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SUMMARY

Photo-controlled block copolymer self-assembly to modulate the morphology and 

dimensions of polymer nanoparticles (PNPs) has attracted growing interest. However, most 

photo-induced polymer self-assembly approaches are dependent on ultraviolet- or visible-light-

based photochemical reactions that lead to structural variations of the PNPs. The limited 

morphology control of these approaches hinders their broad applications. Here we report a 

novel near-infrared (NIR) light regulated self-seeding strategy for the controlled preparation of 

uniform π-conjugated nanofibers of a 4-BBT-OPE3-P2VP22 block copolymer. This approach 

combines a NIR light induced photothermal effect with living crystallization-driven self-

assembly (CDSA). By taking advantage of excellent photothermal activity and crystallinity of 

the 4-BBT-OPE3 segment, uniform helical fiber-like micelles could be generated with tunable 

lengths from ~40 nm to 1.1 μm, photothermal activity and NIR-Ⅱ emission. The lengths of 

these fiber-like micelles could be regulated by the time and power of NIR irradiation (808 nm 

laser). Moreover, the NIR light regulated self-seeding strategy could also be extended to core-

crystalline block copolymers that lack a NIR-absorbing group if a NIR-absorbing dye like 

indocyanine green was added to the solution. Given appealing merits and versatility of NIR 

light regulated self-seeding, this work paves a new way toward precise preparation of “smart” 

functional nanomaterials.

Key words ： near infrared regulated self-assembly, functional nanostructure, living 

crystallization-driven self-assembly, self-seeding, -conjugated polymer 
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INTRODUCTION

Self-assembly is a fundamental and ubiquitous phenomena in nature.1 Life itself relies 

heavily on the dynamic, and precise self-assembly of biomolecules such as amino acids, sugars, 

and phospholipids.1-3 Among synthetic systems, the self-assembly of block copolymers—an 

important and rapidly advancing area in nanoscience and nanotechnology—has emerged as a 

powerful and robust platform for constructing polymeric nanoparticles (PNPs) with variable 

sizes, morphologies, and compositions, for applications ranging from biomedicine to 

microelectronics.4-7 Beyond composition, the size and morphology of PNPs are key 

determinants of their properties and functions.8-11 Consequently, extensive efforts have focused 

on developing diverse stimulus-responsive self-assembly systems to create size- and 

morphology-controllable PNPs for “intelligent” materials and devices with adaptable 

functionalities.12-14 To date, a variety of stimuli—including pH, temperature, light, ions, 

enzymes, and reactive radical species—have been employed to regulate self-assembly 

processes and vary PNP characteristics.4,15-18 Among these, light stands out for its remote, non-

invasive nature and high spatial and temporal precision, making light-responsive polymer self-

assembly a particularly promising strategy for generating “intelligent” PNPs with real-time, 

remote controllability

Most light-responsive polymer self-assembly systems are based on the structural 

transformation of a photo-switchable unit through a photochemical reaction (Scheme 1a).16-18 

Specifically, groups such as azobenzenes, spiropyrans, and diarylethylenes are introduced into 

the polymer building blocks, and these undergo trans/cis isomerization, ring opening/ring 

closing or photoaddition reactions to give corresponding products with different chemical 

structures upon ultraviolet (UV) or visible light irradiation.16-19 The change in chemical 

structure alters the solvophobic/solvophilic balance of the polymer building blocks, leading to 

changes in the size and morphology of PNPs.
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Scheme 1. Strategies of photo-controlled polymer self-assembly to generate PNPs with a 
tunable size and morphology. (a) traditional UV/vis light-responsive polymer self-assembly through 
photoisomerization, ring closing/ring opening, addition reactions of azobenzenes, spiropyrans and 
diarylethylenes upon UV and visible light irradiation. (b) Seeded growth of living CDSA via UV and 
visible light induced isomerization. (c) NIR light regulated self-seeding via NIR light induced 
photothermal effect.

Despite the wide use of this strategy to create a variety of light stimulus-responsive PNPs 

for diverse applications in catalysis and as biosensors,16-19 some features of this strategy might 

impede their broad applications. First, irradiation with UV light is usually required for 

triggering light-stimulus-responsive polymer self-assembly. Due to the relatively high energy 
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of UV light, irradiation can result in polymer degradation, crosslinking, photo-bleaching or 

other unexpected side reactions. It can also lead to degradation of the surrounding organic, 

polymer, or biological matrices.20, 21 For biological applications, another limiting aspect is that 

UV light has weak penetration depth owing to the competing absorption of light by biological 

tissue.22 A second aspect limiting applications is that photo-induced polymer self-assembly is 

generally driven by solvophobic effects. These changes lead to PNPs with relatively poor 

structural or morphological controllability 16-19, 23, 24 A third consideration is that the stimulus-

responsiveness usually relies on a structural transformation of photo-switchable units of the 

polymer building blocks.16-19, 23, 24 This structural transformation can affect or change the 

targeted properties of PNPs.16-19 In this context, the development of novel light controlled 

polymer self-assembly strategies to resolve these issues is highly desired but remains a great 

challenge.25-27

Living crystallization-driven self-assembly (CDSA) provides an efficient platform to 

generate uniform one-, two- and three-dimensional nanostructures in a controlled way.26-48 Two 

examples of photo-controlled CDSA by seeded growth have been reported recently (Scheme 

1b).26, 27 Choi and co-workers reported a photo-controlled growth of a block copolymer 

containing a core-forming crystalline poly(p-phenylenevinylene) (PPV) segment.26 A block 

copolymer with PPV segments in the cis-conformation in solution were mixed with a 

suspension of preformed seed micelles with its trans PPV segments forming the rigid core. 

Upon the irradiation with white light, the PPV segments in the cis-conformation were 

transformed into the trans-conformation, leading to the epitaxial crystallization of the newly 

formed trans PPV segments onto the ends of pre-existing PPV-based seeds. The photo-

controlled seeded growth strategy enabled the authors to generate uniform nanofibers of 

controlled length. 

In the second example, Mai and co-workers27 examined an alternating copolymer that they 

referred to as poly(hexylthienyl trans-stiff-stilbene-alt-ethylene glycol) (P(trans-HTSS-alt-

PEG)). In THF, this polymer is soluble but upon irradiation at 365 nm, the trans stilbene units 

rearrange to the cis form which then crystallizes to form lenticular platelet micelles. When a 

solution of P(trans-HTSS-alt-PEG) was irradiated in THF in the presence of seed micelle 
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fragments obtained by sonication of the platelet micelles, the newly formed cis polymer 

crystalized epitaxially off the edges of the seed micelles to form larger platelet micelles that 

were relatively uniform in size. In this way, they carried out a photo-driven seeded growth 

CDSA experiment in which the size of resulting platelets could be regulated by UV irradiation.

Self-seeding is another approach for living CDSA. It relies on a feature unique to semi-

crystalline polymers, that different regions of the crystal have different degrees of crystallinity 

leading to a distribution of melting points or dissolution temperatures. This property can be 

used as a versatile platform to generate uniform one-, two- and three-dimensional 

nanostructures in a controlled way.31, 32, 48 In a self-seeding experiment, a suspension of 

polymer crystallites is heated to a temperature where some but not all of the polymer dissolves. 

Upon cooling, the surviving crystallites serve as seeds for the epitaxial growth of the polymer 

that dissolved. The size of the resulting nanostructures is dependent on the degree of dissolution 

of seeds, which in turn is modulated by the annealing temperature.

While self-seeding experiments are normally carried out by direct heating of a sample with 

an oil bath or heating mantle, one can also heat a sample by the near infrared (NIR) light-

induced photothermal effect.49-51 Thus, we hypothesized that the dimensions of semicrystalline 

nanostructures might be manipulated by NIR light irradiation combining the photothermal 

concept with a self-seeding strategy (Scheme 1c). On the basis of our previous work on the 

generation of uniform nanofiber-like micelles containing a donor-acceptor π-conjugated core 

with photothermal activity by CDSA,52, 53 we inferred that the temperature of micellar solution 

might be modulated by the NIR photothermal effect. In this way, the morphology and the 

dimensions of the micelles obtained might be regulated by NIR light irradiation. This strategy 

has some intriguing merits. First, NIR light with lower energy and longer wavelength than UV 

light will exhibit limited structural destruction. It also has a higher capacity for penetrating 

biological tissue. Second, the photothermal effect is a typical photophysical process, and thus 

changes of chemical structure of building blocks upon irradiation can be avoided for regulating 

the dimensions of the nanostructures.

To test the hypothesis, we synthesized a block copolymer containing a 4-BBT-OPE3 core 

forming block that combines the excellent crystallinity of OPE segments with the NIR 
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photothermal activity of BBT units, and a P2VP (P2VP = poly(2-vinylpyridine)) corona-

forming segment (Scheme 1c). Here BBT = benzobisthiadiazole, OPE = oligo(p-phenylene 

ethynylene), and the subscript represents the number of repeat units) Using this sample as a 

model, its NIR light regulated self-seeding behavior was examined. Helical fiber-like micelles 

of 4-BBT-OPE3-b-P2VP22 were formed in ethanol, and these micelles, under 808 nm laser 

irradiation, exhibited both photothermal activity and NIR II emission. By taking advantage of 

the intrinsic photothermal activity of 4-BBT-OPE3 segments, uniform fiber-like micelles with 

controlled lengths ranging from ~40 nm to 1.1 μm were formed by NIR light induced self-

seeding with negligible variation of the structure of the micelles. The number-average length 

(Ln) of micelles could be regulated by the time and power of NIR irradiation. Of course, these 

micelles are not suitable for biomedical applications. But to test their behavior in a simulated 

environment, we exposed them to NIR light through samples of chicken tissue with thicknesses 

up to 4 mm. Under these conditions, we were still able to observe NIR light induced self-

seeding to regulate the length of fiber-like micelles. By adding a group such as BBT as an extra 

photothermal moiety, NIR light induced self-seeding can be extended to other coil-crystalline 

block copolymers without photothermal activity.

RESULTS AND DISCUSSION  

Micelle structure. Our experimental design combines the excellent crystallinity of OPE 

segments with the NIR photothermal activity of BBT. Alkyne-terminated 4-BBT-OPE3 was 

synthesized by an iterative Sonogashira coupling reaction (Schemes 1c and S1-3). 

Subsequently, alkyne-terminated 4-BBT-OPE3 was connected with azide-terminated P2VP by 

a Cu-catalyzed alkyne-azide cycloaddition reaction to give 4-BBT-OPE3-b-P2VP22 (Scheme 

1c and Figures S1-17, details about its synthesis and characterization are provided in 

Supporting Information). Matrix-assisted laser desorption/ionization time-of-flight mass 

spectrometry, 1H nuclear magnetic resonance and gel permeation chromatography analyses 

confirmed the structure of 4-BBT-OPE3-b-P2VP22 (additional discussion on the synthesis and 

characterization of 4-BBT-OPE3-b-P2VP22 in Supporting Information, Figures S7-17). 
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To examine the CDSA behavior of 4-BBT-OPE3-b-P2VP22, a suspension of 4-BBT-OPE3-

b-P2VP22 in ethanol (0.05 mg/mL), a typical selective solvent for the P2VP segment, was 

heated at 80℃ for 30 min, and then cooled/aged at 25℃ for 24 h (heating/cooling protocol, 

Figure 1a). 

Figure 1. 4-BBT-OPE3-containing helical fiber-like micelles obtained by heating-cooling protocol. 
(a) Schematic illustration of formation of helical fiber-like micelles of 4-BBT-OPE3-b-P2VP22. (b, d) TEM 
images and (c) histogram of the width distribution of helical fiber-like micelles of 4-BBT-OPE3-b-P2VP22 
formed in ethanol (0.05 mg/mL) by the heating/cooling protocol. (e) AFM image of helical fiber-like 
micelles of 4-BBT-OPE3-b-P2VP22 and (f) height profiles along the red and blue lines shown in (e). (g) 
CD spectrum of a micellar solution of 4-BBT-OPE3-b-P2VP22 (0.1 mg/mL in ethanol).

As shown in Figures 1b and 1c, fiber-like micelles with a uniform width of ~18 nm were 

obtained. Upon closer inspection, one can see a helical (wave-like) structure, for the micelles 

rather than the commonly observed linear structure (Figures 1b and S18-20). After the micelles 

were stained with phosphotungstic acid, which has a high affinity to basic P2VP chains,54 the 

helical structure became much more distinguishable with a regular pitch (P) of ~67 nm (Figures 
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1d and S18-20). Atomic force microscopy (AFM) analysis also revealed the formation of 

helical fiber-like micelles with a height of ~2-4 nm and a regular pitch of ~68 nm (Figures 1e, 

1f and S21), close to the value obtained by TEM (Figure 1d). Of note, we found that the helical 

fiber-like micelles consisted of a racemic (left- and right-handed) mixture of isomers as 

indicated in Figures 1d and 1e. A circular dichroism (CD) measurement showed a negligible 

Cotton effect (Figure 1g), further demonstrating formation of equal contents of racemic isomers 

of helical fiber-like micelles.

There are in principle two different ways that 4-BBT-OPE3 units can be incorporated into 

helical fiber-like micelles, and we refer to them as the two-column or single-column packing 

modes (Figure 2a).55 To get more information about the packing modes of 4-BBT-OPE3 units, 

we carried out simulations on two- and single-column tetrameric packing modes of 4-BBT-

OPE3 with Materials Studio 7.0, using the Condensed-phase Optimized Molecular Potentials 

for Atomistic Simulation Studies (COMPASS) force field (Figures 2b, 2c and S22-27).56, 57 

The results revealed that the lowest energy configuration of the two-column packing mode with 

slipping (θS) and rotation angles (θR) of 31.8o and 0.3o, respectively, was about 12 kcal/mol 

lower than that of the single-column packing mode, along with about 112 Å2 larger overlapping 

area of packing units (Figures 2b, 2c and S22-26). The simulation results indicated that two-

column packing was likely more favorable. This notion was supported by the observation that 

the width of the micelles core was about 4.2 nm (Figures 2d and S27), which is consistent with 

the value (~4.3 nm) estimated on the basis of proposed two-column packing mode (Figure 2e). 

A typical peak at q = 17.7 nm-1 (d-spacing = 0.35 nm) attributable to π-π stacking of 4-BBT-

OPE3 units (Figures 2f and S28) appeared in the grazing incidence wide angle X-ray scattering 

(GIWAXS) pattern of the film of micelles of 4-BBT-OPE3-b-P2VP22, showing that the distance 

between adjacent 4-BBT-OPE3 units is about 0.35 nm. Given the regular pitch of fiber-like 

micelles (~67 nm), the rotation angle (θR) between adjacent 4-BBT-OPE3 units was estimated 

to be ~0.9o (θR = 180o/(P/d-spacing) = 180o/(67/0.35)), higher than the value obtained by the 

simulation (0.3o). For the simulation of the packing of the core-forming 4-BBT-OPE3 segments, 

the corona-forming P2VP was not taken into account in order to reduce the computation cost. 

Previous reports showed that the steric repulsion within corona chains would also affect the 
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packing of core-forming units.58, 59 We presume that the 4-BBT-OPE3 units of 4-BBT-OPE3-

b-P2VP22 adopt a much larger rotation angle than the simulated value to reduce steric repulsion 

between adjacent P2VP chains.

Figure 2. Packing mode of helical fiber-like micelles. (a) Schematic illustration of possible two- and 
single-column packing modes for 4-BBT-OPE3 to form helical fiber-like micelles. (b) Dependence of the 
energy of aggregates of 4-BBT-OPE3 with two-column packing mode on slipping (θS) and rotation (θR) 
angles obtained by simulation with Material Studio 7.0 using the COMPASS force field. (c) Two-column 
octameric packing mode of 4-BBT-OPE3 with the lowest energy configuration as obtained by the 
simulation. (d) TEM image of micelles of 4-BBT-OPE3-b-P2VP22 stained by phosphotungstic acid. (e) 
Estimated core width on the basis of the two-column packing mode with θS of 31.8o. (f) GIWAXS pattern 
of the film of micelles of 4-BBT-OPE3-b-P2VP22.

Spectroscopic properties. Subsequently, the photophysical properties of 4-BBT-OPE3-b-

P2VP22 were examined, both in THF (0.05 mg/mL), a good solvent for both 4-BBT-OPE3 and 

P2VP segments, and in ethanol, a selective solvent for the P2VP block. In THF, a peak at 406 

nm and a shoulder at 790 nm attributed to absorbance of OPE3 and BBT segments, respectively, 

appeared in UV-vis-NIR absorption spectrum (Figure 3a). The absorbance of the 

corresponding ethanol solution exhibited about a 7 nm red-shift from 407 nm to 414 nm and 1 

nm red-shift from 790 nm to 791 nm compared to the peaks of the THF solution (Figure 3a). 

With an exciting wavelength of 780 nm, the emission band of the ethanol solution showed an 

18 nm blue-shift from 978 nm to 960 nm in comparison with that of the THF solution (Figure 

3b). Of note, for the spectrum in ethanol, the emission band tailed to >1300 nm with a 

maximum at 960 nm with an absolute photoluminescence quantum yield of 0.5% (Figures 3b 
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and S29). This observation implies that the nanofibers may be appealing candidates for NIR-II 

fluorescence imaging as tested in Figure S30. In addition, the temperature-dependent UV-vis-

NIR absorption and emission spectra in ethanol were also recorded (Figures 3c-d). With 

decreasing temperature from 70℃ to 20℃, the absorption maxima red-shifted from 402 nm to 

413 nm, accompanied by a 16 nm red-shift for the shoulder from 779 nm to 795 nm (Figure 

3c). The NIR emission with a maximum at 960 nm showed obvious quenching with a decrease 

of ~55% as the temperature decreased from 70℃ to 20℃ (Figure 3d). These phenomena 

indicated that 4-BBT-OPE3 units likely adopted a J-aggregate mode to form the micelle core 

(Figure 3a and 3c),60, 61 consistent with the simulated results (Figure 2e). 

Figure 3. NIR emission and photothermal activities of 4-BBT-OPE3-containing fiber-like micelles. 
(a) UV-vis-NIR absorption and (b) fluorescence spectra of 4-BBT-OPE3-b-P2VP22 in ethanol and THF 
(0.05 mg/mL). Temperature-dependent (c) UV-vis-NIR absorption and (d) fluorescence spectra of 4-
BBT-OPE3-b-P2VP22 in ethanol (0.05 mg/mL). (e) Photothermal curves of ethanol and a micellar 
solution of 4-BBT-OPE3-b-P2VP22 in ethanol with different concentrations (1.68 W/cm2). (f) 
Photothermal conversion efficiency of 4-BBT-OPE3-b-P2VP22 (0.5 mg/mL, 1.68 W/cm2). (g) 
Photothermal curves of micellar solution (0.5 mg/mL) of 4-BBT-OPE3-b-P2VP22 in ethanol with five 
on/off cycles of irradiation (1.68 W/cm2). UV-vis-NIR absorption spectra of micellar solutions of 4-BBT-
OPE3-b-P2VP22 before and after (h) NIR (808 nm, 1.68 W/cm2, 0.5 mg/mL) and (i) UV (390 nm, 0.05 
W/cm2, 0.2 mg/mL) irradiation for 22 min.
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Photothermal activity. The micelle solutions in ethanol exhibited photothermal activity 

under irradiation with an 808 nm laser (1.68 W/cm2). As the micellar solution (0.5 mg/mL in 

ethanol, 0.22 mL) was exposed to the laser for 270 s, the solution temperature increased from 

26℃ to 79℃ with a photothermal conversion efficiency of 24% (Figures 3e-f and S31). In 

contrast, ethanol in the absence of micelles exhibited a negligible temperature change (< 2.5℃, 

Figure 3e). The temperature elevations remained nearly the same level over five cycles of laser 

irradiation (Figure 3g). Moreover, the absorption bands and 1H NMR spectra of corresponding 

copolymer also exhibited negligible variation after five cycles of laser irradiation (Figures 3h 

and S32). These phenomena indicated the high chemical stability of 4-BBT-OPE3-b-P2VP22 

against NIR irradiation (Figure S33). Under UV irradiation, evidence for photochemical 

decomposition was observed. As the micellar solution of 4-BBT-OPE3-b-P2VP22 was exposed 

to UV light (390 nm, 0.05 W/cm2) for 22 min, the absorbance at 412 nm decreased along with 

the disappearance of the shoulder at 790 nm, indicative of UV-light-induced photo-bleaching 

(Figure 3i). 

We also found that both the heating rate and ceiling temperature of the micellar solutions 

increased with the concentration of micelles and the irradiation power of the 808 nm laser 

(Figures 3e and S34). These observations indicate that the solution temperature can be 

manipulated by the laser power, irradiation time and polymer content. For example, when the 

micelle concentration was decreased to 0.2 and to 0.1 mg/mL, the maximum temperature of 

the solution reached 60℃ and 46℃, respectively, after 270 s of laser irradiation (Figure 3e).

We then attempted to induce self-seeding to regulate the length of fiber-like micelles of 4-

BBT-OPE3-b-P2VP22 via NIR irradiation (Figure 4a). To this end, a dispersion of 4-BBT-

OPE3-b-P2VP22 (0.5 mg/mL) in ethanol was heated at 80℃ for 40 min, followed by 

cooling/aging at -20℃ to give seed micelles62 (Figures 4b and S35, Ln = 42 nm, Lw/Ln = 1.11). 

Subsequently, aliquots of seed micelles (diluted to 0.1 mg/mL in ethanol) were subjected to 

NIR laser irradiation (808 nm, 1.68 W/cm2) for 38, 46, 54, 62, 74, 84, 94, 108 and 120 s, 

causing the solution temperature to increase from 26℃ to 32℃, 33℃, 34℃, 35℃, 36℃, 37℃, 

38℃, 39℃ and 40℃, respectively (Figures 4a and S36). The solutions were then allowed to 

cool/age at 25℃ for 48 h. TEM analysis revealed that uniform fiber-like micelles of different 
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lengths were obtained, with Lw/Ln below 1.22 (Figures 4c-e, 4i-j and S36, Table S2). The Ln of 

micelles were 67, 118, 151, 279, 291, 498, 613, 811 and 1119 nm for the irradiation time of 

38, 46, 54, 62, 74, 84, 94, 108 and 120 s, respectively (Figures 4i and S36, Table S2), 

demonstrating intriguing feature of modulating length of uniform fiber-like micelles by the 

irradiation time. Note that these length distributions are not particularly narrow. For a Gaussian 

distribution of lengths, Lw/Ln is related to the standard deviation  of the length distribution by 

the expression.63

2

1w

n n

L
L L

æ ö
- = ç ÷

è ø
(1)

In Figure 4i it appears that the width of the micelle length distribution increased with 

irradiation time, and in Figure 4j we see that a similar phenomenon occurred for self-seeding 

under direct heating. The  values of micelles formed increased with the annealing temperature 

of the solution, but the effect is more subtle. This can be seen if we consider the coefficient of 

variation of the length distribution (CV(%) = /Ln×100). The original seed micelles are 

characterized by (Ln = 42 nm, Lw/Ln = 1.11,  = 14 nm, CV = 34%, Table S2). Conditions that 

increased the micelle length to 100 to 200 nm led to a decrease in the length distribution (Lw/Ln 

< 1.10, CV < 30%, e.g. Table S5) as expected for a self-seeding process.[31] Longer micelles 

were characterized by a modest increase in the length distribution. For example, irradiation for 

120 s heated the solution to 40℃ and formed micelles with (Ln = 1119 nm, Lw/Ln = 1.17,  = 

460 nm, CV = 41%, Table S2) upon cooling. This type of length broadening in a self-seeding 

experiment has been observed previously and was attributed to shear-induced micelle 

fragmentation associated with convection in the solution.64 These thin micelles are known to 

be fragile.65 Two features of the experiment affect fragmentation. The first is that longer 

micelles are more susceptible to fragmentation.66 The second factor is the temperature at which 

micelle growth takes place upon cooling the solution after annealing. If micelle growth is 

delayed until the solution has cooled, the convection forces are weak, and the micelle length 

distribution is narrow. If micelle growth occurs at higher temperatures, the convection forces 

can promote fragmentation. 
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We can use the mean lengths of the micelles obtained by self-seeding to calculate the 

percentage of initial seed micelles Ps,T that survived the heating protocol at different irradiation 

times (temperatures).

Ps,T = (Ln,S/Ln,T)  100 (2)

Here Ln,S is the mean length of the initial seeds, and Ln,T is the mean length of the micelles 

obtained after cooling to room temperature. As seen in Figures 4k (Table S2), Ps,T with 

decreased exponentially with the temperature (irradiation time). This is a key characteristic of 

the self-seeding process.31 

Figure 4. NIR regulated self-seeding of 4-BBT-OPE3-containing block copolymers. (a) Schematic 
illustration of NIR light regulated self-seeding. TEM images of (b) seed micelles of 4-BBT-OPE3-b-
P2VP22; micelles obtained by NIR light irradiation (0.1 mg/mL) for (c) 38 s, (d) 62 s and (e) 120 s; and 
micelles obtained by self-seeding under direct heating at (f) 32℃, (g) 35℃ and (h) 40℃. (i) Dependence 

Page 14 of 28Chemical Science

C
he

m
ic

al
S

ci
en

ce
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
 0

6 
M

ar
ch

 2
02

6.
 D

ow
nl

oa
de

d 
on

 3
/7

/2
02

6 
10

:5
6:

47
 P

M
. 

 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-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
DOI: 10.1039/D6SC00684A

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6sc00684a


15

of Ln of micelles of 4-BBT-OPE3-b-P2VP22 on NIR irradiation time. (j) Dependence of Ln of resulting 
micelles on the heating temperature obtained by NIR irradiation and direct heating regulated self-
seeding of 4-BBT-OPE3-b-P2VP22. (k) Dependence of fractions of surviving seeds micelles on the 
heating temperature (irradiation time) in NIR irradiation regulated self-seeding of 4-BBT-OPE3-b-
P2VP22.

For comparison, the self-seeding of 4-BBT-OPE3-b-P2VP22 micelles in ethanol was carried 

out using a direct heating protocol. Aliquots of seed micelles (Figure 4b, Ln = 42 nm, Lw/Ln = 

1.11, 0.1 mg/mL, the same seeds used for the NIR light induced self-seeding) were subjected 

to heating in an oil bath at temperatures ranging from 32℃ to 40℃ for 30 min, followed by 

cooling/aging at 25℃ for 48 h. TEM analysis revealed that uniform fiber-like micelles with 

Lw/Ln below 1.18 and Ln of 76, 102, 148, 197, 231, 401, 584, 699 and 1078 nm were formed 

for annealing temperatures of 32oC, 33oC, 34oC, 35oC, 36oC, 37oC, 38oC, 39oC and 40oC 

(Figures 4f-h, 4j and S37, Table S5). The variation of Ln of the micelles with heating 

temperature for NIR laser irradiation and direct heating exhibited a similar trend (Figure 4j). 

All these observations show that self-seeding of 4-BBT-OPE3-b-P2VP22 induced by NIR 

irradiation followed a typical seed-dissolution and unimer-regrowth mechanism.48 Specifically, 

upon NIR light irradiation, the photothermal activity of 4-BBT-OPE3 units resulted in an 

increase of solution temperature, and this led to the partial dissolution of seed micelles (Figure 

4a and S38). Longer laser irradiation led to a higher percentage of dissolved seeds, resembling 

the characteristics of a normal heat-regulated self-seeding process, indicating that the self-

seeding behavior was not significantly sensitive to the way of heating. One interesting 

difference between the two heating protocols is that for direct heating, the micellar solutions 

have to be in physical contact with the heating source, whereas with NIR light irradiation, 

uniform fiber-like micelles of controlled lengths can be prepared in a remote and “noninvasive” 

manner.

Since micelle concentration and laser power combine to influence the photothermal effect, 

we investigated the influence of micelle concentration on the self-seeding of 4-BBT-OPE3-b-

P2VP22 seed micelles (Figures 5a and 5e). To this end, aliquots of seed micelles (Figure 4b, Ln 

= 42 nm, Lw/Ln = 1.11) with concentrations of 0.05 and 0.2 mg/mL were exposed to NIR light 

irradiation (808 nm, 1.68 W/cm2) for different times. The solution temperatures reached values 

of 32oC to 40℃ (37℃ for the 0.05 mg/mL sample, Figures S39-40), followed by cooling/aging 
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at 25℃ for 48 h. Uniform fiber-like micelles with Lw/Ln below 1.20 were obtained (Figures 5b-

d, S39-40, Tables S3-4). The Ln of resulting micelles also increased with the annealing 

temperature (irradiation time), and the fraction of seed micelles decreased exponentially with 

the increase of heating temperature (Figures 5i-j and S41, Tables S2-4). We also tested the self-

seeding of 4-BBT-OPE3-b-P2VP22 by direct heating at concentrations of 0.05 and 0.2 mg/Ml 

(Figures S42-44). Here, too, we observed a similar trend for the variation of Ln of the resulting 

micelles for direct heating and for NIR light regulated self-seeding (Figures S42-43, Tables 

S5-7). From these results, we note that as the content of seed micelles increased, less irradiation 

time was required to reach the same temperature of the micellar solutions. We also note that at 

the same annealing temperature, Ln values of micelles obtained with different seed contents 

decreased with the increase of seed concentration (Figures 5a-d, 5i and S44, Tables S2-4). For 

example, Ln values of the micelles obtained with a heating temperature of 37℃ by NIR 

irradiation were 973, 498 and 254 nm, respectively, for micelle concentrations of 0.05, 0.1 and 

0.2 mg/mL (Figures 5b-d and Tables S2-4). This phenomenon is due to the increased resistance 

of seed micelles toward dissolution with the increase of seed concentration and is consistent 

with previous reports (Figure 5a).58, 67, 68

To examine the influence of irradiation power on NIR light regulated self-seeding, aliquots 

of seed micelles (Figure 4b, Ln = 42 nm, Lw/Ln = 1.11, 0.1 mg/mL) were exposed to NIR laser 

irradiation (808 nm) with powers of 1.68, 1.22, 0.82, and 0.64 W/cm2 for different times to let 

the temperature of solutions increase from 26℃ to 35℃, 37℃ and 39℃, respectively (Figures 

5e and S44), followed by cooling/aging at 25℃ for 48 h. Uniform fiber-like micelles with Lw/Ln 

values below 1.22 were obtained under these different conditions (Figures 5f-h and S45 and 

Table S8). It is interesting to note that at a common annealing temperature, Ln of the micelles 

decreased with decreasing irradiation power (Figures 5k and S45, Table S8). For example, at 

an annealing temperature of 37℃, Ln of micelles formed after exposure to laser powers of 1.68, 

1.22, 0.82, and 0.64 W/cm2 were 498, 417, 284 and 227 nm, respectively (Figures 5c and 5f-h, 

Table S8). We imagine that this is an example of a pre-annealing effect. Winnik and co-workers 

reported that the pre-annealing of core-crystalline micelle seeds would promote the crystallinity 

of the seeds and increase their resistance toward the dissolution. In this way, pre-annealing of 
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seeds would result in the formation a larger number of surviving seeds upon heating and thus 

shorter micelles upon cooling.69 

Figure 5. Controlled preparation of 4-BBT-OPE3-containing nanofibers by NIR regulated self-
seeding. Schematic illustration of NIR regulated self-seeding of 4-BBT-OPE3-b-P2VP22 (a) with 
different seed concentrations and (e) under varying irradiation powers. TEM images of micelles of 4-
BBT-OPE3-b-P2VP22 formed by NIR light at 37℃ with irradiation power of 1.68 W/cm2 and the contents 
of (b) 0.05, (c) 0.1 and (d) 0.2 mg/mL. TEM images of micelles of 4-BBT-OPE3-b-P2VP22 (0.10 mg/mL) 
formed at 37℃ with irradiation power of (f) 1.22, (g) 0.82 and (h) 0.64 W/cm2. Dependence of (i) Ln of 
micelles of 4-BBT-OPE3-b-P2VP22 and (j) fraction of surviving seeds on annealing temperature obtained 
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by NIR light regulated self-seeding with different contents of seed micelles (1.68 W/cm2). (k) 
Dependence of Ln of micelles of 4-BBT-OPE3-b-P2VP22 formed by NIR light regulated self-seeding on 
the heating temperature with different irradiation power.

In the current case, longer irradiation time was required to reach the same annealing 

temperature for the sample with lower irradiation power. For example, for the samples with the 

target annealing temperature of 37℃, the irradiation times were 414, 174, 104 and 84 s for the 

irradiation powers of 0.64, 0.82, 1.22 and 1.68 W/cm2, respectively (Figures 5c and 5f-h, Table 

S8). We infer that longer irradiation time with a lower irradiation power, that is a slower heating 

rate (Figure S46), would promote the crystallinity of the core of the seed micelles through 

annealing at temperatures below the apparent melting temperature of crystalline seed core. The 

increase of crystallinity would enhance the resistance of seed micelles toward dissolution upon 

heating. To test this idea, seed micellar solutions (0.1 mg/mL) were heated from 26 ℃ to 37 ℃ 

at different heating rates, followed by cooling and aging at 25 ℃ for 48 h. We found that 

uniform fiber-like micelles were formed with Ln values of 259, 183, 169 and 135 nm for the 

heating rates of 3.7 ℃/min, 1.8 ℃/min, 1.2 ℃/min and 0.9 ℃/min, respectively (Figure S47). 

All these results suggest that more seeds survived, and the Ln of micelles formed at same target 

annealing temperature decreased with the decrease of irradiation power (Figure 5e).

Self-seeding of NIR transparent micelles in the presence of a photothermal dye. The 

photothermal activity of 4-BBT-OPE3-b-P2VP22 is a consequence of the BBT component, but 

NIR irradiation heats the entire solution rather than operating locally on the micelles. The 

implication of this result is that one could achieve a similar effect by adding an appropriate 

NIR photothermal dye to a solution of a NIR-transparent micelle solution (Figure 6a). To test 

this idea, we prepared seed micelles in ethanol of OPV5-b-P2VP42 (Figure 6b and S48, Ln = 44 

nm, Lw/Ln = 1.10, 0.05 mg/mL) as described previously. 70 These micelles do not absorb light 

at 808 nm (Figure 6c). To this solution, we added indocyanine green (ICG, 0.01 mg/mL), a 

typical photothermally active dye (Figures 6b and 6c).71 We exposed the solution to NIR laser 

irradiation (808 nm) with power of 1.68 W/cm2 for different times of 20 s, 28 s, 40 s, 58 s and 

112 s to let the temperature of the solutions reach 35 oC, 40 oC, 45 oC, 50 oC and 55 ℃, 

respectively (Figure S49), followed by cooling/aging at 25℃ for 48 h. Self-seeding occurred, 

leading to uniform fiber-like micelles (Figures 6a and 6d-j). As the irradiation times was 
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increased from 20 s to 112 s, the Ln of the fiber-like micelles increased from 53 nm to 304 nm 

(Figures 6e-i and S49). These observations show the versatility of the NIR regulated self-

seeding strategy. This approach is applicable not only to crystalline-coil block copolymers of 

4-BBT-OPE3-b-P2VP22 with intrinsic photothermal activity, but also to other more typical coil-

crystalline block copolymers without photothermal activity, though the NIR-regulated self-

seeding behavior was dependent on both photothermal property of added NIR dye and self-

seeding property of coil-crystalline copolymers. Here, temperature can be modulated with the 

assistance of an added photothermal dye.

Figure 6. NIR regulated self-seeding of OPV5-containing BCPs in the presence of a photothermal 
dye. (a) Schematic illustration of NIR light regulated self-seeding of OPV5-b-P2VP42 in the presence of 
a NIR-active photothermal dye. (b) Structures of the coil-crystalline block copolymer OPV5-b-P2VP42 
and the NIR photothermal agent ICG. (c) UV-vis-NIR absorption spectra of OPV5-b-P2VP42 and ICG in 
ethanol. TEM images of (d) seed micelles of OPV5-b-P2VP42, micelles (0.05 mg/mL) obtained by of NIR 
light irradiation in the presence of ICG (0.01 mg/mL) for (e) 28 s, (f) 58 s and (g) 112 s. Dependence of 
Ln of micelles of OPV5-b-P2VP42 on (h) NIR irradiation time and (i) heating temperature. (j) Dependence 
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of the fraction of surviving seed micelles on the heating temperature in NIR light regulated self-seeding 
of OPV5-b-P2VP42 in the presence of ICG.

Tissue penetration. While 4-BBT-OPE3-b-P2VP22 is insoluble in water and has no obvious 

biomedical activity, it enables model experiments to show how NIR-responsive core-

crystalline micelles might take advantage of the ability of NIR light to penetrate deep into 

biological tissue. As a proof-of-concept experiment, aliquots of seed micelles were placed 

under slices of chicken breast with different thickness of 1, 2, 3 and 4 mm (Figure 7a, the 

experimental setup is shown in Figure S50). These samples were then subjected to 808 nm 

laser irradiation for various times to let the solution temperature reach 38℃, followed by 

cooling and aging at 25℃ for 48 h. TEM analysis of the resulting samples showed that uniform 

fiber-like micelles had formed with Ln values of 434, 303, 251 and 220 nm for samples 

irradiated, respectively, through 1, 2, 3 and 4 mm of chicken tissue (Figures 7b and 7d-g, Table 

S9). For this range of tissue thicknesses and 1.68 W/cm2 as the NIR irradiation source, we 

found that the “working” irradiation powers were 0.96, 0.70, 0.41 and 0.32 W/cm2 (Figure 7c). 

This attenuation of irradiation was mainly due to the light scattering effect induced by chicken 

tissue72 and resulted in longer times to reach the target temperature with the increase of tissue 

thickness (Figures 7d-g).

As in the case of direct irradiation of micelle samples with decreasing laser irradiation power, 

we found that Ln of micelles formed at same target temperature (38℃) decreased with the 

increased thickness of chicken tissue (Figure 7b). We infer that the longer irradiation (heating) 

time resulted in a higher crystallinity of the micelle seed cores, leading to less polymer 

dissolution upon heating and the formation of a larger number of shorter micelles upon cooling 

(Figure 5k and Table S8).69

To further demonstrate the merit of spatial selectivity in a proof-of-concept manner, 20 µL 

aliquots of a micellar solution of 4-BBT-OPE3-b-P2VP22 (0.5 mg/mL in ethanol) were injected 

into slices of commercial chicken breast tissue (obtained from One’s Member Supermarket) at 

a depth of around 2 mm, followed by the exposure to NIR irradiation (808 nm, 1.68 W/cm2). 

The local temperature of the injection spots increased to 33.9℃, 38.1℃, 40.8℃ and 44.6℃ after 

10 s, 30 s, 60 s and 120 s of irradiation, respectively (Figure 7h). All these results indicated 
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that the NIR light regulated self-seeding strategy was endowed with excellent tissue penetration 

capacity and spatial selectivity.

Figure 7. Tissue penetration and spatial selectivity of 4-BBT-OPE3-containing nanofibers. (a) 
Schematic illustration of set-up for NIR light regulated self-seeding using slices of chicken breast as a 
model for tissue penetration. (b) Dependence of Ln of micelles on the thickness of chicken breast tissue. 
(c) Output intensity of the 808 nm laser passing through chicken tissue with different thicknesses (0-4 
mm). TEM images of micelles obtained when the NIR light source was passed through slices of chicken 
tissue with thicknesses of (d) 1, (e) 2, (f) 3 and (g) 4 mm, respectively. (h) Photothermal images of 
chicken breast tissue injected with a micellar solution of 4-BBT-OPE3-b-P2VP22 (20 µL, 0.5 mg/mL in 
ethanol) during continuous 808 nm laser irradiation.

CONCLUSIONS

Polydisperse helical fiber-like micelles of 4-BBT-OPE3-b-P2VP22 were generated by a 

heating/cooling protocol in ethanol with an equal content of left- and right-handed isomers and 

a regular pitch of ~67 nm. The 4-BBT-OPE3 units within the core adopted a two-column 

packing mode with a packing distance of 0.35 nm and a rotation angle of 0.9o to form the helical 

micelles. These micelles not only showed photothermal activity, but also upon irradiation with 

a 780 nm laser exhibited an NIR-II emission band that tailed to more than 1300 nm. The 

micelles showed no sign of photo-bleaching or photo-decomposition upon irradiation with 808 
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nm light.  By leveraging the crystallinity and photothermal activity of the 4-BBT-OPE3 

segment, uniform fiber-like micelles with lengths up to 1.1 μm were generated, and the length 

of the micelles could be regulated by the time and power of the 808 nm NIR light. NIR light 

could also be used to induce self-seeding for solutions of micelles like OPV5-b-P2VP42 that are 

transparent at 808 nm if the irradiation was conducted in the presence of a NIR-active dye like 

indocyanine green. 

NIR light can penetrate biological tissues. As a proof-of-concept experiment, we showed 

that the length of fiber-like micelles could be modulated even if the light source was blocked 

by slices of chicken breast with thicknesses up to 4 mm. Given the versatility of living CDSA 

to manipulate the morphology and dimensions of self-assembled structures, the combination 

of NIR light and the intriguing properties of π-conjugated polymers holds the promise for the 

creation of smart π-conjugated nanostructures with potential applications ranging from 

biomedicine to optoelectronics. 
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