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ABSTRACT: The interest in helix-containing nanostructures is 

currently growing as a consequence of their potential applica-

tions in areas such as nanomedicine, nanomaterial design, chiral 

recognition and asymmetric catalysis. Herein, we present a fac-

ile and tunable one-pot methodology to achieve chiral nano-ob-

jects. The nickel-catalyzed coordination polymerization-in-

duced self-assembly (NiCCo-PISA) of helical poly(arylisocya-

nide) amphiphilic diblock copolymers was realized and allowed 

access to various nano-object morphologies (spheres, worm-like 

micelles and polymersomes). Helicity of the core block was confirmed via circular dichroism (CD) spectroscopy for all morphologies, 

proving their chiral nature. Small molecule uptake by the spherical nanoparticles was investigated by encapsulating Nile Red into the 

core of the spheres and subsequent transfer into aqueous media. The presence of a CD signal for the otherwise CD-inactive dye 

proved the chiral induction effect of the nano-objects’ helical core. This demonstrates the potential of NiCCo-PISA to prepare nano-

particles for applications in nanomaterials, catalysis and recognition.   

elices and helical assemblies are important structures in 

bio-macromolecules that are employed in many roles 

in nature from providing structure in the case of collagen to stor-

ing information (i.e., DNA) to the many purposes the α-helix 

has in protein assembly and function.1 One of the most remark-

able attributes of the helical architecture is its inherent chirality 

– right- and left-handed helices are the mirror image of one an-

other, but are not superimposable. This chirality gives the helix 

an obvious role in recognition, which is well demonstrated by 

the α-helices present in the Zinc finger motif for its binding to 

DNA double helix or proteins.2-4  

Taking the polyvalence of the helical structure as inspira-

tion, chemists have applied synthetic helices to different areas5-

7 such as nanomaterials,8-10 chiral recognition,11-14 and cataly-

sis.15-19 In the field of nanomaterials, using nature’s building 

blocks, Lecommandoux and coworkers investigated the synthe-

sis and self-assembly of polypeptide-based diblock copolymers 

into different nanostructures and studied their possible applica-

tion as stimuli-responsive materials.20-22 To replicate the prop-

erties of cell penetrating peptides (CPP), which have excellent 

membrane permeability in part as a consequence of their helical 

shape23, Wu and coworkers reported that rapid cellular internal-

ization was observed with PEGylated left-handed helical 

poly(phenyl isocyanide) corona micelles.24, 25 However, such 

assemblies are usually prepared by methods that are time- and 

resource-consuming and give solutions with a relatively low 

content of polymer. 

An alternative route to prepare nanostructures is polymeri-

zation-induced self-assembly (PISA), which is an efficient ap-

proach to achieve nanostructures with different morphologies at 

high solids concentrations (up to 50 wt%) using simple experi-

mental procedures.26-31 PISA is usually conducted by radical 

polymerization techniques32-39 and while metal-catalyzed coor-

dination polymerization methodologies for PISA, for instance 

ring-opening metathesis-mediated PISA (ROMPISA),40-43 pro-

vide entirely new possible backbone and side-chain chemistry, 

such methods have yet to be fully explored to the same degree 

as their radical counterparts.  
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Scheme 1: Synthetic route followed for the preparation via 

NiCCo-PISA of P(PAIC)x-b-P(MAIC)y diblock copolymer 

nanostructures. 
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PISA offers the advantage of encapsulating small molecules in 

situ during polymerization.44, 45 Since NiCCo-PISA occurs at 

room temperature, there is little risk of damaging thermolabile 

compounds such as drugs or enzymes. In this contribution, we 

report the in situ synthesis and self-assembly of helical polyiso-

cyanides into different nanostructures via NiCCo-PISA and 

their chiral induction effect on an encapsulated achiral dye (Nile 

Red). We anticipate that such nanostructures will be useful in a 

variety of applications from helix-containing delivery systems 

to chiral recognition or catalysis of asymmetric reactions where 

the chiral core could be leveraged. 

This account expands the library of methodologies and 

monomers accessible by PISA by introducing the nickel-cata-

lyzed coordination polymerization of arylisocyanides (NiCCo-

PISA). Furthermore, to the best of our knowledge, this work 

represents the first report of PISA conducted with helical poly-

mers. 

The common methodology to conduct dispersion PISA is 

through the chain-extension of a solvophilic block with a sol-

vent-miscible monomer whose corresponding homopolymer is 

solvophobic. The growing polymer block gradually becomes 

insoluble in the reaction media, forming an amphiphilic diblock 

copolymer that self-assembles in situ.27 In our early attempts to 

synthesize poly(isocyanide)s with chiral L-menthol side-chains, 

we observed precipitation of the growing polymer in DMSO 

during polymerization. Thus, we reasoned that menthyl-ester 

arylisocyanide (MAIC)46, 47 could be utilized as the core-form-

ing monomer in PISA formulations (Scheme 1). Toward this 

end, a DMSO-soluble PEG-ester aryl isocyanide (PAIC) mon-

omer was synthesized as the corona block. A PEG side-chain 

was chosen because of the expected solubility in both water and 

DMSO of the monomer and homopolymer as well as its known 

biocompatibility. Both PAIC and MAIC were homopolymer-

ized via a coordination polymerization catalyzed by o-

 
Figure 1: SEC and CD analysis of P(PAIC)20-b-P(MAIC)y diblock 

copolymers. Polymerizations were conducted at r.t. in DMSO at a 

solids weight content of 5 wt%. (A) Normalized SEC RI molecular 

weight distributions (THF + 2% v/v NEt3, 40 °C, PS standards) for 

P(PAIC)20 macroinitiator and P(PAIC)20-b-P(MAIC)y block-co-

polymers. (B) Evolution of Mn, SEC (filled circle) and ĐM (hollow 

circle) values measured by SEC as a function of targeted DPP(MAIC). 

The Mn, theo (dashed line) calculated from the monomer molecular 

weight and polymerization conversion is displayed as reference. (C) 

CD (THF, 0.5 mg·mL-1) spectra. Inset: CD signal at λ = 360 nm 

plotted vs the DPP(MAIC). 

Table 1: Characterization of synthesized P(PAIC)x-b-P(MAIC)y di-

block copolymers. 

Samplea 
Mn, theo 

(kDa)b 

Mn, SEC 

(kDa)c 
ÐM

c 
CD360

d 

(mdeg) 

P(PAIC)10 6.9 6.5 1.24 0 

P(PAIC)10-b-P(MAIC)10 9.8 7.3 1.25 11 

P(PAIC)10-b-P(MAIC)20 12.6 8.5 1.17 14 

P(PAIC)10-b-P(MAIC)30 15.5 10.1 1.25 22 

P(PAIC)10-b-P(MAIC)40 18.3 11.6 1.42 23 

P(PAIC)10-b-P(MAIC)50 21.1 13.8 1.58 27 

P(PAIC)20 13.8 9.2 1.20 0 

P(PAIC)20-b-P(MAIC)10 16.7 10.2 1.19 6 

P(PAIC)20-b-P(MAIC)20 19.5 11.1 1.22 13 

P(PAIC)20-b-P(MAIC)30 22.4 12.5 1.21 16 

P(PAIC)20-b-P(MAIC)40 25.2 14.7 1.20 23 

P(PAIC)20-b-P(MAIC)50 28.1 16.8 1.37 26 

P(PAIC)30 20.7 12.8 1.13 0 

P(PAIC)30-b-P(MAIC)10 23.6 15.7 1.28 5 

P(PAIC)30-b-P(MAIC)20 26.4 16.8 1.31 10 

P(PAIC)30-b-P(MAIC)30 29.3 18.0 1.35 12 

P(PAIC)30-b-P(MAIC)40 32.1 18.4 1.45 19 

P(PAIC)30-b-P(MAIC)50 35.0 18.5 1.53 21 

P(MAIC)50 14.3 7.1 1.16 38 

aAll conversions were > 99%, as determined by 1H NMR spectroscopy 
in CDCl3. 
bCalculated from conversion using the monomer’s MW and feed ratio. 
cDetermined by SEC (THF + 2% v/v NEt3, 40 °C, PS standards). 
dCD signal at λ = 360 nm. 
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Tol(dppe)NiCl48 in DMSO and THF, respectively. Excellent 

control over the polymerization process was observed in both 

cases, and polymers were obtained with moderate dispersities 

(Table S2). 

NiCCo-PISA was conducted by the in-situ chain-extension 

of a P(PAIC)x macroinitiator using MAIC in DMSO, yielding 

diblock copolymers P(PAIC)x-b-P(MAIC)y (Figure 1A). The 

control over the polymerization was verified by targeting dif-

ferent degrees of polymerization (DPs) of both the solvophilic 

and solvophobic blocks and constructing Mn vs DPP(MAIC) plots 

(Figure 1B and Figure S30-32). A linear relationship between 

targeted DP and molecular weight indicated the polymerization 

process was controlled (Table 1). However, when targeting 

high DPP(MAIC) high molecular weight shoulders are observed.. 

When the chain-extension of the macroinitiator is conducted in 

a good solvent, namely THF, no shoulder is observed, suggest-

ing that the apparition of that second population most likely 

originates from the PISA process itself. The measured molecu-

lar weight evolution was similar to what has been reported pre-

viously.48 

Polyisocyanides are inherently helical in nature, and this he-

licity can be detected by circular dichroism (CD) spectroscopy. 

Moreover, these helices are static, meaning that changes in he-

licity at room temperature are seldom observed.6 However, in 

the absence of a driving force to influence the equilibrium oc-

curring during polymerization between both screw-senses, they 

are present in equal quantities and the overall CD signal is null 

as in the case of the homopolymer P(PAIC). On the contrary, 

in P(MAIC), the chiral moiety on the side chain kinetically fa-

vors one of the helix screw-senses and this excess can be meas-

ured by CD (Figure S27).47 To determine whether the diblock 

copolymers obtained from NiCCo-PISA exhibited helicity, 

P(PAIC)x-b-P(MAIC)y copolymers of different block ratios 

were analyzed by CD spectroscopy after dissolution in THF to 

circumvent the possible interferences emerging from light-scat-

tering by the nano-objects (Figure 1C). While the P(PAIC) ho-

mopolymers did not display any signal, the diblock copolymers 

showed a clear signal at 360 nm, consistent with previous liter-

ature reports.46-48 By comparing the change in the intensity of 

this signal for the different hydrophobic block lengths, a linear 

increase of signal response with the DPP(MAIC) was observed, 

confirming the helical nature of the nanostructures’ core for all 

the DPs and ratios studied (Table 1). Importantly, as a conse-

quence of the static nature of the helix, the CD spectrum of the 

copolymer unimers dissolved in THF is expected be similar to 

that of the nanoparticles in DMSO. The slope of the CD vs 

DPP(MAIC) plot became more gradual as the PAIC content was 

increased, concurrent with the increased content of opposite 

screw-sense helices present in the P(PAIC) block (Figure 

S33).

  

Figure 2: Phase diagram for P(PAIC)x-b-P(MAIC)y diblock copolymer nano-objects prepared via NiCCo-PISA (5 wt% solids content) by 

varying the DPP(PAIC) and DPP(MAIC), along with representative dry-state TEM images of different formulations. 

As a consequence of the insolubility of P(MAIC) in 

DMSO, chain-extension of a P(PAIC) macroinitiator with 

MAIC led to the formation of self-assembled nanostructures. 

Dynamic light scattering (DLS) was used to measure the size of 

the nano-objects in the various block copolymer solutions tar-

geting different DPs. For the P(PAIC)x-b-P(MAIC)20 series, 

single populations of nano-objects were observed, with sizes 

ranging from 16 – 25 nm depending on DPP(PAIC). As the tar-

geted DPP(MAIC) was increased, multiple nano-object popula-

tions were detected, consistent with the evolution of mixed mor-

phologies possibly containing both spherical and worm-like mi-

celles. At high DPP(MAIC), primarily mixed morphologies were 

obtained with the exception of P(PAIC)10-b-(PMAIC)50, which 

exhibited a single population of particles with DH = 630 nm. 

P(PAIC)30-b-P(MAIC)30 P(PAIC)30-b-P(MAIC)40

P(PAIC)10-b-P(MAIC)50P(PAIC)10-b-P(MAIC)20 P(PAIC)10-b-P(MAIC)40

P(PAIC)20-b-P(MAIC)30

P(PAIC)10-b-P(MAIC)30

P(PAIC)20-b-P(MAIC)50

P(PAIC)30-b-P(MAIC)50P(PAIC)20-b-P(MAIC)40

DPP(MAIC)

D
P

P
(P

A
IC

)



 

Transmission electron microscopy (TEM) was employed to 

determine the obtained morphologies – in this case spheres, 

worm-like micelles and polymersomes were achieved. (Figure 

2). In brief, the DPP(MAIC) = 20 series consisted of spherical mi-

celles with DTEM = 18, 17, and 21 nm for P(PAIC)10-b-

(PMAIC)20, P(PAIC)20-b-(PMAIC)20, and P(PAIC)30-b-

(PMAIC)20, respectively, in good agreement with the data ob-

tained from DLS (Table S4). Mixed morphologies containing 

both spherical and worm-like micelles occupied an intermediate 

DP range in the phase space. For the P(PAIC)10-b-P(MAIC)40 

sample, a pure phase of worm-like micelles was apparent in the 

TEM images. Upon further increasing the DPP(MAIC) to 50, pol-

ymersomes were obtained with DTEM = 490 nm. The observed 

difference in diameter between DLS and TEM analysis is most 

possibly attributed to drying effects during the sample prepara-

tion process prior to TEM imaging that would induce shrinkage 

of the particle. This polymersome morphology was confirmed 

by static light scattering (SLS) where the Debye method was 

employed to calculate an aggregation number of 3.68 × 103 and 

a Rg/RH of 1.04, confirming the hollow sphere nature of the 

P(PAIC)10-b-P(MAIC)50 nanoparticles (Figure S46 and Ta-

ble S5). Overall, decreasing the length of the P(PAIC) stabi-

lizer block or increasing the length of the P(MAIC) core block 

resulted in the formation of higher-order morphologies such as 

worm-like micelles or polymersomes. Importantly, these 

higher-order morphologies were also demonstrated to retain 

their core helicity, extending the breadth of possible nanostruc-

tures that can be synthesized in one step using a simple PISA 

methodology. In order to use our polymeric system in a biolog-

ically relevant environment, the spherical micelle samples were 

transferred into water by dialysis. An increase of the micelle 

diameter from 25 to 60 nm was observed by DLS following the 

dialysis step; however, no change in size over > 4 weeks indi-

cated the particles were colloidally stable (Figure S48). The ca-

pability to obtain stable, helices-containing micelles in aqueous 

media expanded the window of potential applications, prompt-

ing us to explore the possibility of inducing chirality in small 

molecules via encapsulation within the nanoparticle cores. To 

assess the capability of the spherical micelles to encapsulate hy-

drophobic species, NiCCo-PISA targeting P(PAIC)20-b-

P(MAIC)30 was conducted in a solution containing 1 wt% - rel-

ative to the polymer content - of the lipophilic dye Nile Red 

(NR). We expected the dye to be taken up into the hydrophobic 

nanoparticle cores during the PISA process and the resulting di-

alyzed solution to be fluorescent. After dialysis, the aqueous so-

lution was centrifuged and the supernatant was filtered to re-

move un-encapsulated NR. The resulting solution retained flu-

orescence, and further analysis by spectrophotometry con-

firmed the presence of NR within the nanoparticles (Figure 

S49). As a consequence of the dye’s solvatochromic nature, a 

shift from the maximum emission of NR in water (660 nm) to 

the encapsulated solution (635 nm) was observed, proving ef-

fective encapsulation of NR in the nanostructure cores and the 

lack of signal at 660 nm confirmed the successful removal of 

un-encapsulated NR (Figure S49). This uptake experiment was 

repeated with different initial concentrations of NR (0.5, 2, 5, 

10 and 15 wt%) to determine the maximum loading. Aliquots 

from each NiCCo-PISA were taken after purification and 

freeze-dried. The resulting residues were dissolved in THF and 

analyzed by UV/Vis spectroscopy (Figure 3A). Using this for-

mulation and an initial concentration of NR of 5wt%, the en-

capsulation and maximum loading were calculated, obtaining 

42% and 2.3 wt% respectively. (Table S8).  

The helical core of the P(PAIC)20-b-P(MAIC)30 spherical 

micelles was hypothesized to induce a similar effect on the en-

capsulated NR arising solely from its chiral-core environment 

without supramolecular helicity. Achiral (i.e. CD-inactive) dyes 

 

Figure 3: NiCCo-PISA of P(PAIC)20-b-P(MAIC)30 conducted in 

DMSO in the presence of NR. (A) UV/Vis (THF, 1 mg·mL-1) spec-

tra of the copolymer and dye at different initial NR concentration. 

Inset: Concentration of encapsulated NR depending on the initial 

NR concentration. (B) CD (H2O) absorption spectra of the nano-

particle (NP) (blue) and NR-loaded NP (red). Inset: Close-up on 

the NR absorption region at a higher concentration to allow detec-

tion of the signal. (C) Linear dependence of the CD response to the 

loading of NR in the NPs. Inset: CD (H2O) absorption spectra of 

the NiCCo-PISA solutions with different NR loadings. 
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confined within helical supramolecular assemblies have been 

shown to exhibit CD activity by chirality transfer from the hel-

ical environment.49-52 To verify this hypothesis, the CD meas-

urement of the dye-loaded spherical micelles showed a signal 

in the region corresponding to NR (Figure 3B), providing evi-

dence that the chiral nanoparticle environment influenced the 

absorption of a dye that was otherwise CD-inactive. This chiral 

induction was shown to evolve linearly with the content of NR 

in the nano-objects, demonstrating the CD signal originated 

from the encapsulated dye (Figure 3C). The chiral-induction 

effect of the core’s helical environment unveil the potential of 

these nano-objects in applications such as chiral recognition and 

asymmetric catalysis. 

To conclude, we report a new polymerization technique ap-

plied to PISA that produces nanoparticles with helical blocks, 

and its successful utilization to achieve nano-objects with com-

mon morphologies – spheres, worm-like micelles and poly-

mersomes – by varying the DP of the corona- or the core-form-

ing blocks. This relation was presented as a phase diagram 

demonstrating that higher overall hydrophobic content yielded 

higher-order morphologies. Preservation of the helicity of the 

core polymer for all the morphologies during the self-assembly 

process was confirmed by CD. Encapsulation of NR was per-

formed effectively with P(PAIC)20-b-P(MAIC)30 copolymer 

for a range of dye concentrations and after transfer into water 

the helical core was shown by CD spectroscopy to have a chiral-

induction effect. Overall, the reported methodology and the re-

sulting nano-objects could find applications in areas such as na-

nomedicine, chiral separation, and enantioselective catalysis. 
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