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Abstract 

Recent developments in the field of polymer vesicles, i.e. polymersomes, have demonstrated that 

disrupting the equilibrium conditions of the milieu could lead to shape transformation into stable 

non-spherical morphologies, bringing on-demand shape control to reality and bearing great 

promise for cell mimicry and a variety of biomedical applications. Here, we studied the self-

assembly behavior of glassy amphiphilic triblock copolymers, poly(ethylene glycol)-block-

polystyrene-stat-poly(coumarin methacrylate)-block-poly(ethylene glycol) (PEG-b-P(S-stat-

CMA)-b-PEG), and their response to various stimuli. By changing the respective molecular 

weights of both the hydrophobic P(S-stat-CMA) and the hydrophilic PEG blocks, we varied the 

hydrophobic volume fraction thereby accessing a range of morphologies from spherical and worm-

like micelles, as well as polymersomes. For the latter, we observed that slow osmotic pressure 

changes induced by dialysis led to a decrease in size while rapid osmotic pressure changes by 

addition of a PEG fusogen led to morphological transformations into rod-like and tubular 

polymersomes. We also found out that chemically crosslinking the vesicles before inducing 

osmotic pressure changes led to the vesicles exhibiting hypotonic shock, atypical for glassy 

polymersomes. We believe that this approach combining the robustness of triblock copolymers 
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and light-based transformations will help expand the toolbox to design ever more complex 

biomimetic constructs.  

1. Introduction 

Since the late 1990s, the self-assembly of amphiphilic block copolymers has expanded the 

toolkit to design complex biomimetic architectures at the nanoscale from the bottom up.1,2 

Polymersomes (also known as polymer vesicles) have especially garnered much interest because 

of their unique cell-like structure, whereby amphiphilic macromolecules form a membrane 

separating the inside (or lumen) of the polymersome from its outside. As a result, they can 

encapsulate both hydrophilic cargo in their lumen and/or carry hydrophobic molecules within their 

membrane.3 Their tunable permeability can even allow them to function as nanoreactors,4 akin to 

organelles in the body. For instance, trypsin displayed increased activity towards a BZiPAR 

(Rhodamine 110, bis-(N-CBZ-L-isoleucyl-L-prolyl-L-arginine amide), dihydrochloride) substrate 

when encapsulated in poly(2-methyloxazoline)-block-poly(dimethylsiloxane)-block-poly(2-

methyloxazoline) vesicles.5,6 As a result, polymer vesicles are highly desirable in diverse areas of 

research ranging from catalysis,7 cellular modelling,8,9 drug delivery,10 to bioimaging and 

diagnostics.11,12  

Since polymersomes are becoming increasingly useful, their shape control is now proving 

to be the next frontier. Cellular organelles, bacteria, and viral capsids exist in a plethora of 

morphologies that allow them to efficiently carry out their functions. As we aspire to replicate 

these complex, compartmentalized, biological architectures, it becomes essential to diverge from 

simple spherical morphologies to access a broad array of shapes and structures that will enable 

new functionalities.13,14 In drug delivery, tubular and rod-like structures offer higher loading 

efficiencies compared to their spherical analogs. Additionally, their large surface area enhances 
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cellular uptake,15-17 and, in the bloodstream, particle geometry affects the hemodynamic (drag) and 

buoyancy forces which govern the particle trajectory.18-20  

Various groups have recently explored the ability of polymersomes to achieve non-

spherical morphologies, such as stomatocytes, tubular and nested polymersomes.17,21,22 For 

instance, the groups of van Hest and Wilson demonstrated that the addition of water-miscible 

organic solvents plasticized the membrane of polymersomes made from block copolymers 

containing glassy hydrophobic segments, such as polystyrene-block-poly(ethylene glycol) (PS-b-

PEG) and poly(D,L-lactide)-block-poly(ethylene glycol) (PDLLA-b-PEG), and enabled their 

shape manipulation.21 They could kinetically freeze or quench these non-spherical morphologies 

by adding them into water thereby vitrifying the PS and PDLLA blocks and exploited these 

structures in applications, such as drug delivery or nanomotors.23  

Due to their very nature, ABA triblock copolymers possess the ability to span the vesicular 

membrane bridging the inside and outside of the polymersome.24,25 This unique characteristic 

significantly enhances their stability and ability to withstand changes in osmotic pressure. For 

copolymers consisting of a hydrophilic PEG block and a soft hydrophobic poly(dimethylsiloxane) 

block, Salva et al compared the responses of polymersomes made from diblock and triblock 

copolymers to hypertonic salt solutions by cryogenically freezing the otherwise unstable 

intermediates.26 They found that the diblock-based polymersomes transformed beyond 

stomatocytes into nested polymersomes upon fusion of the membrane. Comparatively, while they 

could manipulate triblock-based vesicles to form stomatocytes, the ABA architecture precluded 

membrane fusion and the formation of nested structures.  

To the best of our knowledge, and despite the advantageous mechanical properties of 

triblock copolymers, all of the reports to date on the shape-transformation of glassy polymersomes 
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have focused on diblock copolymers. We have therefore designed an amphiphilic triblock 

copolymer poly(ethylene glycol)-block-poly(styrene-stat-(coumarin methacrylate))-block-

poly(ethylene glycol) (PEG-b-P(S-stat-CMA)-b-PEG). We hypothesized that slow and rapid 

osmotic pressure changes, respectively via dialysis and the use of a PEG fusogen, would lead to 

an area-mismatch between the vesicle membrane interior and exterior, and to shape 

transformation. We originally posited that UV-induced [2+2] cycloaddition dimerization of the 

coumarin moiety would enable easy crosslinking of the polymersomes, lower their permeability 

to water and thereby facilitate their shape transformation. As demonstrated in the following 

paragraphs, this assumption turned out to be erroneous and crosslinking resulted in a presumed 

increase in permeability. Most importantly, we expected that the glassy nature of the vesicle 

hydrophobic membrane would allow us to isolate stable non-spherical polymersomes. 

Interestingly, osmotic pressure changes via dialysis and rapid changes using a PEG fusogen led to 

markedly different responses for the vesicles, demonstrating the delicate nature of these out-of-

equilibrium shape-changes. 

2. Results and Discussion 

2.1 Synthesis of amphiphilic block copolymers 
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Scheme 1. (Top) Synthesis of the difunctional chain-transfer agent (diCEP) via Steglich 

esterification. (Bottom) Synthesis of amphiphilic triblock copolymers via RAFT copolymerization 

of styrene (S) and coumarin methacrylate (CMA) followed by one-pot aminolysis and thia-

Michael addition of methoxy poly(ethylene glycol) acrylate (mPEGA). Note that, for the 

simplicity of the representation of the copolymers, the central diCEP subunit is omitted. As a result, 

the bonds connecting the trithiocarbonate and thioether moieties to the P(S-stat-CMA) block on 

the left-hand side are not representative of the actual regiochemistry and therefore simply depicted 

as a purple line.    

To synthesize the amphiphilic triblock copolymers, we designed a difunctional chain-

transfer agent (CTA), whose structure allows divergent reversible addition-fragmentation chain-

transfer (RAFT). This approach enables the easy post-polymerization functionalization of the 

thiocarbonylthio end groups flanking the telechelic hydrophobic core.27,28 To this end, we first 

synthesized cyano-4-(ethylsulfanylthiocarbonylsulfanyl)pentanoic acid (CEP) using a known 

procedure,29 followed by a Steglich esterification with ethylene glycol (Scheme 1) to yield the 

subsequent difunctional CTA (diCEP). The shift of the ethylene glycol methylene proton peaks at 
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3.76 ppm to 4.33 ppm and the disappearance of the OH peak at 3.17 ppm confirmed the success 

of the esterification reaction (Figure S2-3).  

 While S and CMA have been copolymerized before,30 we wanted to establish whether the 

coumarin moiety would be randomly distributed throughout the membrane. We carried out the 

diCEP-mediated RAFT copolymerization in DMF at 75 °C with a 1:4 molar ratio of CMA:S and 

took out aliquots at five time points between 4 and 20 hours (Scheme S1). After precipitating the 

aliquots in methanol and drying them overnight under vacuum, we then used 1H NMR 

spectroscopy to compare the ratio of the alkene proton at 6.13 ppm characteristic of the coumarin 

to the aromatic region between 6.33 ppm and 7.55 ppm comprising the aromatic signals of both 

styrene and coumarin (Figure S4). For all time-points, we observed a ratio of 14.1-17.8 between 

the alkene and aromatic regions, indicating that the final polymers had a final CMA:S ratio 

between 1:2.23 and 1:2.95 (Table S1). These results suggest that the polymers contained a slightly 

higher CMA content compared to the initial monomer mixture. However, the fluctuation in this 

ratio throughout the polymerization suggested that the monomer addition largely followed a 

random incorporation. 

We then synthesized seven hydrophobic blocks with molecular weights ranging from 8 500 

g/mol to 32 000 g/mol targeting 50% monomer conversion (Table 1) and using a 1:4 molar ratio 

of CMA:S. We used a low diCEP:initiator ratio of 1:0.2 (1:0.1 ratio for each CTA functionality) 

to ensure that the polymers would have more than 90% living chains.31 We found that the CMA:S 

ratio was comprised between 1:2.03 and 1:3.0 (Figure S5 and Table S2). The use of acetone-d6 

ensured that the solvent peaks would not coincide with polymer signals. Overall, the target and 

experimentally measured molecular weights by size-exclusion chromatography (SEC) agreed 

(Table 1 and Figure S6, black SEC traces). Satisfyingly, all chromatograms showed a narrow 
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monomodal molecular weight distribution with Ð = 1.11 – 1.23. We then performed a one-pot 

aminolysis of the trithiocarbonate end groups and thia-Michael coupling reaction with methoxy 

poly(ethylene glycol) acrylate (mPEGA) to yield the ABA triblock copolymers. While soft 

amphiphilic block copolymers typically self-assemble into vesicular morphologies at 0.25 ≤ f ≤ 

0.45, where f is defined as the hydrophilic fraction, glassy diblock copolymers often require a 

much lower f.32 We therefore utilized two PEG acrylate blocks with molecular weights of 1 000 

g/mol (PEG22) and 2 000 g/mol (PEG45) to synthesize seven triblock copolymers in order to access 

vesicle morphologies. Conveniently, the disappearance of the characteristic yellow color of the 

CTA during the reaction was a good visual indicator of the successful aminolysis. The shift 

towards lower retention times (Figure S6, red SEC traces) further confirmed the efficiency of the 

thia-Michael addition. Fortunately, the shape of the SEC traces also remained unchanged (except 

for PEG22-b-P(S-stat-CMA)136-b-PEG22 where a small low-molecular weight shoulder appeared), 

confirming the completion of the reaction. This clean shift is particularly apparent for PEG45-b-

(S-stat-CMA)70-b-PEG45 (Figure S6d) and overall, the dispersity remained low (Ð = 1.09 – 1.20). 

Nevertheless, due to inconsistencies in the refractive index increment values obtained by SEC 

assuming 100% mass recovery (Table S4), we relied on 1H NMR spectroscopic data to accurately 

evaluate the molecular weight of the triblocks.  

The appearance of the characteristic PEG peak at 3.64 ppm and the absence of any signal 

between 5.65 and 5.95 ppm further corroborated the achievement of the thia-Michael addition 

(Figure S7). Based on the P(S-stat-CMA) molecular weight obtained by SEC and the CMA content 

previously determined by 1H NMR spectroscopy, we used the integration ratio of the PEG protons 

to the characteristic coumarin alkene protons to determine the Mn of the corresponding PEG-b-

P(S-stat-CMA)-b-PEG triblocks (Tables 1 and  S3, Figure S8 and subsequent explanation in ESI). 
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For the PEG22 series, the experimental Mn line up remarkably well with the values expected at full 

completion of the thia-Michael coupling reaction. We note however that the experimental Mn 

values appear to be ever so slightly below for the larger PEG45 which could potentially stem from 

a less quantitative though efficient coupling for the larger PEG blocks. The integration ratios of 

the PEG protons to the alkene protons also enabled the determination of f for each triblock, with 

0.08 ≤ f ≤ 0.24.   

Table 1. Characterization of the triblock copolymers synthesized and their intermediates and the 

hydrophilic volume fractions 

Polymer Identitya 

P(S-stat-CMA) Triblock 

Mn theo 
b 

(g/mol) 

Mn exp
c 

(g/mol) 

CMA 

contentd 

Đc 

Mn
e 

(g/mol) 

Đc 

 

f e 

(%) 

PEG22-b-P(S-stat-CMA)56-

b-PEG22 

6 000 8 500 0.26 1.11 10 500 1.10 19 

PEG22-b-P(S-stat-CMA)104-

b-PEG22 

16 000 15 500 0.25 1.12 17 500 1.11 12 

PEG22-b-(S-stat-CMA)118-

b-PEG22 

17 500 18 000 0.27 1.11 20 300 1.09 11 

PEG22-b-P(S-stat-CMA)136-

b-PEG22 

20 000 20 900 0.27 1.13 22 800 1.17 8 

PEG45-b-(S-stat-CMA)70-b-

PEG45 

10 000 10 500 0.25 1.11 13 800 1.13 24 
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PEG45-b-(S-stat-CMA)170-

b-PEG45 

30 000 27 800 0.32 1.17 31 300 1.18 13 

PEG45-b-(S-stat-CMA)206-

b-PEG45 

43 000 32 000 0.28 1.23 35 700 1.20 10 

aThe number-average degree of polymerization (DPn) of the central of block is the average number 

of structural units per polymer chain. The molecular weight of the statistical repeat unit was 

calculated based on the molecular weights and ratio of S:CMA in the final polymer as determined 

by 1H NMR. bTargeted molecular weight based on 50% monomer conversion. cAs determined by 

SEC (THF). dCalculated based on aromatic/alkene ratio in the polymer 1H NMR (see Figure S5 

and Table S2). eDetermined via 1H NMR (see Figure S8 and Table S3). 

2.2 Self-assembly of the amphiphilic triblocks 

We first focused our attention on determining the conditions and volume fraction that 

would enable the fabrication of polymersomes using PEG-b-P(S-stat-CMA)-b-PEG. For soft 

block copolymers, the self-assembly can be conducted by directly hydrating the polymers with an 

aqueous solution.26,33 However, we resorted to a solvent injection method for the self-assembly of 

PEG-b-P(S-stat-CMA)-b-PEG, since the glassiness of the P(S-stat-CMA) center block makes it 

extremely hydrophobic and therefore requires plasticization with an organic solvent.34 

Dioxane:THF 1:1 (v/v)35 was used as the organic solvent mixture for it dissolved the PEG-b-P(S-

stat-CMA)-b-PEG at all compositions. Upon dissolution, we slowly added deionized (DI) water 

via a syringe pump until we reached 50% by volume. Notably, the mixture turned cloudy around 

20% by volume, suggesting that the self-assembly process had already begun at or before this 

composition. After the water addition was complete, an aliquot was then extracted and 
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subsequently quenched in vigorously stirring water, thus vitrifying the hydrophobic block and 

freezing the morphologies that formed.  

2.2.1 Self-assembly behavior of PEG22 triblock copolymers  

Using the aforementioned self-assembly procedure, PEG22-b-P(S-stat-CMA)56-b-PEG22 

(Figure 1a), PEG22-b-P(S-stat-CMA)104-b-PEG22 (Figure 1b) and PEG22-b-P(S-stat-CMA)118-b-

PEG22 (Figure 1c) formed polymersomes. Comparatively, PEG22-b-P(S-stat-CMA)136-b-PEG22 

yielded a mixture of large compound micelles and vesicles (Figure 1d), suggesting that under these 

conditions, the value of f was approaching a threshold where vesicles were no longer the most 

stable morphology.  

 

Figure 1. (a) Transmission electron micrographs showing the morphologies observed from the 

self-assembly of (a) PEG22-b-P(S-stat-CMA)56-b-PEG22 (f=19%) (b) PEG22-b-P(S-stat-CMA)104-

b-PEG22 (f=12%) (c) PEG22-b-P(S-stat-CMA)118-b-PEG22 (f=11%) (cryo-TEM inset) (d) PEG22-

b-P(S-stat-CMA)136-b-PEG22 (f=8%) (e) PEG45-b-P(S-stat-CMA)70-b-PEG45 (f=24%) (f) PEG45-
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b- P(S-stat-CMA)170-b-PEG45 (f=13%) (cryo-TEM inset) (g) PEG45-b- P(S-stat-CMA)206-b-PEG45 

(f=10%) (cryo-TEM inset). Scale bars: black, 1 µm; white 2 µm. 

2.2.2. Self-assembly behavior of PEG45 triblock copolymers  

PEG45-b-P(S-stat-CMA)70-b-PEG45 assembled into worm-like micelles (Figure 1e), 

indicating that f was too low to elicit the formation of vesicles. Gratifyingly, PEG45-b-P(S-stat-

CMA)170-b-PEG45 and PEG45-b-P(S-stat-CMA)206-b-PEG45 formed vesicles upon self-assembly. 

These results showed that vesicles started forming at f close to 20% in the PEG45 systems just like 

observations made using the shorter PEG22 block. Membrane thickness is dependent on the 

polymer molecular weight.25,36 As expected, dry and cryo-TEM results (Figure 1e-g) showed that 

the PEG22-b-P(S-stat-CMA)118-b-PEG22 had a noticeably thinner membrane (~14 nm) than PEG45-

b-P(S-stat-CMA)206-b-PEG45 (~21 nm).  

2.3. Effect of osmotic pressure changes induced by dialysis  

The default shape for most vesicles is spherical for it constitutes the thermodynamically 

most stable morphology, which minimizes the surface-to-volume ratio. However, like their lipid-

based counterparts, polymersomes can transform into different shapes in response to changes in 

their milieu. Giant unilamellar vesicles and even smaller unilamellar vesicles adopt oblate, prolate, 

spherocylindrical and other shapes as a response to factors such as mechanical force and osmotic 

pressure changes.37 The area-difference elasticity (ADE) theory asserts that volume changes of the 

inner compartment of the vesicles drive their shape transformations. Osmotic pressure differences 

and concentration gradients between the vesicle interior and their surroundings will therefore cause 

an area mismatch which leads to shape transformation.38  
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After successfully identifying their fabrication conditions, we turned our attention to 

vesicles made from PEG45-b-P(S-stat-CMA)206-b-PEG45 and probed their ability to shape-

transform. In comparison to other reported systems,35,39 we hypothesized that the vesicle 

membrane thickness (~21 nm) would be enough to sustain the planned shape-transformation. To 

characterize the size changes, we used dynamic light scattering (DLS) at multiple angles to 

evaluate the angular dependence of the diffusion coefficient with the square of the scattering 

vector, q2. We then compared this effective hydrodynamic diameter (Dh) to the Dh values obtained 

at each angle via CONTIN (Figure S9 and Table S5).40,41 In view of this observation, the size data 

discussed here will be based on the effective Dh calculations from the angle-dependent DLS, while 

for visual purposes, the size distributions are displayed for a given indicated angle. 

First, we investigated the response of the polymer vesicles to osmotic pressure differences 

induced by dialysis. When the polymersome suspension was dialyzed against DI water for two 

days, we observed a decrease in Dh from 450 nm to 410 nm, without a significant change in the 

polydispersity of the assemblies, suggesting that the initial polymersomes were still intact (Figure 

2a-b). Note that for the sake of simplicity, we are using the average value of Dh for the rest of the 

discussion. Kim et al reported a similar decrease in size for the transformation of glassy 

polymersomes into stomatocytes for PS-b-PEG.35 Upon removal of the organic solvent by dialysis, 

the glassy nature of the hydrophobic block at room temperature limits permeability of the water 

molecules, resulting in a decrease in hydrodynamic radius since the water could not replace the 

organic solvent. Surprisingly, we did not observe any transformation of polymersomes into 

stomatocytes or any other non-spherical morphologies (Figure 2a, inset AD). For successful long-

lived transformation, the polymersome membrane needs to be flexible enough to allow for a shape 

change but rigid enough maintain the newly formed morphology and prevent water inflow.39 These 
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results suggested that the vesicles satisfied the former but not the latter, hence the retention of the 

spherical morphologies.   

2.4. Effect of UV crosslinking in the polymersome shape transformation. 

Chemical modification of the polymersome membrane can also induce non-equilibrium 

conditions that foster the shape transformation of vesicles. For example, van Oers et al fabricated 

polymersomes with an azide-functionalized styrenic hydrophobic block, poly(ethylene glycol)-b-

poly(styrene-co-4-vinylbenzyl azide).42 When they added an external alkyne crosslinker to the 

vesicle suspension, the resulting alkyne-azide cycloaddition led to their transformation into tubular 

polymersomes. The crosslinker could not uniformly permeate the vesicle membrane, thereby 

creating a crosslinker gradient which led to an asymmetry of the bilayer membrane. We chose the 

coumarin-based derivative because of its biocompatibility and the rapid nature of the [2+2] 

cycloaddition dimerization reaction.43 Furthermore, the facile crosslinking uses long wavelength 

UV light, does not require any external chemicals and the reaction can be performed at room 

temperature, thereby minimizing other changes in the vesicle environment which might 

inadvertently affect the vesicle properties under investigation.44 When we irradiated PEG45-b-P(S-

stat-CMA)206-b-PEG45-based vesicles, the Dh of the vesicles slightly decreased from 450 nm to 

443 nm presumably due to crosslinking-induced shrinking (Figures 2c-d). Note that despite the 

proximity of the two average values, each sequence saw a decrease in Dh, which further confirms 

that shrinking behavior upon crosslinking. The decrease of the characteristic absorbance peak at 

319 nm further confirmed coumarin dimerization (Figure S10). Interestingly, the cryo-TEM 

images indicated membrane wrinkling (Figure 2c, inset AI). We also observed this wrinkling in 

the form of jagged edges on the membrane upon analysis by dry TEM (Figure S11b). We however 



14 
 

did not observe any tubular morphologies like van Oers et al.42 We suspect that the UV irradiation 

ensured uniform crosslinking of the membrane, maintaining its equilibrium conditions.  

 

Figure 2. Analysis of the effect of UV-crosslinking, dialysis and combinations thereof on vesicle 

size and morphology for PEG45-b-P(S-stat-CMA)206-b-PEG45. For each sample, the order of 

treatments, assembly (A), irradiation with UV (I) and dialysis (D), is represented by that of the 

corresponding letters. For the dialysis-first sequence, (a) DLS size distributions (at 120°) and 

corresponding cryo-TEM micrographs (insets) show the change in size of the polymersomes for 

each treatment while (b) the bar chart shows the variation in the average Dh extracted from the 

translational diffusion coefficient at multiple angles. For the crosslinking-first sequence, (c) DLS 
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size distributions (at 105°) and corresponding cryo-TEM micrographs (insets) show the change in 

size and morphology of the polymersomes for each treatment while (b) the bar chart shows the 

variation in the average Dh extracted from the translational diffusion coefficient at multiple angles. 

The DLS distribution graphs (a) and (c) were smoothed using the adjacent-average method and 

the dimension of the white scale bars for the TEM insets is 200 nm. For (b) and (d), each of the 

symbols ( , , , ) corresponds to one replicate of the sequence.  

2.4. Effect of combining UV crosslinking and dialysis 

2.4.1. Effect of crosslinking dialyzed vesicles 

When we irradiated the vesicles after dialysis, we did not observe any significant changes 

in the polymersome size (Figure 2a-b). The TEM images of the vesicles from this combination did 

not show any significant changes in the vesicle shape as the spherical morphology was retained 

(Figure 2a, inset ADI). This absence of morphological changes upon irradiation of the dialyzed 

vesicles is also observed in the dry TEM (Figure S12c).  

2.4.2. Dialysis of crosslinked polymersomes 

We then reversed the order of these processes by dialyzing the crosslinked polymersomes 

against DI water over two days. We expected that crosslinking would lower the permeability of 

the polymer vesicles and therefore even lead to a larger decrease in the vesicle size upon dialysis. 

However, after the initial slight decrease in size upon crosslinking, the hydrodynamic size of the 

vesicles increased upon dialysis to sizes larger than the initial assemblies (Figure 2c-d). 

Interestingly, the majority of these larger vesicles exhibited ellipsoidal morphologies via cryo-

TEM (Figure 2c, inset AID). We also observed the same behavior when we carried out the same 

procedure on polymersomes from the self-assembly of PEG45-b-P(S-stat-CMA)170-b-PEG45 
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(Figure S13). Since swelling could only be observed in the AID samples and not in ADI samples 

(Figures 2c-d), we posit that local shrinking upon crosslinking facilitated the formation of pores 

within the membrane of the polymersomes thereby eliciting their rapid swelling upon dialysis. We 

are currently investigating avenues to probe this phenomenon in greater depth.  

To confirm that crosslinking played a role in this hypotonic response to dialysis, we 

synthesized a control triblock copolymer consisting a CMA-free center block flanked by two PEG 

blocks (PEG45-b-PS403-b-PEG45) (Figure S14, SEC and 1H NMR spectroscopy). After assembling 

into vesicles following the aforementioned procedure, we irradiated the polymersomes with UV-

light and did not observe any significant size changes presumably on account of the absence of 

crosslinking (Figure 3). As anticipated and contrary to the coumarin-containing triblocks, the 

dialysis against DI water for two days led to a decrease in size.  This result confirms that the 

crosslinking is directly responsible for the hypotonic behavior observed for PEG45-b-P(S-stat-

CMA)206-b-PEG45. Interestingly, upon dialysis, the polymersomes AID appear to undergo 

membrane fusion and to have a double-walled morphology (Figure 3e). This observation warrants 

further investigation that goes beyond the scope of the present study but was worth pointing out 

nonetheless. Interestingly, we also investigated the effect of crosslinking on the polymersomes in 

hypertonic conditions by dialyzing vesicles assembled from PEG45-b-P(S-stat-CMA)170-b-PEG45 

against two different concentrations of a NaCl solution (25 mM and 50 mM). We again observed 

a decrease in the size of the uncrosslinked polymersomes after dialysis at both salt concentrations 

(Figures S16a and S17a), while the crosslinked vesicles showed a slight increase in size and 

aggregated in solution. The dry TEM images also suggested that the polymersomes still retained 

their shape under these hypertonic conditions (Figures S16b-d and S17b-d). 
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Figure 3. Representation of the control PEG45-b-PS403-b-PEG45 and assessment of its size and 

morphological changes upon assembly (A), crosslinking (AI) and dialysis (AID). (a) The scheme 

shows the chemical structure of PEG45-b-PS403-b-PEG45 (vide supra for an explanation of the 

depictional choices). (b) DLS size distribution (at 120°) showing the change in size of 

polymersomes after A, AI and AID. Corresponding TEM images showing the morphology of 

polymersomes from PEG45-b-PS403-b-PEG45 after (c) A, (d) AI and (e) AID. 

2.5. Shape-transformation via PEG-induced rapid osmotic pressure changes 

We then adapted a method recently demonstrated by Men et al to induce faster shape 

transformation using a low concentration of PEG as an additive.39,45 PEG is a known fusogen with 

a dehydration effect on the membrane and a single ethylene oxide unit can bind up to three water 

molecules, creating an osmotic gradient.38 In contrast to the osmotic pressure changes that rely on 
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dialysis, this method results in immediate shape change of polymersomes, with these 

transformations observed in less than a minute. Men et al observed that the PEG-induced osmotic 

gradient could be increased by either increasing the concentration or the molecular weight of the 

PEG additive.  

 

Figure 4. TEM images showing the morphologies observed (a) upon assembly (b) tubular 

polymersomes at 0.5 mg/mL PEG (cryo-TEM inset) (c) rod-like tubular polymersomes at 1 mg/mL 

PEG (d) stomatocyte-like morphology at 5 mg/mL PEG. Scale bars: black, 1 µm; white 2 µm. 

We carried out the rapid osmotic change investigations using three different concentrations 

of a solution of 2 000 g/mol PEG, namely 0.5 mg/mL, 1 mg/mL and 5 mg/mL. In a typical 

procedure, we dissolved PEG45-b-P(S-stat-CMA)206-b-PEG45 in THF:dioxane 1:1 (v/v) and slowly 

added water at a rate of 1 mL/h until the aqueous composition reached 20% by volume (unlike the 
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50% by volume in the previously described procedure). We chose a high organic solvent 

composition to elicit shape change in view of the seemingly high flexibility of the polymersome 

membranes (cf. absence of transformation upon dialysis demonstrated in section 2.3). We 

subsequently transferred an aliquot of the suspension to a vial, added the PEG solution, centrifuged 

the mixture and quenched it in water. As a control, we performed a similar experiment in the 

absence of PEG additive and without centrifugation.  

With increasing fusogen concentration, the vesicle morphology transformed from spheres, 

to ellipsoids, to tubes and eventually to a mixture of tubes and folded stomatocyte-like structures 

(Figure 4). Men et al. described a similar trajectory for PSn-b-PEG45 diblock copolymers.45 

However, they could not observe any sustainable shape change for PS160-b-PEG45 (𝑓 = 10.7) with 

a hydrophobic block of 16 700 g/mol. Compellingly, PEG45-b-P(S-stat-CMA)206-b-PEG45 

triblocks could sustain the deformation and deviation from spherical morphology at 𝑓 = 10%, i.e. 

for a center block of 32 000 g/mol (< 33 400 g/mol = 2 x 16 700 g/mol). Although the hydrophobic 

blocks are different, this result points towards the anticipated enhanced sturdiness of the triblock 

copolymers compared to their diblock analogs and their consequent ability to promote shape 

transformation. It is interesting to observe that no permanent shape transformation occurred upon 

slow dialysis conditions while the rapid fusogen methods led to more stable non-spherical 

assemblies signifying the importance of kinetics in the shape transformation process.   
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Figure 5. TEM images showing the effect of rapid osmotic pressure changes on crosslinked 

polymersomes. Morphologies observed various crosslinked polymersomes at PEG concentrations 

(a) 0 mg/mL and (b) 5 mg/mL. Scale bars: 1 µm. 

After confirming that the triblock-based system could lead to successful shape-

transformation of polymer vesicles, we were still curious about investigating the role of 

crosslinking in altering the polymersome membrane. To carry out this investigation, we first 

crosslinked the polymersomes before exposing them to osmotic pressure changes via PEG. Unlike 

the uncrosslinked polymersomes, no shape-transformation took place, suggesting that the 

crosslinking does affect the membrane makeup in such a way that affects its response to osmotic 

pressure changes. The polymersomes showed some wrinkling upon crosslinking, but there were 

no apparent morphological changes (Figure 5). The absence of shape transformation is even clearer 
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on the more concentrated sample with 5 mg/mL PEG concentration (Figure 5c). In the future, we 

also intend to investigate whether inducing coumarin dimerization after the shape transformation 

would also lead to further morphological changes.  

3. Conclusion 

In this work, we have shown that polymersomes from the self-assembly of glassy amphiphilic 

ABA triblock copolymers can be transformed into stable non-spherical morphologies. In addition 

to the membrane rigidity, the speed of the shape transformation also plays an important role in 

determining whether metastable morphologies can form. While slower osmotic pressure changes 

through dialysis only resulted in size decreases, the faster PEG-induced osmotic pressure changes 

led to morphological transformations of these polymersomes. We also demonstrated that 

chemically altering the membranes through crosslinking led to the vesicles demonstrating 

hypotonic shock, deviating from the typical behavior of the glassy polymers, suggesting that 

rearrangement of the membrane during crosslinking increases the permeability of the membranes. 

We believe that this phenomenon is very interesting to create triggered response of polymersomes 

in a variety of systems. Furthermore, we triggered this shape transformation of polymersomes with 

membranes whose diblock analogs are usually too short to sustain stable non-spherical shapes. 

This work demonstrates the complexities associated with membrane flexibility and dynamics in 

glassy polymersomes. Moreover, these results discussed highlight opportunities for utilizing facile 

and easily accessible chemical modifications which can play an important role in enhancing the 

use of these polymersomes as both cellular or organelle mimics and as delivery agents. In addition 

to designing a phase diagram of the morphologies that can be obtained from our polymersomes 

via rapid osmotic pressure changes, we also intend to do a comparative study of the diblock-based 

systems and triblock-based systems from our polymer system.  
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4. Experimental section 

4.1. Materials 

Styrene (Sigma Aldrich) was filtered through basic alumina to remove inhibitor before use. 

Tetrahydrofuran (THF), chloroform and N,N-dimethylformamide (DMF) were purchased from 

Fisher Scientific and were collected from a solvent purification system (PureSolv MD 5, INERT 

Technology). The monomer precursors 7-(2-hydroxyethoxy)-4-methylcoumarin (Alfa Aesar, 

97%), ethylene carbonate (Acros, 99+%), triethylamine (Fisher Chemical, reagent grade), and 

sodium sulfate (Fisher Chemical)) were used as received. Methacryloyl chloride (Aldrich, 97%) 

was stored at -10 °C prior to use. Methoxy poly(ethylene glycol), (2 000 g/mol) (Sigma Aldrich), 

poly(ethylene glycol) methyl ether acrylate (2 000 g/mol and 1 000 g/mol PEG acrylate) (Sigma 

Aldrich) tributylphosphine (Sigma Aldrich) and n-hexylamine (Acros, 99%) were used as 

received. The RAFT agent precursors, sodium hydride (Acros), ethane thiol (Acros, 97+%), carbon 

disulfide (Sigma Aldrich), I2 (Acros), sodium thiosulfate (Fisher Chemical), 4,4′-azobis(4-

cyanopentanoic acid) (V-501) (Alfa Aesar), ethylene glycol (Fisher Chemical), N,N′-

dicyclohexylcarbodiimide (DCC) (Avocado Research Chemicals), and N,N-dimethyl-4-

aminopyridine (DMAP) (Acros) were used as received. The solvents diethyl ether (Fisher 

Chemical), dichloromethane (DCM) (Fisher Chemical), methanol (Fisher Chemical, ACS grade) 

and n-pentane (Fisher Chemical) were used as received. The initiator 2,2′-azobis(2-

methylpropionitrile) (AIBN) (Sigma Aldrich, 96%) was recrystallized in methanol prior to use. 

Methanol (Fisher Chemical) used in polymer precipitations was kept in the fridge at 4 °C. Type II 

Millipore deionized (DI) water was used throughout the process. The DI water used to quench 

samples was further passed through a 0.2 µm PTFE membrane filter before use. Regenerated 
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Cellulose Dialysis Tubing (Fisherbrand, MWCO 12-14kDa) was soaked in DI water for 1 hour 

and washed with at DI water (1 L) before use.  

4.2. Methods 

4.2.1. Nuclear magnetic resonance spectroscopy (NMR) 

1H NMR spectra were recorded on a Varian MERCURY 300 MHz and 600 MHz Bruker 

AVANCE III spectrometers. 13C NMR spectra were recorded at 150 MHz on the Bruker AVANCE 

III spectrometer. All chemical peaks were referenced to TMS at 0 ppm for 1H NMR and 13C NMR 

spectra were recorded at 298 K.  

4.2.2 Flash Chromatography 

Column chromatography was done using a Biotage Isolera One flash purification system with a 

200-400 nm variable detector, using pre-packed Snap Ultra 10 g or 25 g cartridges (Biotage). 

4.2.3. Size-exclusion chromatography (SEC) 

SEC was performed using a Wyatt GPC consisting of a Waters Alliance 2695 separations module 

and an interferometric refractometer (refractive index detector, Optilab TrEX, Wyatt Technology 

Inc.) (operating at 35 °C and 685 nm), an on-line multi-angle laser light scattering (MALLS) 

detector fitted with a gallium arsenide laser (power: 20 mW) operating at 658 nm (miniDAWN 

TREOS, Wyatt Technology Inc.), and two PLgel (Polymer Laboratories Inc.) mixed 3E columns 

(3 µm bead size, pore size range 50-103Å,). Freshly distilled THF was used as the mobile phase 

at a flow rate of 1.0 mL/min and sample volume of 100 µL was injected for each run. All the 

detector signals were recorded and analyzed using ASTRA 6 software (Wyatt Technology Inc). 
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The refractive index increments values were calculated from the refractive index detector response 

assuming 100% mass recovery for use with MALLS to determine the absolute molecular weights.  

4.2.4. UV-vis spectrometry 

All UV-vis absorbance spectra were measured on a Lambda 35 UV-vis Spectrophotometer (Perkin 

Elmer) equipped with a deuterium (UV light source) and halogen (Visible light source) lamp. 

Measurements were performed at a scan speed of 480 nm/min and a lamp change occurred at 326 

nm. Samples were prepared by diluting 50 µL of the polymersome suspension with 2.95 mL of 

dry THF before transferring them to a 3 mL-quartz cuvette (Hellma 111-QS) with a 10 mm x 10 

mm light path.  

 4.2.5. Dynamic light scattering (DLS) 

DLS measurements were collected using incident light at 633 nm from a Research Electro Optics 

HeNe laser operating at 40 mW. The time-averaged scattering intensity (over two min) was 

measured from a Brookhaven Instruments BI-200SM goniometer with an avalanche photodiode 

detector and TurboCorr correlator.  

4.2.6. UV-crosslinking 

UV irradiation was conducted using a Hönle Bluepoint 4 UV light source (320-390 nm). 

4.2.7. Transmission Electron Microscope (TEM) 

Cryogenic-TEM (cryo-TEM) images were collected using a FEI G2 F30 Tecnai TEM instrument 

operated at 200 kV. Samples were prepared by placing a drop (5 µL) of the polymersome 

suspension on a carbon-coated TEM grid (Electron Microscopy Sciences). Using an automated 

Vitrobot (FEI) system at 100% humidity, the film was blotted for 5 s with a Whatman filter paper 



25 
 

and then vitrified in liquid ethane cooled by liquid nitrogen. The sample was then transferred onto 

a single-tilt cryo-specimen holder for imaging. The specimens were maintained below -175 °C 

during imaging. Membrane thicknesses for PEG22-b-P(S-stat-CMA)118-b-PEG22 and PEG45-b-

P(S-stat-CMA)206-b-PEG45 were measured using ImageJ software and an average thickness of 10 

different areas of the membrane was calculated. 

Dry TEM was performed using a JEM-1400 TEM microscope at an acceleration of 60 kV. The 

samples were prepared by placing a drop (5 µL) of the polymersome suspension on a fresh carbon-

coated TEM grid (Electron Microscopy Sciences). The specimen was allowed to dry in air for at 

least 30 minutes before imaging. 

4.2.8. Data processing and presentation 

All graphs were plotted using Origin Pro 2016 software (Origin Lab) and Microsoft Excel (Office 

365, Microsoft), and figures were assembled using Adobe Illustrator software. Membrane 

thickness was obtained using ImageJ software (National Institutes of Health, Bethesda, MD) by 

calculating the average thickness from 10 measurements at  different areas of the membrane. 

4.3. Synthetic procedures 

4.3.1. Synthesis of 7-(2-methacryloyloxyethoxy)-4-methylcoumarin (CMA) 

The synthesis of 7-(2-hydroxyethoxy)-4-methylcoumarin was conducted following a previously 

reported procedure.46 The product was collected as an off-white powder with a yield of 85% and 

used without further purification. 1H NMR (300 MHz, DMSO-d6, δ, ppm): 7.70–7.60 (m, 1H), 

7.00–6.89 (m, 2H), 6.18 (d, 1H), 4.91 (t, 1H), 4.08 (t, 2H), 3.73 (dd, 2H), 2.38 (d, 3H).  
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The CMA was adapted from a previously reported procedure.30 In a one-neck 250 mL Schlenk 

flask mounted with a stir bar and equipped with a PTFE stopcock, 7-(2-hydroxyethoxy)-4-

methylcoumarin (8.00 g, 36.3 mmol, 1.0 equiv.) were dissolved in chloroform (100 mL) under a 

nitrogen atmosphere. Following the addition of triethylamine (10.13 mL, 72.65 mmol, 2.0 equiv.), 

the mixture was stirred at 0 °C for 15 minutes. Then, methacryloyl chloride (7.097 mL, 72.65 

mmol, 2.0 equiv.) was added dropwise to the mixture at 0 °C, which was stirred for 16 hours under 

a nitrogen atmosphere. After 16 hours, the reaction mixture was treated with DCM and the organic 

layer was washed with brine (2 x 100 mL). The organic layer was then dried over MgSO4 and the 

solvent was removed under reduced pressure via rotary evaporation. The crude product was further 

purified by recrystallization in ethanol to obtain white powdery crystals with a yield of 65%. 1H 

NMR (300 MHz, CDCl3, δ, ppm): 1.96 (s, 3H), 2.4 (s, 3H), 4.28 (t, 2H), 4.53 (t, 2H), 5.60 (s, 1H), 

6.15 (s, 2H), 6.8–6.9 (m, 2H), 7.5 (d, 1H).  

4.3.2. Synthesis of diCEP 

 CEP was synthesized based on a previously reported procedure.47 In a 500-mL two-neck 

round-bottom flask, a suspension of (95%) NaH (2.11 g, 83.5 mmol, 1.0 equiv.) in anhydrous 

diethyl ether (150 mL) and was cooled to 0 °C in an ice/water bath. Ethane thiol (5.73 g, 92.3 

mmol, 1.1 equiv.) was then added over 15 min accompanied by vigorous evolution of hydrogen 

gas. The reaction was stirred for an additional 15 min at 0 °C. Then, carbon disulfide (7.03 g, 92.3 

mmol, 1.1 equiv.) was added dropwise over 5 min at 0 °C. The ice bath was then removed and the 

reaction was stirred for 60 min and allowed to warm back up to room temperature. Upon addition 

of pentane (100 mL), a yellow precipitate formed. The precipitate was then vacuum filtered with 

a Büchner funnel and dried in vacuo to yield sodium ethyl trithiocarbonate as a yellow powder. In 

a 500-mL two-neck round-bottom flask, a portion of the sodium ethyl trithiocarbonate (9.89 g, 
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61.7 mmol, 1.0 equiv.) was then suspended in diethyl ether (200 mL) at room temperature and 

solid I2 (8.63 g, 34.0 mmol, 0.55 equiv.) was slowly added to the suspension. The reaction was 

stirred at room temperature for 60 min and a precipitate of NaI salts formed. The precipitate was 

then removed by vacuum filtration over a Büchner funnel and washed with diethyl ether (50 mL). 

The filtrate was then collected and transferred to a separatory funnel where it was washed with 5% 

sodium thiosulfate (2 x 150 mL), H2O (1 x 150 mL), and brine (1 x 150 mL). The organic layer 

was then dried over magnesium sulfate and the solvent was removed under reduced pressure via 

rotary evaporation. A yellow powder was obtained and dried in a vacuum oven at room 

temperature to obtain bis(ethyl) trithiocarbonate as a yellow solid. In a 500 mL 3-necked round-

bottom flask equipped with stir bar and condenser, bis-ethyltrithiocarbonate (5.00g, 18.2 mmol, 

1.0 equiv.) and V-501 (7.66 g, 27.3 mmol, 1.5 equiv.) were dissolved in EtOAc (250 mL). The 

solution was purged with N2 for 45 mins and then heated to reflux for 18 hours. The reaction was 

quenched via exposure by opening the reaction vessel to air and cooling to room temperature. A 

yellow powder was obtained under reduced pressure via rotary evaporation under vacuum, and 

then purified via flash column chromatography hexanes/EtOAc/Acetic acid (60/35/5, v/v,  Rf = 

0.4). The column fractions containing CEP were transferred into a separatory funnel and washing 

with 0.05 N HCl (2 x 150 mL), and brine (1 x 150 mL). The organic layer was dried over MgSO4, 

and the solvent was removed under reduced pressure via rotary evaporation followed by drying in 

a in a vacuum oven overnight at room temperature to yield CEP as a yellow solid. 

Yield: 7.10 g (74%); 1H NMR (300 MHz, CDCl3, δ, ppm): 3.38 (q, 2H), 2.70 (t, 2H), 2.55 (m, 

2H), 1.85 (s, 3H), 1.40 (t, 3H).  

CEP (2.09g, 7.96 mmol, 2.20 equiv.) was added to a 100-mL two-neck round-bottom flask 

equipped with a stir bar under nitrogen atmosphere. Ethylene glycol (0.22 g, 3.62 mmol, 1.00 
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equiv.) was then added to the flask followed by the addition of DCM (30 mL). The reaction vessel 

was then immersed in an ice and water bath. Separately, DCC (1.56 g, 7.60 mmol, 2.10 equiv.) 

and DMAP (0.09g, 0.76 mmol, 0.21 equiv.) were dissolved in DCM (5 mL) in a scintillation vial. 

The solution was added to the cooled flask dropwise over 5 min and the mixture was stirred 

overnight. The reaction mixture was filtered to remove dicyclohexylurea and the salts were washed 

with DCM until white (ca. 10 mL). The filtrate was collected into an evaporating flask and the 

solvent was removed under reduced pressure in a rotary evaporator. The crude product was isolated 

by flash column chromatography ethyl acetate/ hexanes (v/v, 2/3, Rf = 0.48). The eluent was 

removed under reduced pressure by rotary evaporation to yield yellow gel (43% yield). 1H NMR 

(600 MHz, CDCl3, δ, ppm): 4.32 (s, 4H), 3.38 (q, 4H), 2.70 (t, 4H), 2.55 (m, 4H), 1.85 (s, 6H), 

1.40 (t, 6H). 13C NMR (150 MHz, CDCl3, δ, ppm): 216.7 (s), 171.2 (s), 118.9 (s), 62.6 (s), 46.4 

(s), 33.8 (s), 31.4 (s), 29.7 (s), 24.9 (s), 12.8 (s). 

4.3.3. Representative RAFT for the homopolymerization of styrene and copolymerizations of 

styrene and coumarin methacrylate 

In general, desired ratio of monomers, chain-transfer agent, and initiator were dissolved in dry 

DMF and added to a 25-mL Schlenk tube equipped with a magnetic bar. For example, styrene (1.9 

g, 18.26 mmol, 426 equiv.), CMA (1.3 g, 4.50 mmol, 105 equiv.), diCEP (0.025 g, 0.043 mmol, 

1.0 equiv.), AIBN (1.4 mg, 9.0 µmol, 0.2 equiv.) were dissolved in 3 mL of dry DMF and added 

to the Schlenk tube, which was then sealed and purged with argon gas for 30 minutes. After 

purging, an aliquot (0.2 mL) was taken, and the polymerization was started by plunging the 

reaction mixture into a pre-heated oil bath at 75 °C under constant stirring. After 20 hours, the 

reaction was quenched by opening the reaction vessel to air and the tube was cooled in liquid 

nitrogen for approximately 1 min. An aliquot (0.2 mL) was taken, and the remaining reaction 
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mixture was precipitated in cold methanol (45 mL). The mixture was centrifuged in 50-mL 

polypropylene tubes, the supernatant was decanted and the yellow precipitate was redissolved in 

DCM (5 mL). The solution was then precipitated in cold methanol (45 mL) and the centrifugation 

procedure was repeated twice. Note that for a few samples 1H NMR spectroscopy indicated the 

presence of residual monomer, and additional precipitations in cold methanol were needed to 

completely remove the monomer. All polymers were characterized by SEC and 1H NMR 

spectroscopy. 

4.3.4. One-pot aminolysis and thia-Michael coupling 

The hydrophobic block P(S-stat-CMA) underwent one-pot aminolysis and thia-Michael addition 

reaction, with either 1 000 g/mol or 2 000 g/mol PEG acrylate to obtain the triblock, PEG-b-P(S-

stat-CMA)-b-PEG. For example, to a 100-mL round-bottom flask equipped with a stir bar under 

nitrogen, P(S-stat-CMA) (0.444 g, 0.014  µmol, 1.0 equiv.) and PEG acrylate (2 000 g/mol) (0.278 

g, 139 µmol, 10 equiv.) were added. Using a syringe, dry THF (3 mL) was added to the flask to 

dissolve the polymers completely. Then, tributylphosphine (34.27 µL, 139 µmol, 10 equiv.) was 

added at once with a luer-lock gas-tight syringe (500 µL) and the reaction was allowed to stir for 

15 minutes. n-Hexylamine (18.25 µL, 139 µmol) was added at once with a luer-lock gas-tight 

syringe (100 µL). After 18 hours, the solution was precipitated in a cold mixture of 

methanol:diethyl ether 10:1 (v/v) (16 mL). The mixture was centrifuged in 20-mL scintillation 

vial, the supernatant was decanted and the off-white precipitate was redissolved in THF (2 mL). 

The solution was then precipitated in methanol:diethyl ether 10:1 (v/v) (16 mL) and the 

centrifugation procedure was repeated twice. After confirming the removal of unreacted PEG 

acrylate via NMR, the triblock polymer was dried in vacuum over for overnight. All polymers 

were characterized by SEC and 1H NMR spectroscopy. 
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4.4. Self-assembly and shape-transformation procedures 

4.4.1. Procedure for the self-assembly process 

The self-assembly procedure followed a previously published method.35 In a  20-mL reaction vial 

with a rubber septum, PEG45-b-P(S-stat-CMA)206-b-PEG45 triblock polymer (20 mg) was 

dissolved in THF:Dioxane 1:1 (v/v) (2 mL). Upon dissolution, DI water (2 mL) was added to the 

solution under constant stirring (700 rpm) at 1 mL/h via a syringe pump. An aliquot (75 µL) of the 

cloudy suspension was then taken and quenched by addition to DI water (2 mL) under constant 

stirring (700 rpm). This sample was used for DLS measurements and TEM imaging.  

4.4.2. Slow osmotic pressure changes via dialysis 

The cloudy polymersome suspension was transferred to a dialysis bag (MWCO 12-14 kDa) which 

was then left in DI water (1 L) for 48 hours without any agitation. The DI water was changed every 

12 hours. After dialysis, the polymersome suspension (75 µL) was also quenched in DI water (2 

mL) under constant stirring (700 rpm) and then analyzed by DLS and TEM imaging.  

4.4.3. Vesicle crosslinking via UV irradiation 

The polymersome suspension was transferred to a 1-dram vial equipped with a stir bar in air. The 

suspension was then irradiated for 120 seconds in a closed chamber before another aliquot (50 µL) 

was taken for UV-vis analysis. An aliquot (75 µL) of the irradiated polymersome suspension was 

also quenched in DI water (2 mL) under constant stirring (700 nm) and then analyzed by DLS and 

TEM imaging. 

4.4.3. Rapid osmotic pressure changes via PEG fusogen 
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The process was conducted following a previously reported procedure.45 In a  20-mL reaction vial 

with a rubber septum, PEG45-b-P(S-stat-CMA)206-b-PEG45 polymer (10 mg) was dissolved in 

THF:Dioxane 1:1 (v/v) (1 mL). DI water was then added at a rate of 1 mL/h until the aqueous 

composition reached 20% by volume. An aliquot (50 µL) of the polymersome suspension was 

quenched by addition DI water (2 mL) under constant stirring. A portion (200 µL) of the cloudy 

polymersome suspension was then transferred to a 2-dram vial before the PEG solution (15µL of 

0.5 mg/mL, 1 mg/mL or 5 mg/mL in DI water) was added. The PEG/polymersome mixture was 

centrifuged for one minute before an aliquot (50 µL) was quenched in DI water (2 mL) under 

constant stirring and analyzed via TEM imaging. 
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