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 How Does Cross-Linking Affect the Stability of Block Copolymer Vesicles in the Presence of Surfactant? P. Chambon,† A. Blanazs,† G. Battaglia,‡ and S. P. Armes†,* †
 
 Dainton Building, Department of Chemistry, The University of Sheffield, Brook Hill, Sheffield, South Yorkshire, S3 7HF United Kingdom ‡ Department of Biomedical Science, The University of Sheffield, Western Bank, Sheffield, S10 2TN United Kingdom S Supporting Information *
 
 ABSTRACT: Block copolymer vesicles are conveniently prepared directly in water at relatively high solids by polymerizationinduced self-assembly using an aqueous dispersion polymerization formulation based on 2-hydroxypropyl methacrylate. However, dynamic light scattering studies clearly demonstrate that addition of small molecule surfactants to such linear copolymer vesicles disrupts the vesicular membrane. This causes rapid vesicle dissolution in the case of ionic surfactants, with nonionic surfactants proving somewhat less destructive. To address this problem, glycidyl methacrylate can be copolymerized with 2-hydroxypropyl methacrylate and the resulting epoxy-functional block copolymer vesicles are readily cross-linked in aqueous solution using cheap commercially available polymeric diamines. Such epoxy-amine chemistry confers exceptional surfactant tolerance on the cross-linked vesicles and also leads to a distinctive change in their morphology, as judged by transmission electron microscopy. Moreover, pendent unreacted amine groups confer cationic character on these cross-linked vesicles and offer further opportunities for functionalization.
 
 ■
 
 INTRODUCTION It is well documented that amphiphilic AB diblock copolymers can undergo self-assembly in aqueous solution to form various types of nanostructures.1−4 Simply tuning the hydrophilic/ hydrophobic balance (and hence relative chain volume fractions) of the diblock copolymer dictates the particle morphology. More specifically, gradually increasing the proportion of the hydrophobic block leads to a progressive evolution from spherical micelles5,6 to worm-like micelles2,7−9 to diblock copolymer vesicles (aka polymersomes).3,10−14 Block copolymer micelles are generally considered to be more robust than classical surfactant micelles,15−17 since the former exhibit much lower critical micelle concentrations18 and can often be regarded as kinetically frozen (or nonergodic) due to the relatively slow exchange of copolymer chains between micelles.19 Similarly, block copolymer vesicles offer significant advantages over their low molecular weight “liposome” analogues due to their thicker, tougher membranes12,20,21 and hence significantly reduced permeabilities.10,22 However, extensive processing (such as a pH23 or solvent switch1 or thin film rehydration19) is usually required to induce copolymer self-assembly, which normally results in the generation of vesicular nanoparticles at relatively high dilution (typically 99%) was achieved as judged by 1H NMR spectroscopy. Both TEM and DLS studies of the resulting milky-white solution confirmed the formation of copolymer vesicles at 20 °C (see entry 1 in Table 1 and the Supporting Information). GPC measurements indicated the formation of a low-polydispersity block copolymer with relatively high blocking efficiency, which suggests minimal PGMA macro-CTA contamination (see Figure 2). Vesicle Challenge with Surfactant or Diamine. The colloidal stability of 1.0 w/v % aqueous solutions of these diblock copolymer vesicles was assessed with respect to either a surfactant or a diamine challenge (see Table 1 and Figure 3). The initial light scattering intensity of the vesicular solutions determined by DLS was compared to that obtained after addition of surfactant (or diamine). Thus a relatively low normalized intensity corresponds to a much more transparent (i.e., more weakly scattering) dispersion. The results presented in Table 1 confirm that a substantial loss in turbidity occurs on addition of relatively small amounts of either ionic surfactant or various diamines, which suggests vesicle destruction. Surprisingly, the addition of anionic surfactant led to a substantial increase in the apparent diameter (see Table 1). However, the final light scattering intensity is less than 1% of the original value, suggesting the formation of relatively loose ill-defined polymer−surfactant aggregates, rather than well-defined vesicles. This interpretation is consistent with the very high polydispersities observed in the presence of ionic surfactants. The anionic surfactant is clearly the most destructive additive, with essentially complete vesicle degradation being observed at concentrations as low as 0.50 w/v%. The cationic surfactant was not quite as effective at this concentration, but almost complete loss in scattering intensity was observed at 1.0 w/v%. However, addition of neutral surfactant produced only a moderate loss (∼20%) in scattering intensity even when employed at up to 10 w/v %. The colloidal aggregates present after a surfactant challenge using either 0.10 w/v % anionic surfactant, 0.50 w/v % cationic or 10.0 w/v % neutral surfactant were assessed by TEM (see the Supporting Information).
 
 ■
 
 RESULTS AND DISCUSSION Various covalent cross-linking strategies have been reported for the preparation of diblock copolymer vesicles, including radical cross-linking of unsaturated groups,54−59 silicification,61,62 diacrylate cross-linking,60 amine/gold sol complexation,53 and epoxy-amine chemistry.63 In the present work, we utilized the latter approach (see Scheme 1) since this chemistry is Scheme 1. General Reaction between Amine and Epoxy Groups
 
 compatible with our aqueous dispersion formulation. Moreover, both the glycidyl methacrylate comonomer and the Jeffamine polymeric diamines are cheap, commercially available reagents. This approach was used by Chen and co-workers72 to stabilize micelles, worms and bilayers and also by ourselves to produce latex-based colloidosomes.73 However, as far as we are aware, there has only been one previous report of the use of epoxy-amine chemistry for the stabilization of block copolymer vesicles.63 This protocol involved addition of diamine crosslinker to a poly(ethylene oxide)-block-poly(glycidyl methacrylate) molecularly dissolved in THF, prior to the addition of water to induce in situ self-assembly. Thus some epoxy-amine cross-linking is likely to occur prior to vesicle formation, which may account for the apparent vesicle aggregation indicated by TEM studies. In contrast, in the present work the diamine cross-linker is added after vesicle formation so as to minimize side-reactions. Synthesis of Linear PGMA-PHPMA Diblock Copolymer Vesicles. PGMA55-PHPMA330 diblock copolymer vesicles were synthesized via RAFT aqueous dispersion polymerization
 
 Table 1. Effect of Addition of Either Surfactant or Diamine Cross-Linker on the Colloidal Stability of a 1.0 w/v % Aqueous Dispersion of Linear PGMA55-PHPMA330 Diblock Copolymer Vesicles entry 1 2
 
 nature of surfactant or cross-linker additive none (i.e., pristine linear PGMA55-PHPMA330 vesicles) sodium dodecylbenzenesulfonate (anionic surfactant)
 
 3
 
 didecyldimethylammonium chloride (cationic surfactant)
 
 4
 
 alcohol ethoxylate (7EO C12−C14) (neutral surfactant) ethylenediamine Jeffamine D-230 Jeffamine D-400 bis(3-aminopropyl)-terminated PEO (PEG34 diamine)
 
 5 6 7 8
 
 surfactant concentration w/v %
 
 DLS count rate/ kcps
 
 normalized intensity (%)
 
 intensity-average diameter/nm (PDI)
 
 0.0
 
 4.6 × 105
 
 100
 
 218 (0.073)
 
 × × × × × × × × × × × × × ×
 
 19 0.1 0.2 0.6 94.5 3.7 0.03 0.07 90 79 0.4 0.8 1.4 1.45
 
 178 808 682 740 220 125 116 10 302 523 14 19 25 34
 
 0.1 0.50 1.0 5.0 0.10 0.50 1.0 5.0 5.0 10.0 0.10 0.35 0.60 2.2
 
 8.8 3.8 7.5 2.8 4.35 1.7 1.6 3.4 4.15 3.6 2.0 3.6 6.6 6.7
 
 1200
 
 104 102 102 103 105 104 102 102 105 105 103 103 103 103
 
 (0.065) (0.812) (0.766) (0.885) (0.047) (0.085) (0.250) (0.427) (0.118) (0.089) (0.24) (0.21) (0.18) (0.36)
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 Table 2. Effect of Adding Ionic Surfactant to 1.0 w/v % Aqueous Dispersions of Both Linear and Crosslinked PGMA55(PHPMA247-stat-PGlyMA82) Copolymer Vesicles at 20 °C entry
 
 type of added crosslinker
 
 type of added surfactant
 
 surfactant concentration w/v %
 
 1 2 3 4 5 6 7 8 9 10 11 12
 
 none none none none ethylenediamine ethylenediamine Jeffamine D-230 Jeffamine D-230 Jeffamine D-400 Jeffamine D-400 PEG34 diamine PEG34 diamine
 
 none anionic cationic cationic none anionic none anionic none anionic none anionic
 
 0.0 1.0 1.0 2.0
 
 DLS derived count rate (kcps)
 
 normalized intensity (%)
 
 × × × × × × × × × × × ×
 
 100 0.2 5.3 0.2 74 83 96 94 85 87 81 80
 
 4.7 1.0 2.5 1.0 3.5 3.9 4.5 4.4 4.0 4.1 3.8 3.75
 
 1.0 1.0 1.0 1.0
 
 105 103 104 103 105 105 105 105 105 105 105 105
 
 intensity-average diameter/nm (PDI) 225 26 150 24 301 338 284 326 281 328 385 414
 
 (0.101) (0.787) (0.267) (0.472) (0.155) (0.089) (0.134) (0.143) (0.125) (0.146) (0.106) (0.109)
 
 workers.66 The same PGMA55 macro-CTA was used for the statistical copolymerization of HPMA and GlyMA. This protocol differs from that used to synthesize PGMA55PHPMA330 by the incorporation of 25 mol % of GlyMA units within the second membrane-forming block. It is well-known that the epoxy group of glycidyl methacrylate is susceptible to ring-opening in the presence of water to form glycerol monomethacrylate.75 However, this requires an acid catalyst, which is not present in our formulation. Alternatively, the epoxy groups could potentially react with the alcohol functionality on the HPMA (or GMA) repeat units. Thus it is worth asking whether the epoxy groups actually remain intact after the copolymer synthesis. Accordingly, the final PGMA55-P(HPMA247-stat-GlyMA82) copolymer was immediately isolated by freeze-drying and then dissolved in d6-DMSO to quantify its epoxy group content by 1H NMR spectroscopy. Epoxy proton signals are clearly visible at 2.6 and 2.8 ppm (see Figure 2A). Comparison of these integrated signals with those due to the methacrylic backbone suggests that at least 90% of the original epoxy groups remained intact after the statistical copolymerization of HPMA with GlyMA after 4 h at 70 °C at pH 4−5. However, GPC analysis of this PGMA55-P(HPMA247-stat-GlyMA82) copolymer indicates a significant increase in its degree of branching under these reaction conditions compared to that of the corresponding linear PGMA55-PHPMA330 diblock (see Figure 2B). This is most likely due to a minor fraction of the epoxy groups reacting with the HPMA (or GMA) repeat units via their alcohol functionality. The resulting copolymer vesicles were characterized by DLS and TEM (see entry 1 in Table 2 and Figure 4). These epoxyfunctionalized copolymer vesicles can react rapidly with nucleophilic compounds such as primary amines in aqueous solution under mild conditions.73,76 A schematic representation of this cross-linking reaction is shown in Figure 1. This epoxyamine chemistry has been widely studied over the last fifty years in the context of the development of epoxy resins.77,78 The reaction is actually rather more complex than that depicted in Figure 1, because secondary amines exhibit similar reactivity toward epoxy groups as primary amines.79 Hence in principle one primary amine may actually react with two epoxy groups. There is also the theoretical possibility of reaction between epoxy groups and the secondary hydroxyl groups on the HPMA units, although this usually proceeds much slower than the epoxy-amine reaction. Such secondary reactions generally lead
 
 These studies revealed the presence of rather ill-defined aggregates of “nano-objects” of around 20−100 nm when treated with either ionic surfactant, confirming loss of the vesicular morphology. In contrast, well-defined vesicles of comparable size to those present originally could still be observed after addition of neutral surfactant. We have recently found that the nano-objects formed by RAFT polymerization-induced self-assembly in aqueous solution are rather sensitive to the incorporation of relatively low levels of ionic comonomers.74 Spheres can still be obtained, but it is much harder to obtain higher order morphologies such as vesicles. Considering these findings in the context of the present work, the introduction of charge via ionic surfactant binding to the copolymer chains presumably causes dissociation of the rather delicate vesicular nanostructures in favor of spheres by a similar mechanism. In contrast, binding of the non-ionic surfactant is much less disruptive to the copolymer vesicles. The apparently greater disruptive power of the anionic surfactant compared to the cationic surfactant observed herein is most likely simply due to the former’s lower molecular weight (hence its greater molar concentration for a given mass concentration). It is also worth emphasizing that these linear copolymer vesicles were also either completely or partially destroyed after addition of either ethylenediamine or various polymeric diamines (see entries 5−10, Table 1). This can be attributed to the amphiphilic character of these additives (which can behave as pseudosurfactants) and/or to their intrinsic basic character (e.g., a 0.35 w/v % aqueous solution of Jeffamine D230 has a solution pH about 11). In summary, the observations reported in Table 1 confirm that the self-assembled linear PGMA55-PHPMA330 diblock copolymer vesicles are readily disrupted by the addition of either ionic surfactants or diamines, but are relatively tolerant of the non-ionic surfactant. Synthesis of Cross-Linked Diblock Copolymer Vesicles. Figure 1 shows a schematic representation of the cross-linking strategy used in this study. The RAFT synthesis of linear (noncross-linked) PGMA55-P(HPMA247-stat-GlyMA82) copolymer vesicles was also conducted at 70 °C (see the Supporting Information). Although the reaction solution is not transparent at 20 °C, it becomes a clear single-phase system within 10 min at 70 °C. Hence we believe that this copolymer synthesis proceeds under aqueous dispersion polymerization conditions,67,68 rather than the aqueous emulsion polymerization conditions previously reported by Charleux and co1201
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 Figure 4. Transmission electron micrographs obtained for (a) noncross-linked PGMA55-P(HPMA247-stat-GlyMa82) copolymer vesicles and the same vesicles after epoxy-amine cross-linking using (b) Jeffamine D-230, (c) Jeffamine D-400, or (d) PEG34 diamine.
 
 P(HPMA247-stat-GlyMA82) vesicles at 20 °C (see Table 2). The primary amine/epoxy molar ratio used throughout this series of experiments was 2.0 (i.e., [diamine]/[epoxy] = 1.0). The first entry indicates the original intensity-average diameter (225 nm) and polydispersity (0.101) of these vesicles, as judged by DLS. The initial scattered light intensity is also stated for this reference sample: this value is used to normalize the light intensities obtained after addition of cross-linker and/or surfactant to the vesicles. Given that these diblock copolymer vesicles can be readily prepared as relatively concentrated aqueous dispersions, it seemed pertinent to investigate cross-linking at 10% solids, as well as in dilute solution. PGMA-P(HPMA-stat-GlyMA) copolymer vesicles could be covalently stabilized with Jeffamine D-230 using a [diamine]/[epoxy] molar ratio of 1.0. In contrast, employing Jeffamine D-400 under the same
 
 to higher degrees of cross-linking. However, for the sake of clarity, only reaction of primary amines with epoxy groups is shown in Figure 1. We chose to compare the performance of a small molecule cross-linker (ethylene diamine) with that of several cheap commercially available polymeric diamines (Jeffamines) of varying molecular weight (see Figure 2). A similar cross-linking strategy has been recently reported by Chen and co-workers, who produced a range of covalently stabilized “nano-objects” (vesicles, bilayers, cylindrical micelles and spheres).63,72 However, in their case vesicles were prepared via a post-polymerization processing route, rather than by polymerization-induced self-assembly. Moreover, the GlyMA units were present as a pure block, rather than statistically distributed along a non-reactive polymer chain. In the present study, various diamines were mixed in turn with identical 1.0 w/v % aqueous dispersions of PGMA551202
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 entries 6, 8, 10, and 12 in Table 2). This may be due to subtle changes in morphology, such as membrane swelling caused by intercalated surfactant molecules and/or a change in refractive index of these nano-objects. Morphological Changes during Diamine Cross-Linking. TEM studies were undertaken for selected PGMA55P(HPMA247-stat-GlyMA82) copolymer vesicles; Figure 4 depicts representative images obtained before and after diamine cross-linking. Clearly, the addition of diamine has a dramatic influence on the particle morphology: the surface of the original linear vesicles is relatively smooth and featureless, whereas cross-linked vesicles exhibit much greater surface texture. In principle, this intriguing morphology may be the result of competition between diamine-induced vesicle degradation and the covalent stabilization amine/epoxy reaction. Thus the surfactant/basic character of the diamine additive tends to break up the vesicles into nanospheres but the kinetics of crosslinking is sufficiently rapid to produce a hybrid nanostructure: a vesicle membrane comprising cross-linked nanospheres. However, quite similar changes in morphology can be achieved when cross-linking block copolymer nanoparticles prepared via aqueous dispersion polymerization using ethylene glycol dimethacrylate as a comonomer.80 Hence an alternative explanation may simply be that cross-linking induces nanophase separation within the vesicle membrane. Cationic Character of Cross-Linked Copolymer Vesicles. Diamine-cross-linked copolymer vesicles were first purified by dialysis against water (cut-off = 50,000 Da) to remove any excess diamine that did not react with the epoxy groups. Table 3 shows the nitrogen microanalytical data
 
 conditions led to substantial agglomeration. However, by reducing the [diamine]/[epoxy] molar ratio to 0.50, successful vesicle cross-linking was achieved at 10 w/v % using all four diamine cross-linkers. DLS studies indicated that copolymer vesicles cross-linked at 10 w/v % had very similar diameters to those cross-linked at 1.0 w/v %, which suggests that vesicle fusion is negligible under the former conditions (see the Supporting Information). This interpretation is supported by TEM studies (see the Supporting Information). We also briefly investigated cross-linking using a higher molecular weight Jeffamine (D-2000). However, this reagent exhibited inverse temperature solubility behavior at around 20 °C and attempted cross-linking at 10% solids led to visible precipitation even at a [diamine]/[epoxy] molar ratio of 0.50. Surfactant Resistance of Diamine-Cross-Linked Copolymer Vesicles. First, the vulnerability of linear PGMA55P(HPMA247-stat-GlyMA82) copolymer vesicles toward an ionic surfactant challenge was examined (Table 2, see entries 2−4). In all cases, vesicle dissolution was observed within minutes at 20 °C, as judged by visual inspection and subsequent DLS studies. Thus these control experiments indicate that the partial loss of epoxy groups indicated by NMR (see Figure 2A) merely leads to branching after 4 h at 70 °C, with little or no intrinsic cross-linking, since the final copolymer remains sufficiently soluble for GPC analysis (see Figure 2B). In the absence of any diamine cross-linker, the membranes of these epoxy-functional copolymer vesicles are rapidly disrupted by the addition of 1−2% ionic surfactant (see entries 2−4 in Table 2), just like the PGMA-PHPMA diblock copolymer vesicles reported in Table 1. The linear copolymer vesicles proved to be particularly intolerant of the presence of anionic surfactant. Hence this additive was chosen to verify the surfactant resistance of the cross-linked vesicles. Given that the final size observed by DLS after such a surfactant challenge is 24−26 nm, this suggests that the vesicles dissociate to form spherical micelles, rather than molecularly dissolved copolymer chains. Addition of diamine cross-linker causes a modest increase in PGMA55-P(HPMA247-stat-GlyMA82) vesicle diameter (see entries 5, 7, and 9 in Table 2), but these diaminetreated vesicles appear to be covalently stabilized since they are colloidally stable in the presence of ionic surfactant (see entries 6, 8, and 10 in Table 2). Nevertheless, there is still some reduction in light scattering intensity, which may indicate the extraction of a minor soluble fraction of copolymer chains, or perhaps partial break-up into smaller micelles. Unlike the linear PGMA55-PHPMA330 copolymer vesicles, the addition of diamine to linear PGMA55-P(HPMA247-statGlyMA82) vesicles does not cause a dramatic reduction in either their colloidal dimensions or the corresponding normalized light scattering intensities (compare entries 5−8 in Table 1 with entries 5, 7, 9, and 11 in Table 2). In all cases, DLS confirmed that comparable sizes and light scattering intensities were observed before and after cross-linking. Given that the diamines proved to be disruptive toward the linear PGMA55-PHPMA330 copolymer vesicles, this suggests that the kinetics of crosslinking of the PGMA55-P(HPMA247-stat-GlyMA82) vesicles must be faster than the diamine-induced degradation of the copolymer vesicles. It is perhaps also noteworthy that DLS studies indicate an increase in intensity-average diameter (and polydispersity) after diamine cross-linking (compare entry 1 with entries 5, 7, 9, and 11 in Table 2). A further modest size increase is observed on addition of ionic surfactant to the cross-linked vesicles (see
 
 Table 3. Summary of Nitrogen Microanalyses Obtained for Linear and Jeffamine 230 Cross-Linked PGMA55P(HPMA247-stat-GlyMA82) Copolymer Vesiclesa
 
 linear PGMA55-P(HPMA247-stat-GlyMA82) cross-linked PGMA55-P(HPMA247-statGlyMA82) as-synthesized after dialysis after centrifugation
 
 N% (theory)
 
 N % (expt)
 
 0.025
 
 not detected
 
 3.20 3.20 3.20
 
 2.50 0.80 0.90
 
 a
 
 In each case, crosslinking was conducted at 1.0 w/v % copolymer concentration using one equivalent Jeffamine D-230 based on GlyMA groups.
 
 obtained for linear and cross-linked copolymer vesicles purified by either dialysis or repeated centrifugation. As expected, the original linear PGMA55-P(HPMA247-stat-GlyMA82) copolymer vesicles contained no detectable nitrogen, since that due to the RAFT CTA corresponds to less than 0.03%, which is below the detection limit of 0.20%. The actual nitrogen content of the crude PGMA55-P(HPMA247-stat-GlyMA82) copolymer crosslinked with Jeffamine D-230 was reasonably close to that expected based on the reaction stoichiometry (2.50 vs 3.20%). However, after dialysis the copolymer nitrogen content was approximately three-fold lower (0.80%), suggesting that only around one-third of the Jeffamine D-230 cross-linker had actually reacted with the copolymer vesicles. Moreover, a similar nitrogen content (0.90%) was obtained using the centrifugation/redispersion purification protocol (three cycles at 10 000 rpm for 1 h for each cycle). 1203
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 the presence of ionic surfactant. Moreover, using such epoxyamine cross-linking chemistry confers cationic character on the copolymer vesicles, since some residual pendent amine groups remain within the vesicles. Finally, cross-linking also leads to a distinctive change in particle morphology, with phase separation occurring on the nanometer length scale within the vesicular membrane.
 
 This diamine cross-linking methodology not only produces unique morphologies and excellent surfactant resistance, but also allows amine groups to be conveniently introduced into the vesicles. These may be unreacted pendent primary amines (if just one primary amine group on the diamine cross-linker reacts with either one or two epoxy groups) or secondary or tertiary amines (if a given primary amine reacts with either one or two epoxy groups, respectively). In all cases, these amine groups are readily protonated at low pH and hence should confer cationic character on the copolymer vesicles. Such amine functionalization is readily confirmed by aqueous electrophoresis studies (see Figure 5) of both linear copolymer
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 Figure 5. Zeta potential vs pH curves obtained for PGMA55PHPMA330 and PGMA55-(PHPMA247-stat-PGlyMA82) copolymer vesicles after cross-linking using Jeffamine 230 and also after purification of these cross-linked vesicles by dialysis.
 
 vesicles (used as a reference) and diamine-cross-linked copolymer vesicles, with the latter sample being analyzed both before and after purification by dialysis so as to eliminate the possible influence of any unreacted diamine. As expected, the linear PGMA55-PHPMA330 copolymer vesicles did not exhibit any cationic character and the electrophoretic footprint obtained for this sample is in good agreement with that already reported in the literature for PGMA65-PHPMA100 diblock copolymer spheres.67 However, the diamine cross-linked vesicles exhibit significant cationic character below pH 8, with positive zeta potentials of approximately 20 mV being observed at around pH 4 due to protonation of the amine groups within the vesicle membrane. This cationic character should afford new possibilities for such cross-linked vesicles, e.g. their electrostatic adsorption onto anionic surfaces such as silica or mica or perhaps coating with a monolayer of anionic silica nanoparticles to produce so-called ‘armored’ vesicles.81
 
 ■
 
 CONCLUSIONS Linear methacrylic diblock copolymer vesicles are conveniently synthesized at 10% solids using an aqueous dispersion polymerization formulation. Such vesicles can tolerate the presence of nonionic surfactant, but do not survive exposure to ionic surfactants. Epoxy-functional copolymer vesicles can be readily prepared by incorporating glycidyl methacrylate as a comonomer. These epoxy groups can be readily cross-linked using commercially polymeric diamines in aqueous solution at 10% solids. These cross-linked vesicles are colloidally stable in 1204
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