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Abstract

Crystallization-driven self-assembly (CDSA) offers a powerful approach for constructing well-defined 

nanostructures; however, achieving precise control over two-dimensional (2D) platelet formation remains 

challenging, particularly for poly(L-lactide) (PLLA). In this work, we developed a seeded growth strategy 

using a mixture of homopolymers and diblock polymers to prepare PLLA platelets. In this system, 

homopolymers facilitate the formation of 2D platelets and enhance crystallization kinetics, while diblock 

polymers stabilize the platelets and provide functional moieties through their corona-forming block. By 

systematically optimizing temperature, polymer composition, and polymer length, we achieved size-

controllable platelets. Furthermore, we successfully transferred the platelet preparation from batch to a 

continuous flow system to enable scalable production. This study contributes to the advancement of 

biodegradable and biocompatible nanoparticles, offering new possibilities for their application in 

biomedical and functional materials.
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1 Introduction

Crystallization can drive the self-assembly of block polymers with a semicrystalline block, which is called 

crystallization-driven self-assembly (CDSA).1-3 Since crystallization favors structures of low curvature, 

anisotropic particles can be obtained in an easier manner by CDSA when compared to common solvent-

switching self-assembly of amorphous polymers.1 Direct CDSA conducted by thermo-control, which 

involves heating semicrystalline block polymers in a selective solvent to prepare unimer and then cooling 

and aging to form self-assembled nanostructures, would lead to polydisperse nanoparticle as nucleation and 

epitaxial growth occur simultaneously.4-6 Thus, living CDSA was developed to separate the two processes. 

This method involves first preparing uniform seed particles, followed by controlled epitaxial growth 

through either the addition of unimers (polymers dissolved in a good solvent) or annealing to dissolve 

unstable seeds. In this manner, the size and uniformity of obtained nanostructures can be well controlled.7-

10

As initially demonstrated by the Manners and Winnik groups using polyferrocenyldimethylsilane (PFS) 

block polymers,11, 12 CDSA research has expanded to include a broader range of semicrystalline polymers, 

such as conjugated polymers13-19 and polyesters.20-28 Given the demonstrated advantages of anisotropic 

nanoparticles in biomedical applications, recent efforts have focused on utilizing biocompatible and 

biodegradable polymers—notably polycaprolactone (PCL) and poly(L-lactide) (PLLA)—for CDSA-based 

nanoparticle fabrication.4, 29-33 For instance, the O’Reilly group successfully prepared PCL cylinders via 

living CDSA in aqueous media, which were then used as building blocks for biocompatible hydrogels 

capable of encapsulating cells with high viability.4 Meanwhile, the Stenzel group developed PLLA platelets 

and investigated their influence on margination behavior in blood circulation.30 Their findings revealed that 

anisotropic nanoparticles exhibited prolonged circulation times and preferential tumor accumulation, 

highlighting their potential advantages for drug delivery applications.

Although PLLA offers faster degradation and greater mechanical and thermal stability than PCL, its rapid 

crystallization kinetics and inherent stereostructure make self-assembly, particularly for 2D platelets, more 

challenging to control.26, 27 Most PLLA platelets with defined dimensions have been prepared via self-

seeding and by incorporating only diblock polymers to slow down crystallization; however, precise size 
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control remains difficult, as platelet size does not exhibit a linear correlation with parameters such as 

annealing time or temperature.34, 35 In addition, relying solely on diblock polymers for self-assembly 

necessitates long aging times due to steric hindrance from the corona-forming block.35 To date, the only 

reported living seeded growth approach for PLLA platelets was developed by the Manners group, utilizing 

a homopolymer with a charged end group as the building block.36 However, the limited availability of 

functionalization sites in this polymer constrains the potential applications of the resulting platelets. Thus, 

achieving precise size-controlled, functionally enhanced PLLA platelets remains a significant challenge.

In this work, we investigated conditions for seeded growth CDSA using a mixture of PLLA homopolymers 

and diblock polymers as the unimer, a strategy validated in PFS and PCL CDSA systems.7, 9, 12, 37 In this 

approach, homopolymers facilitate the formation of 2D structures and enhance crystallization kinetics, 

while diblock polymers stabilize the platelets and allow functional moieties to be anchored on the corona 

block. We systematically explored the effects of temperature, unimer composition, and polymer length to 

achieve precise control over seeded growth. Size-defined platelets were obtained by adjusting the unimer-

to-seed ratio. In addition, this strategy was successfully transferred to a continuous flow system, allowing 

scalable and reproducible platelet production. These findings provide valuable insights into the precise 

control of platelet morphology and size, which is essential for tailoring materials with specific properties 

in CDSA applications.
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2 Experimental methods

2.1 Materials

L-Lactide was purchased from Corbion-Purac, recrystallized once from dichloromethane and twice from 

toluene, and subsequently transferred to the glovebox. 1,8-Diazabicyclo[5.4.0]undec-7-ene (DBU) was 

distilled over CaH2 and then stored in the glovebox. The dual-functional chain transfer agent (CTA), 2-

cyano-5-hydroxypentan-2-yl-ethyl carbonotrithioate (CHPET) was prepared according to our previous 

work.4, 38 2,2'-Azobis(2-methylpropionitrile) (AIBN, ≥98%, Sigma Aldrich) was recrystallized in methanol 

and stored at 4 °C in the dark before use. 1,4-dioxane (anhydrous, ≥99.8%, Fisher Scientific) and 2-

(dimethylamino)ethyl methacrylate (DMAEMA, ≥98%, Sigma Aldrich, contains 700-1000 ppm 

monomethyl ether hydroquinone as inhibitor) were purified using basic alumina every time before use. 

Ethanol (anhydrous, ≥99.5%, Fisher Scientific), diethyl ether (anhydrous, ≥99.0%, Fisher Scientific), and 

chloroform (CHCl3, anhydrous, ≥99%, Sigma Aldrich) were used as received. 

2.2 Instrumentation 

Nuclear magnetic resonance (NMR), using deuterated chloroform (CDCl3) as the solvent, was performed 

using a Bruker DPX-400 (400 MHz) spectrometer. MestReNova x64 software was employed for spectra 

analysis. Size-exclusion chromatography (SEC) was conducted using an Agilent 390-MDS system coupled 

with PLgel Mixed-D type columns, and signals were detected by refractive index (RI) detector. Elution was 

performed using chloroform with 0.5% NEt3, and the flow rate was set at 1 mL·min-1. Calibration against 

polymethyl methacrylate (PMMA) standards using Agilent SEC software was employed to determine 

number-average (Mn) and weight-average (Mw) molecular weights as well as dispersity (ÐM). Dynamic 

light scattering (DLS) was performed at 20 °C using a Malvern Zetasizer Nano ZS with a 4 mW He-Ne 

633 nm laser module. Measurements were carried out at an angle of 173° (back scattering), and Malvern 

DTS v7.03 software was used to determine results, such as hydrodynamic diameters (Dh) and size dispersity. 

Dh values were calculated using the Stokes-Einstein equation where particles are assumed to be spherical. 

Z-average was taken as the value for size, and reported size distribution was based on scattering intensity. 

Transmission electron microscopy (TEM) images were captured on a Jeol 1400 Bio TEM microscope with 

an acceleration voltage of 80 kV. Samples were prepared by drop cast 8 μL of solution on formvar-coated 

copper grids and then blotting away with filter paper. Then another 8 μL of UA-Zero® EM Stain was 
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dropped on the grid for staining, and the excess was removed by filter paper. Samples were thoroughly 

dried before testing. Using ImageJ software, at least 100 particles were analyzed to calculate the average 

size. The number average area (An) and weight average area (Aw) were calculated according to equations 

(1) and (2), and the uniformity was indicated using distribution determined by Aw/An.

𝐴𝑛 =
∑𝑛

𝑖=1 𝑁𝑖𝐴𝑖

∑𝑛
𝑖=1 𝑁𝑖

        (1)

𝐴𝑤 =
∑𝑛

𝑖=1 𝑁𝑖𝐴𝑖
2

∑𝑛
𝑖=1 𝑁𝑖 𝐴𝑖

       (2)

2.3 Polymerization

Poly(L-lactide) (PLLA)

PLLA was prepared by ring-opening polymerization (ROP).6 In the glovebox filled with N2, L-Lactide (1.65 

g, 14.46 mmol), DBU (59.9 μL, 0.4 mmol), CHPET (80 mg, 0.32 mmol), and dichloromethane (15.53 mL) 

were charged into a 20-mL vial. The mixture was stirred at room temperature for 2 minutes. The product 

was purified by precipitation once in hexane and twice in methanol. After being dried in vacuo, 1.6 g of a 

yellow solid was obtained.

1H NMR of PLLA 45 (400 MHz, Chloroform-d, δ (ppm)): 5.27 – 5.05 (m, 90H), 3.35 (q, J = 7.5 Hz, 2H), 

1.87 (d, J = 1.4 Hz, 3H), 1.65 – 1.45 (m, 270H). 

SEC of PLLA 45 (Chloroform, PMMA standard): Mn = 6.2 kg mol-1, ĐM = 1.30.

1H NMR of PLLA 12 (400 MHz, Chloroform-d, δ (ppm)): 5.27 – 5.05 (m, 24H), 3.35 (q, J = 7.5 Hz, 2H), 

1.87 (d, J = 1.4 Hz, 3H), 1.65 – 1.45 (m, 72H). 

SEC of PLLA 12 (Chloroform, PMMA standard): Mn = 2.8 kg mol-1, ĐM = 1.07.

Poly(L-lactide)-b-poly(2-(dimethylamino)ethyl methacrylate) (PLLA-b-PDMAEMA)

Reversible addition-fragmentation chain transfer (RAFT) polymerization was conducted to prepare diblock 

polymer. PLLA45 (100 mg, 0.019 mmol), DMAEMA (1.05 g, 6.69 mmol), AIBN (0.61 mg, 0.0037 mmol, 

10 mg mL-1 in dioxane), and dioxane (2 mL) were charged into an ampoule. The solution underwent three 
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freeze-pump-thaw cycles before being placed in an oil bath at 70 °C. After 7.5 hours, polymerization was 

terminated by rapidly cooling the ampoule in liquid nitrogen. Once returned to room temperature, the crude 

product was precipitated three times in cold diethyl ether and collected by centrifugation. After complete 

drying in a vacuum oven, 622 mg of solid was obtained.

1H NMR of PLLA45-b-PDMAEMA183 (400 MHz, Chloroform-d, δ (ppm)): 5.16 (q, J = 7.1 Hz, 90H), 4.15 

– 3.97 (m, 366H), 2.64 – 2.50 (m, 366H), 2.28 (s, 1098H), 1.98 – 1.78 (m, 366H), 1.61 – 1.54 (m, 270H), 

1.12 – 0.82 (m, 549H).

SEC of PLLA45-b-PDMAEMA183 (Chloroform, PMMA standard): Mn = 39.3 kg mol-1, ĐM = 1.39.

2.4 General process of crystallization-driven self-assembly

Seeds prepared by flash-freezing

Seed particles were prepared by a flash-freezing strategy. Specifically, 20 μL of PLLA45-b-DMAEMA183 

unimer solution (10 mg mL-1 in CHCl₃) was added to 2 mL of ethanol, yielding a final polymer 

concentration of 0.1 mg mL-1. The mixture was heated to 75 °C for 5 minutes to ensure complete dissolution 

of the polymer, followed by rapid cooling in a dry ice-acetone bath for 1 minute to induce nucleation. The 

resulting seed particles were then allowed to equilibrate to room temperature before further use.

Living seeded growth in batch

Batch seeded growth was conducted at 500 µL scale, where 50 μL flash-frozen seeds (0.1 mg mL-1 in 

ethanol) were added to 450 μL ethanol. The solution was preheated at various temperature for 2 min. Then, 

unimer solution (10 mg mL-1 in CHCl3, mixture of homo and diblock polymers) was added, and platelets 

were obtained after another 2 minute aging.

Living seeded growth in flow

The flow reactor was adapted from our previous work.38 Seed solution (0.01 mg mL-1 in ethanol) were 

introduced into the reactor by a syringe pump at 200 µL min-1 and passed through a preheating channel 

(200 µL, inner diameter: 0.75 mm) maintained at 50 °C. The seed stream was then combined with unimer 

solution (PLLA12 / PLLA45-b-PDMAEMA183 = 1:1, 10 mg mL-1 in CHCl3) in a reverse T micromixer. The 

unimer was delivered by a second syringe pump at flow rates of 2, 4, or 6 µL min-1, corresponding to 
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unimer-to-seed ratios of 10, 20, and 30, respectively. The mixture aged in two downstream channels (inner 

diameter: 0.3 mm): 100 µL at 50 °C and 300 µL at room temperature (20 °C), before collection.
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3 Result and discussion

3.1 Polymer synthesis

Polymers were synthesized according to Scheme 1. PLLA homopolymers (PLLA12 and PLLA45) were 

synthesized via ROP using CHPET as the initiator and DBU as the catalyst. Chain extension was then 

performed via RAFT polymerization to obtain PLLA45-b-PDMAEMA183 diblock polymer. Polymerization 

degree was determined by 1H NMR spectroscopy, while Mn, Mw, and ĐM were analyzed by SEC. Detailed 

polymer data are provided in Table S1 and Figures S1-S4.

3.2 Seed preparation

In previous CDSA studies, seed particles were typically prepared by sonicating polydisperse cylinders 

formed through direct CDSA, which involved heating, cooling, and aging steps.7, 39 While effective, this 

method required several days to a week due to its low efficiency. Recently, our group developed a rapid 

flash-freezing strategy for seed preparation (Figure 1a), where the diblock polymer solution is quickly 

transitioned from undersaturation to supersaturation, inducing uniform self-nucleation within minutes.40 

This approach yielded uniform seed particles within 6 minutes (Figure 1b), with a measured size of 181 nm 

by DLS (Figure 1c), offering a clear improvement over the less regular seeds generated by conventional 

sonication methods.36 After that, various conditions were optimized to investigate the epitaxial growth of 

these seed particles (Scheme 2).

Scheme 1. Synthesis of PLA homopolymer and diblock polymer by ROP and RAFT.
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Figure 1. Seeds prepared by flash-freezing strategy: (a) Scheme of seed preparation, (b) TEM image of 

seeds, and (c) DLS size distribution of seeds. TEM samples were stained. Scale bar = 500 nm.

Scheme 2. Schematic illustration of the living CDSA process.
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3.3 Effect of temperature

Temperature critically influences crystallization by governing the degree of supercooling (the extent to 

which the crystallization temperature is below the equilibrium melting temperature), which in turn drives 

nucleation and growth kinetics.41-43 To investigate this, living CDSA was conducted using 

PLLA45/PLLA45-b-PDMAEMA183 (1/1 wt%, 10 mg mL⁻¹ in CHCl3) at a fixed unimer-to-seed ratio of 10, 

but at different temperatures, resulting in distinct platelet morphologies (Figure 2).

At 20 °C (room temperature), the high supercooling degree accelerated both self-nucleation and 

crystallization kinetics, leading to uncontrolled self-nucleation and the formation of large aggregates rather 

than uniform epitaxial growth on seed particles (Figure S5). As a result, the morphology resembled that of 

samples prepared without seed particles (Figure S6), indicating a loss of seeded growth control.36 Inspired 

by previous CDSA studies demonstrating that higher temperatures reduce supercooling and enhance control 

over seeded growth, we systematically increased the temperature.38 At 40 °C, self-nucleation remained 

significant (Figure S7), while at 50 °C, well-defined diamond-shaped platelets formed despite residual self-

nucleation (Figure 2a). Increasing the temperature to 60 °C further reduced self-nucleation, yielding more 

uniform platelets, though unexpectedly, they were smaller than those at 50 °C (Figure 2b). The high degree 

of uniformity observed at 60 °C indicates a more controlled and selective seeded growth process, likely due 

to suppression of competing nucleation pathways. This contrasts with self-seeding behavior, where higher 

annealing temperatures typically dissolve more seeds, resulting in larger platelets upon regrowth.40, 44 We 

hypothesize that at 50 °C, seeded growth and self-nucleation occurred at similar rates, leading to partial 

utilization of active seeds,45, 46 whereas at 60 °C, self-nucleation was suppressed, directing growth more 

effectively onto available seeds and yielding smaller, more uniform platelets. As the temperature further 

increased to 65 and 70 °C (Figures 2c and S8), platelet size continued to increase (Figure 2d and Table S2), 

aligning with reported studies.47-49 These findings demonstrate that temperature regulation is a key strategy 

for controlling seeded growth. However, self-nucleation persisted in all samples, likely due to insufficient 

steric stabilization from the low corona density of the diblock polymer, which may have permitted 

secondary nucleation.50 
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Figure 2. Platelets prepared at different temperatures: (a), (b), and (c) are TEM images of platelets prepared 

at 50, 60, and 65 °C, and (d) Area variation upon temperature. Scale bar = 2 μm. Platelet size was analyzed 

from at least 100 particles.
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3.4 Effect of unimer composition

To further enhance the control over seeded growth, we adjusted the unimer composition by increasing the 

proportion of diblock polymer while reducing the homopolymer content. Since homopolymers promote 

rapid epitaxial growth, decreasing their fraction was expected to slow the growth rate and improve 

uniformity.51 As anticipated, platelet uniformity was significantly enhanced, and self-nucleation was 

effectively suppressed when the homopolymer-to-diblock polymer ratio was reduced to 1/2 (Figure 3a). 

This improvement was attributed to the increased corona density on platelet surfaces, which provided 

greater steric hindrance and prevented secondary nucleation. A similar trend was observed when the diblock 

polymer fraction was further increased (Figures 3b and 3c).

Interestingly, despite maintaining a constant unimer-to-seed ratio of 10, platelet size decreased with higher 

diblock polymer content (Figure 3d and Table S2). This was attributed to the reduced PLLA fraction, which 

directly forms the crystalline platelet core. Moreover, increasing the diblock polymer fraction altered the 

morphology of the nanoparticles, causing the initially distinct diamond-shaped features to become less 

pronounced and more ambiguous. This change in shape was accompanied by a reduction in uniformity (the 

Aw/An values remained elevated between 1.07-1.10, Table S2), suggesting that the higher density of corona 

chains not only restricts lateral growth but also introduces inconsistencies during crystallization. As the 

corona density increases, steric repulsion between the corona blocks can hinder lateral crystal growth at the 

edges, especially along the shorter axis, resulting in more isotropic or ill-defined structures.52, 53 A similar 

transition from 2D platelets to 1D cylinders has been reported when using only diblock polymer as the 

unimer for seeded growth.4, 6 These observations highlight the crucial role of homopolymer content in 

stabilizing the 2D morphology.
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Figure 3. Platelets prepared using unimer of various PLLA45/PLLA45-b-PDMAEMA183 ratios at the fixed 

unimer-to-seed ratio of 10: (a), (b), and (c) are TEM images of platelets prepared using unimer with the 

PLLA45/PLLA45-b-PDMAEMA183 ratios of 1/2, 1/4, and 1/8, respectively, and (d) Area variation upon 

PLLA45/PLLA45-b-PDMAEMA183 ratios. Scale bar = 1 μm. Platelet size was analyzed from at least 100 

particles.
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3.5 Effect of homopolymer molecular weight

To balance the need for well-defined platelet formation with controlled seeded growth, short-chain 

homopolymer was used as a compromise strategy. This approach was based on previous findings that 

polymer crystallization ability increases with molecular weight.39 As anticipated, uniform platelets with 

well-defined morphology were obtained when unimer solution was added at a unimer-to-seed ratio of 10 

(Figure 4a). Notably, no significant self-nucleation was observed, which may be attributed to the short 

homopolymer reducing chain folding during crystallization, thereby minimizing lattice imperfections that 

could otherwise promote secondary nucleation.54

To further investigate the living behavior of epitaxial growth, additional aliquots of unimer solution were 

introduced sequentially. The platelet size increased proportionally with unimer addition (Figures 4b and 

4c), and statistical analysis confirmed a linear relationship between platelet size and unimer-to-seed ratio 

(Figure 4d and Table S2). This result not only validated the living nature of the growth process but also 

provided a foundation for precise platelet size control. Moreover, it highlighted the dominant role of 

homopolymer in seeded growth using mixed unimers, establishing a basis for the further development of 

functional PLLA-based platelets.
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Figure 4. Size–controllable platelets prepared by living CDSA using PLLA12/PLLA45-b-PDMAEMA183 at 

ratio of 1/1: (a), (b), and (c) are TEM images of platelets prepared at various unimer-to-seed ratios, and (d) 

Linear fit of area upon different unimer-to-seed ratios. Scale bar = 1 μm. Platelet size was analyzed from 

at least 100 particles.
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3.6 Seeded growth in the flow reactor

To improve the scalability of platelet preparation, seeded growth was transferred from batch to a continuous 

flow system (Figure 5a). In this setup, the seed stream was preheated to 50 °C to enhance mixing efficiency 

upon merging with the unimer stream, as elevated temperatures in flow are known to improve mixing and 

promote uniform particle formation.38 Aging initially occurred at 50 °C to ensure thorough mixing, 

followed by further aging at room temperature in a downstream channel before collection. Using a unimer-

to-seed ratio of 10, uniform platelets (An = 0.39 um2, Aw/An = 1.08, Figure 5b) were obtained, closely 

matching those from batch synthesis (An = 0.44 um2, Aw/An = 1.05, Figure 4a). By varying the flow rate of 

unimer, higher unimer-to-seed ratios (20 and 30) were achieved, producing platelets with corresponding 

increases in area (Figures 5c and 5d), which followed the same linear trend observed in batch (Figure 5e). 

Thus, the successful transfer of seeded growth from batch to flow demonstrated that uniform platelets could 

be reproducibly prepared under continuous conditions, with control comparable to that in batch systems. 

This approach lays a solid foundation for future large-scale manufacturing and broadens the potential for 

practical applications of these nanostructures in areas such as drug delivery, sensing, and nanofabrication.
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Figure 5. Flow living CDSA preparing size–controllable platelets using PLLA12/PLLA45-b-PDMAEMA183: 

(a) Scheme of preparing platelets in the flow reactor, (b), (c) and (d) are TEM images of platelets prepared 

at various unimer-to-seed ratios, and (e) Linear fit of area upon different unimer-to-seed ratios. Scale bar = 

1 μm. Platelet size was analyzed from at least 100 particles.

Page 17 of 22 Faraday Discussions

Fa
ra

da
y

D
is

cu
ss

io
ns

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

5 
M

ay
 2

02
5.

 D
ow

nl
oa

de
d 

on
 9

/5
/2

02
5 

4:
43

:0
3 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.

View Article Online

DOI: 10.1039/D5FD00064E

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5fd00064e


18

4 Conclusion

In this study, we investigated the effects of temperature, unimer composition, and homopolymer length on 

the controlled seeded growth of CDSA using a mixed unimer system composed of PLLA homopolymers 

and diblock polymers. Our results showed that temperature played a significant role in seeded growth. 

Higher temperatures reduced the growth rate by decreasing the degree of supercooling, resulting in platelets 

of uniform size, even though surface nucleation could still occur. Increasing the proportion of diblock 

polymers in the unimer suppressed surface nucleation but led to platelets with ambiguous shapes, indicating 

that a sufficient amount of homopolymer was necessary to form well-defined platelet morphologies. To 

address this, we maintained the original homopolymer content (50 wt%) while shortening its length, which 

reduced the crystallization rate and allowed for the formation of well-defined diamond-shaped platelets. By 

adjusting the amount of unimer added to the seed solution, we could further control platelet size. 

Additionally, this methodology was successfully transferred to a continuous flow system, enabling scalable 

production of size-controlled platelets. This work not only provides fundamental insights into the role of 

polymer composition in CDSA but also lays the groundwork for designing functional, biodegradable 

platelet-based materials for biomedical and nanotechnological applications.
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