terms of observing the corona forming block in conventional TEM images. Dark 

field scanning transmission electron microscopy (STEM) was used to characterize the micelle 

without the negative staining. The micrographs (Figure S23) illustrate the contrast between 

the core (dark) and the corona (bright). Measurements of core width (Wn, core) and corona 

width (Wn, corona) gave values of 24 and 18 nm, respectively. Based on the core height and 

width, the cross-section appears to be rectangular or a distorted oval or ellipse, rather than 

circular. 

 

Figure 6. AFM images of PLLA47-b-PNIPAm267 micelles with controlled length. (a) Height image of 

micelles; (b) adhesion image of micelles; (c) linear height (orange) and adhesion (blue) profiles from 

(a) and (b). 

To probe more details on the core structure, powder X-ray diffraction (PXRD) was carried 

out by drop-casting the micelle solution on a silicon substrate. The results showed weak 
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broad Bragg peaks at 2θ = 16.7
°
, 19.0

°
 and 23.0

° 
(Figure S24a). This is in good agreement 

with the α-form crystalline PLLA.
96

 These angles correspond to the crystal planes with Miller 

indices of (200/110), (203/113) and (213) with d-spacing of 5.37, 4.66 and 3.86 Å, 

respectively. The weak intensity of these peaks due to the small volume fractions of PLLA in 

PLLA47-b-PNIPAm267 BCP. Wide angle X-ray scattering (WAXS) was also employed to 

confirm crystalline PLLA in the micelle core.  A weak Bragg peak at q values of 1.18 Å
-1

 can 

be observed (Figure S24b). This is consistent with the (200/110) reflections in the crystalline 

PLLA domains
96

. 

Selected area electron diffraction (SAED) was also employed to analyze the internal structure 

of the fiber-like micelles. Due to the rapid destruction of the micelles during irradiation by 

the electron beam, a video record was taken during the SAED experiment instead of a single 

image. The SAED image was a screenshot of the video recording when the beam was 

irradiating the micelles. A quasi-hexagonal pattern was obtained by SAED (Figure 7a). The 

diffraction pattern was shown as short lines (or stretched dots) rather than single dots, which 

is presumably a consequence of the aggregated and slightly misaligned micelles in the 

irradiation area on the TEM grid. The d-spacing was calculated as d = 5.43 Å, which is in 

good agreement with the d-spacing of the (200/110) plane.  

From a combination of the PXRD, WAXS and SAED results, the fiber-like micelles have a 

crystalline PLLA core with the same structure of PLLA α-form single crystal, which has an 

orthorhombic unit cell consisting of PLLA chains in the form of a 103 helix with a = 10.7 Å, 

b = 6.2 Å, and c = 28.8 Å.
97

 To explore the orientation of the PLLA chains in the core, the 

fully extended PLLA chain length was calculated according to the reported PLLA α-form 

crystal unit cell data. In a PLLA unit cell, a 103 helix chain has a length of 28.8 nm (which is 

the length of c), which implies that a single repeat unit has a length of 2.88 nm. In the diblock 

copolymer PLLA47-b-PNIPAm267, a fully extended PLLA chain should have a length of 27.5 

nm. Based on the AFM data (core width of 36 nm and core height of 14 nm), the PLLA 

chains appear to fold once and to pack perpendicular to the long axis of the core in the 

micelle (Figure 7b). 
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Figure 7. Micelle characterization by SAED. (a) SAED pattern of PLLA47-b-PNIPAm267 micelles; 

TEM images of micelles in the area for SAED pattern record; aggregated and slight misaligned fiber-

like micelles; inset scale bar: 200 nm; (b) Schematic representation of micelle cross-section by AFM 

characterization. Blue: folded core chains; pink: collapsed corona chains. 

To better understand the core structure of the PLLA47-b-PNIPAm267 micelles and to probe the 

shape of the core cross-section, small-angle X-ray scattering (SAXS) was employed to 

analyze solutions of PLLA47-b-PNIPAm267. To probe the cross-section of the micelle core, 

the analysis of SAXS data focused on the sample of 4 mg/mL. This concentration has been 

found low enough for the scattering intensity (S(Q)) to be regarded as constant.
32, 72

 

Two models (Figure S25) were employed to analyze and fit the scattering intensity. Model 1 

involved long core-shell rods containing a core of circular cross-section and of homogeneous 

density and surrounded by a symmetrical shell with a decaying density. This model has been 

reported to fit the scattering intensity of PFS-b-PI cylindrical micelles in solution.
32

 Model 2 

(Figure S33) describes a long rod-like structure containing a core of homogeneous density 

with a rectangular cross-section, and decaying density corona attached on the two long core 

edges. Fitting was conducted with a non-linear least-squares method to allow for the scaling 

factor, background, core and corona dimensions, scattering-length density (SLD) of corona, 

and polydispersity of core and corona to refine. 

Both the models give good fits for the measured scattering intensity of the sample solutions 

in the whole experimental q range (Figure S26). The error bars on the experimental data are 

small, especially at high q range, which is a result of data grouping during the interpretation 

process (the bin sizes of the data grouping increase as the q values become larger.) Although 

the scattering intensity fits well, the scattering intensity residuals from Model 1 scattered 

randomly away from zero in an unsymmetrical pattern and with a large amplitude (ca. 4, 

while a good fitting would have an amplitude around 1) (Figure S27). This result suggests 

that cylindrical rods with a circular cross-section may not provide a perfect fit for the 
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micelles. To better probe the nature of the micelle cross-section, AFM and STEM results 

were taken into consideration (Table 1). The data from the model 2 fitting agrees well with 

the AFM measurement except in core height, which may be due to the collapsed corona on 

the core surface which resulting in height increase. The difference in core width measured by 

STEM may be caused by the low resolution of core and corona boundary due to the low 

electron density of PLLA47-b-PNIPAm267. In general, model 2 with a rectangular cross-

section fits well with PLLA47-b-PNIPAm267 micelles. However, the possibility of elliptical 

cross-section cannot be excluded.  

Table 1. Summary of size characterizations by STEM, AFM and SAXS of PLLA47-b-PEG267 micelles 

(Ln = 1040 nm, Lw/Ln = 1.04) prepared at 4 mg/mL in EtOH. 

 

8. Extension of the Strategy to PLLA-b-P2VP 

As a result of the access to efficient living CDSA of PLLA47-b-PNIPAm267, we attempted to 

explore the generality of the approach. We therefore transposed a similar approach to 

PLLA47-b-P2VP503. 

(i) Uniform Fiber-like Micelles via Living CDSA 

PLLA47-b-P2VP503 seed micelles (Ln = 29 nm, Lw/Ln = 1.11) and seeded-growth experiments 

were carried out in TFE/EtOH in similar procedures as PLLA47-b-PNIPAm267 (Figure 28). 

The measured micelle lengths had Ln from ca. 100 nm to ca. 900 nm with Lw/Ln ≤ 1.05 

(Figure 8e and S29). A linear plot of the measured length verses the unimer-to-seed mass 

ratio was obtained (Figure 8f) and the length increased along the predicted line, which 

showed a living epitaxial growth of PLLA47-b-P2VP503 micelles.  
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Figure 8. TEM images of samples (aging for 5 days) of uniform PLLA47-b-P2VP503 micelles prepared 

by seeded growth off seed micelles (Ln = 29 nm, Lw/Ln = 1.11, σ/Ln: 0.34) in TFE/EtOH with volume 

ratios of (a) 3:97, (b) 5:95, (c) 10:90 and (d) 15:85 after the addition of unimers (in DMSO) with 

unimer-to-seed mass ratios of (a) 2.5, (b) 10.0, (c) 20.0 and (d) 30.0, respectively; (e) Summary of 

contour length histograms of micelle length distributions; (f) plot of number average micelle length vs 

munimer:mseed (the error bars represent the standard deviation). The predicted length corresponding to a 

unimer-to-seed mass ratio of 30 is Ln = 899 nm. 

Seeded-growth experiments in pure EtOH without TFE were also conducted as control 

experiments (Figure S30 and S31). The fiber-like micelles obtained had shorter lengths 

compared with those predicted theoretically. With increasing unimer-to-seed mass ratios, the 

micelle length dispersity indices were found to increase significantly. These results confirmed 

that controlled epitaxial growth requires the presence of the TFE cosolvent. 

(ii) Preparation of Block Co-micelles 

Living CDSA allows the preparation of complex micelle structures such as block co-micelle 

with well-defined segments of different control chemistry. PLLA-based block co-micelles 

have not been successfully prepared to date and we attempted to use the improved living 

CDSA approach to prepare triblock and subsequently pentablock co-micelles from the 

PLLA47-b-PNIPAm267 and PLLA47-b-P2VP503 diblock copolymers. 
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Two pentablock co-micelles (pentablock 1, Ln = 716 nm; and pentablock 2, Ln = 1131 nm, 

Figure 9 and S32) with narrow length dispersities were prepared by alternating growth using 

PLLA47-b-P2VP503 and PLLA47-b-PNIPAm267 as unimers from PLLA47-b-PNIPAm267 and 

PLLA47-b-P2VP503 seeds, respectively. The PLLA47-b-P2VP503 seeds (Figure S28) were 

prepared analogously to those of PLLA47-b-PNIPAm267. The prepared triblock and 

pentablock co-micelles showed clear segmented structures after staining and the different 

micelle segments is enhanced by the electron contrast between the PNIPAm and P2VP 

coronas. 

 

Figure 9. Preparation of pentablock co-micelles with PLLA47-b-PNIPAm267 and PLLA47-b-P2VP503 

diblock copolymers. (a and d) Representation of two pentablock co-micelles; TEM images of (b) 

triblock co-micelles 1 (Ln = 549 nm, Lw/Ln = 1.05), (c) pentablock co-micelles 1 (Ln = 716 nm, Lw/Ln = 

1.03), (e) triblock co-micelles 2 (Ln = 596 nm, Lw/Ln = 1.03),  and (f) pentablock co-micelles 2 (Ln = 

1131 nm, Lw/Ln = 1.02),. TEM samples were stained with a 2 wt% solution of uranyl acetate in EtOH. 

9. DISCUSSION 

Initial seeded-growth experiments with PLLA47-b-PNIPAm267 in EtOH revealed poor control 

of fiber length and significant dispersities for the resulting length distributions. Evidence for 

self-nucleation competing with seeded-growth was provided by the presence of the shoulder 
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peaks in the low micelle length region in the contour length histograms (Figure S9). The 

observation of a small but significant quantity of non-spherical nanoparticles on the TEM 

grids (Figure S8) was consistent with the aggregation of unimers under conditions where the 

PLLA core has insufficient time to crystallize. This process would deplete the reservoir of 

unimer available for seeded-growth and, together with self-nucleation, would be expected to 

lead to fiber-like micelles possessing lower Ln values that those predicted values based on the 

unimer-to-seed mass ratios.  Similar results were also observed for the seeded-growth of 

PLLA47-b-P2VP503 in pure EtOH (Figure S30).  

In contrast, when TFE was added as a cosolvent to EtOH, seeded-growth of PLLA47-b-

PNIPAm267 afforded uniform fibers with close to predicted lengths up to ca. 1 µm. Further 

studies indicated that other solvent additives, such as DMF, DMSO and acetone also lead to a 

substantial increase in the efficiency of the living CDSA growth process. An explanation for 

the improved efficiency of living CDSA in the presence of these cosolvents appears to most 

likely to involve disruption of H-bond between PLLA chains which otherwise contributes to 

undesirable unimer self-nucleation and aggregation. We investigated other possible factors 

such as changes in solvent polarity and polymer solubility related to dielectric constant and 

logPoct, respectively. In neither case was a convincing correlation found and we therefore 

postulate that the ability of TFE, DMF, DMSO and acetone to facilitate efficient living 

CDSA through their ability to function as H-bonding disruptors as the most likely 

explanation for our observations (Figure 10). 

 

Figure 10. Schematic representation of improvement in the efficiency of seeded-growth of PLLA 

diblock copolymers using H-bond disruption agents. 
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SUMMARY 

 “Living CDSA” seeded growth methods represent a highly promising approach to 1D and 

2D core-shell nanoparticles of controllable and uniform size and tailored complexity based on 

crystallizable polymer amphiphiles. The living CDSA method was initially developed for 

PFS metalloblock copolymers and the past decade has seen an impressive expansion of the 

approach to a wide range of crystallizable organic polymers and also -stacking molecular 

species. However, in several cases attempts to develop efficient living CDSA approaches 

have been a substantial challenge and dimensional control has been imperfect. The case of 

PLLA block copolymers provides an excellent example. In this paper we have demonstrated 

that the problems arising from self-nucleation and unimer aggregation for PLLA block 

copolymers can be overcome by variation of the solvent medium. Thus, the addition of TFE, 

DMF, DMSO and acetone as cosolvents to EtOH as selective solvent leads to impressive 

improvement in the efficiency of living CDSA allowing the formation of not only uniform 

fiber-like micelles of controlled length up to over 1 m but also block comicelles from the 

diblock copolymers PLLA47-b-PNIPAm267 and PLLA47-b-P2VP503. We attribute the 

improved efficiency to the ability of the cosolvents to act as H-bond disruptors which reduces 

undesirable interactions between the PLLA segments in the unimers and the consequential 

self-nucleation. Our results suggest that the use of analogous approaches to achieve improved 

solvency may be effective for other systems where the living CDSA behavior has been 

inefficient to date.  

As part of our studies we have also provided detailed characterization of PLLA47-b-

PNIPAm267   fiber-like micelles by AFM, SAED and SAXS. The results showed that the 1D 

micelles possess a crystalline chain-folded PLLA core (α-form) with a rectangular or 

elliptical cross-section single crystal surrounded by solvent swollen PNIPAm corona. 
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