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Abstract      Water-in-water (w/w) emulsions are biphasic all-aqueous systems with promising applications in bioreactors and drug delivery. 
However, their stabilization is challenging due to an extremely low interfacial tension. We report a green and scalable strategy based on 
photoenzymatic reversible addition-fragmentation chain transfer (RAFT) aqueous dispersion copolymerization to prepare well-defined diblock 
copolymer nanoparticles and demonstrate their efficacy as stabilizers for w/w emulsions. Using poly(N,N-dimethylacrylamide) as a 
macromolecular chain transfer agent, we synthesized a series of spherical nanoparticles with controlled molecular weights and tunable 
diameters via statistical copolymerization of diacetone acrylamide with N,N-dimethylacrylamide. These sterically-stabilized nanoparticles 
effectively stabilize w/w emulsions composed of immiscible aqueous solutions of poly(ethylene glycol) and dextran. Notably, nanoparticles 
of intermediate diameter (Dh = 199 nm) conferred extraordinary stability, maintaining emulsion stability for more than 50 h. This study 
establishes an environmentally benign and scalable approach to prepare tailorable nanoparticles for biocompatible w/w emulsions, which offer 
potential biomedical applications. 

Keywords      water-in-water emulsion, polymerization-induced self-assembly (PISA), photoenzymatic RAFT polymerization.

Introduction 

Water-in-water (w/w) emulsions are all-aqueous, 

heterogeneous systems formed by mixing two 

incompatible salt or polymer solutions to produce a 

biphasic system whereby one aqueous phase is dispersed 

as microdroplets within the other.[1, 2] These systems are 

inherently biocompatible and have attracted significant 

interest as versatile platforms for biomedical applications, 

including cell micropatterning, biomolecule 

encapsulation, and serving as media for chemical 

reactions.[3-6]  However, stabilizing w/w emulsions 

against droplet coalescence is challenging due to their 

extremely low interfacial tension and susceptibility 

towards Ostwald ripening.[7-9]  

Conventional surfactants are generally ineffective in 

stabilizing w/w emulsions, which has led to the evaluation 

of various alternative stabilizers such as bespoke block 

copolymers and colloidal particles.[10-17] In particular, 

Pickering stabilization using silica particles, microgels, or 

2D diblock copolymer platelets has proven to be 

effective.[18-20] The efficacy of such particles depends 

critically on their size, shape, and interfacial contact angle, 

which must be optimized to achieve irreversible 

adsorption and hence form a robust physical barrier 

against droplet coalescence. Despite their effectiveness, 

the current range of stabilizers often lacks the synthetic 

versatility and scalability needed for further fine-tuning of 

these key parameters. Therefore, developing a generic, 

scalable method to produce nanoparticles of 

programmable size and surface properties for the 

preparation of w/w emulsions remains a key objective. 

Polymerization-induced self-assembly (PISA) has 

emerged as an efficient and scalable method for preparing 

bespoke block copolymer nanoparticles.[21-46] This 

powerful technique enables the one-pot synthesis of a 

wide range of morphologies at ≥ 20% w/w solids, making 
it an industrially relevant platform. Recent advances have 

focused on developing greener PISA protocols, such as 

photoinitiated and enzymatic formulations, which operate 

under mild, energy-efficient, and environmentally- benign 

conditions.[47-56] Despite the maturity of PISA and its 

efficiency in the generation of well-defined nanoparticles, 

its potential for producing next-generation w/w 

emulsifiers has yet to be fully explored. 

Herein, we report the first application of block copolymer 

nanoparticles prepared by PISA for the effective stabilization 

of w/w emulsions. More specifically, we employed 

photoenzymatic reversible addition-fragmentation chain 

transfer (RAFT) aqueous dispersion copolymerization,[52, 57-

63] which enables the efficient preparation of concentrated 
dispersions of well-defined nanoparticles directly in water 

under ambient conditions via visible light irradiation. This 

approach provides exceptional and straightforward control 

over the mean nanoparticle diameter simply by varying the 

degree of polymerization (DP) of the core-forming block. We 

demonstrate that these PISA-derived nanoparticles are highly 

effective Pickering stabilizers for a model poly(ethylene 

glycol)/dextran w/w emulsion.[8, 19, 64] Furthermore, we 

report an unexpected non-monotonic dependence of emulsion 

stability on nanoparticle size, with particles of intermediate 

size conferring exceptional long-term stability. This work 
establishes photoenzymatic PISA as a versatile and scalable 
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platform for designing next-generation stabilizers for w/w 

emulsions, opening up new avenues for potential biomedical 

applications.

 
Scheme 1 (a) Synthesis of block copolymer nanoparticles via photoenzymatic RAFT aqueous dispersion copolymerization and (b) 

nanoparticles as water-in-water emulsion stabilizers.

Results and discussion 

Photoenzymatic RAFT polymerization using glucose oxidase 

(GOx) as a catalyst is an efficient, oxygen-tolerant, and 

versatile technique for synthesizing well-defined polymer 

under mild conditions.[65] When combined with high-

throughput microtiter screening, this method has recently 

provided convenient access to ultrahigh molecular weights 

(UHMW; Mn > 1000 kg mol–1) up to 4100 kg mol–1 with low 
dispersities (Ð = 1.25).[58] Inspired by its excellent capability 

for molecular weight control, we employed this method for the 

RAFT aqueous dispersion copolymerization of diacetone 

acrylamide (DAAM) with N,N-dimethylacrylamide (DMA) 

using a poly(N,N-dimethylacrylamide) (PDMA) 

macromolecular chain transfer agent (macro-CTA).[66-69] 

This approach enables systematic tuning of the molecular 

weight of the core-forming block and, consequently, the size 

of the diblock copolymer nanoparticles, allowing us to 

examine the effect of nanoparticle size on the long-term  

stability of w/w emulsions. 

The PDMA precursors were prepared via photoenzymatic 
RAFT solution polymerization of DMA using the water-

soluble chain transfer agent 4-((((2-carboxyethyl) thio) 

carbonothioyl) thio)-4-cyanopentanoic acid (CTPA). This 

method consistently yielded low-dispersity PDMA 

homopolymers with predictable molecular weights (see ESI), 

which were subsequently used as macro-CTAs for chain 

extension via dispersion copolymerization of DAAM with 

DMA targeting 20% w/v solids. Such solution and dispersion 

polymerization syntheses were both conducted at 30 oC under 

blue light irradiation (462 nm, 20.0 mW cm–2).  
We first optimized the RAFT aqueous dispersion 

polymerization formulation by screening the molecular weight 

of the PDMA precursor, the core-forming comonomer 

composition, and the target DP of the core-forming block. The 

excellent deoxygenation ability conferred by GOx[70] enabled 

high-throughput screening to be conducted using a microtiter 

plate (300 μL polymerization solution in each well) without 

prior degassing.[71, 72] Initial attempts using a PDMA234 

macro-CTA (Mn = 21.9 kg mol–1; Ð = 1.02) for the RAFT 

aqueous dispersion polymerization of DAAM resulted in block 

copolymers with broad molecular weight distributions (Ð = 
1.47–1.98) and significant macroscopic precipitation when 

targeting a PDAAM DP of 10000 (Table S1, Figure S2). 

Previous studies have demonstrated that incorporating 

solvophilic monomers such as DMA into the core-forming 

block can enhance hydration and improve polymerization 

control by increasing chain mobility.[73] Adopting this 

strategy, we performed the RAFT aqueous dispersion 

copolymerization of  DAAM with 20 mol% DMA (Scheme 1). 

The resulting PDMA-b-P(DAAM-co-DMA) diblock 

copolymers exhibited lower dispersities (Ð = 1.38–1.54), 

confirming enhanced polymerization control. However, 

macroscopic precipitation still occurred at high DPs (e.g., DP 
= 10000), indicating that the PDMA234 stabilizer block 

provided insufficient colloidal stability for larger nanoparticles. 

Therefore, we synthesized a higher molecular weight PDMA518 

macro-CTA (Mn = 51.2 kg mol–1, Ð = 1.04) to confer more 

effective steric stabilization.
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Figure 1 Photoenzymatic RAFT aqueous dispersion copolymerization using a PDMA518 macro-CTA to target a core-forming block DP of 
10000 at varying comonomer composition. (a) Evolution of dispersity (Ð) of the resulting block copolymers vs. DMA mole fraction, and (b) 
1H NMR spectra recorded in D2O for the corresponding diblock copolymer nanoparticles.

Gratifyingly, this PDMA518 macro-CTA produced 

colloidally stable diblock copolymer nanoparticles even at 

extremely high DPs, allowing us to examine the effect of 

comonomer composition on polymerization control for a target 

DP of up to 10000. Dispersion copolymerizations with various 

DMA mole fractions invariably reached near-quantitative 

conversion and yielded stable colloids within 5 h. Gel 

permeation chromatography coupled with multiangle laser 
light scattering (GPC-MALLS) analysis showed a progressive 

reduction in dispersity (Ð = 1.68 → 1.22) as the DMA mole 

fraction increased to 40 mol% (Figure 1a). However, the 

copolymerization became less effective above this upper limit 

because the diblock copolymer chains became too hydrophilic 

to ensure efficient self-assembly. 1H NMR spectroscopy 

analysis of the nanoparticles in D2O provided further insight 

into this improved control (Figure 1b). At low DMA contents 

(< 20 mol%), the signal from the DAAM repeat units (proton 

a) was almost undetectable, indicating poorly solvated 

nanoparticle cores. Above 20 mol% DMA, the signals from 

both the DAAM repeat units and the copolymer backbone 

became increasingly prominent, signifying enhanced core 

solvation. This higher degree of solvation enables higher chain 

mobility, leading to more effective chain transfer and thereby 
greater RAFT control. Dynamic light scattering (DLS) analysis 

confirmed a progressive reduction in nanoparticle diameter (Dh 

= 420 nm → 275 nm) with higher DMA content (Table S2), 

which is consistent with the formation of less hydrophobic 

core-forming blocks with reduced propensity for self-assembly 

and hence a lower mean aggregation number.

Table 1 Summary of characterization data obtained for diblock copolymer nanoparticles prepared by photoenzymatic RAFT aqueous 
dispersion copolymerization of 60 mol% DAAM with 40 mol% DMA using a PDMA518 macro-CTA. 

Sample 
IDa 

Target 
DPb 

DMA 

conversion 
(%)c 

DAAM 

conversion 
(%)c 

Mn, th
 

(kg mol–1)d 

Mn 

(kg mol–1)e 
Ðe 

Dh 

(nm)f 
PDIf 

Гg 

(mg m-2) 

NP 1 2000 93 94 317 368 1.12 134 0.04 1.85 
NP 2 5000 95 96 727 911 1.26 199 0.05 1.75 
NP 3 7500 98 97 1080 1320 1.24 240 0.06 1.50 
NP 4 10000 97 98 1430 1900 1.22 306 0.09 1.45 
NP 5 20000 95 98 2790 2930 1.26 372 0.03 0.98 

Polymerization conditions: 20% w/v, [GOx] = 60 U mL–1, [glucose] = 50 mM, phosphate buffer (0.2 M, pH 5.8), blue light (462 nm, 20 mW 
cm–2), 200 rpm, 30 oC, 5 h. [a] NP stands for block copolymer nanoparticles. [b] Total target DP of the core-forming block. [c] Comonomer 
conversions determined by 1H NMR spectroscopy studies performed in DMSO-d6. [d] Theoretical molecular weight: Mn,th = Mmacro-CTA + MDMA 

× total target DP × DMA mol% × DMA conversion (%) + MDAAM × total target DP × DAAM mol% × DAAM conversion (%). [e] Molecular 
weight and dispersity determined by GPC analysis. [f] Hydrodynamic diameter (Dh) and polydispersity index (PDI) determined by dynamic 
light scattering (DLS) studies. [g] Adsorbed amount of PDMA518 stabilizer per unit surface area of nanoparticles (in terms of mg). 

 

To better understand such nanoparticle syntheses, a kinetic 

study was conducted during the synthesis of PDMA518-b-

P(DMA4000-co-DAAM6000). DAAM consistently exhibited 

slightly higher conversions than DMA throughout the 

copolymerization, with these two comonomers attaining 88% 

and 83% conversion respectively within 320 min (Figure 2a). 

Moreover, this dispersion copolymerization displayed a 

characteristic two-stage profile[74]: an initial homogeneous 

solution polymerization with a relatively low apparent rate 

constant (kp
app = 0.0023 min–1), followed by significantly faster 

polymerization within monomer-swollen particles (kp
app = 

0.0067 min–1) after micellar nucleation occurred at ~10% 

conversion (Figure 2b). DLS analysis indicated the presence 

of relatively large species (Dh = 116 nm) after just 5 min, but 

transmission electron microscopy (TEM) analysis of an aliquot 

taken at this time point revealed no well-defined particles. We 
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Figure 2 Kinetic data obtained for the synthesis of PDMA518-b-P(DMA4000-co-DAAM6000) via photoenzymatic RAFT aqueous dispersion 
copolymerization: 20% w/v, [GOx] = 60 U mL–1, [glucose] = 50 mM, phosphate buffer (0.2 M, pH 5.8), blue light (462 nm, 20 mW cm–2), 30 
oC, 200 rpm. (a) Comonomer conversion curves versus time, (b) corresponding plots of ln([M]0/[M]t) versus time, (c) GPC traces for the 

resulting diblock copolymers recorded at varying reaction times, and (d) evolution of molecular weight and dispersity versus comonomer 
conversion.

postulate that loose, highly solvated diblock copolymer 

aggregates with relatively low light scattering intensities may 

be formed during this initial stage (Figure S4). Such ill-defined 
aggregates may not be readily discernible by TEM. In contrast, 

well-defined spherical nanoparticles with a mean diameter of 

327 ± 25 nm were observed by TEM at the end of the 

copolymerization (Figure S5). GPC analysis indicated 

efficient chain extension of the macro-CTA, with the whole 

molecular weight distribution shifting to lower elution times 

owing to the formation of block copolymer chains (Figure 2c). 

Mn values increase linearly with comonomer conversion, albeit 

with a slight deviation from theoretical values due to gradual 

macro-CTA consumption (Figure 2c, d). Notably, low-

dispersity UHMW diblock copolymers were prepared in the 

form of colloidally stable dispersions. Thus, photoenzymatic 
RAFT aqueous dispersion polymerization offers a highly 

convenient, low-viscosity route to the preparation of well-

defined sterically-stabilized nanoparticles (Figure S6). 

Moreover, such formulations are amenable to scale up from 

microtiter plates (300 μL) to glass vials (4.8 mL) to a round-

bottomed flask (120 mL), with each synthetic protocol yielding 

diblock copolymer nanoparticles with similar Mn values and 

mean diameters (Figure 1). 

 
Figure 3 Characterization of the five examples of diblock copolymer nanoparticles reported in Table 1. (a) GPC traces recorded for the diblock 
copolymer chains, (b) DLS intensity-average size distributions for the corresponding nanoparticles, and (c) representative TEM images (Scale 
bar = 1 μm).  
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Figure 4 Fluorescence microscopy studies of w/w emulsions prepared using immiscible aqueous solutions of PEG and dextran. (a) Chemical 
structure of FITC-Dex and corresponding fluorescence micrograph of the dextran-in-PEG w/w emulsion droplets. (b) Chemical structure of 
FITC-labeled diblock copolymer nanoparticles (NP 2) and corresponding fluorescence micrograph confirming nanoparticle adsorption at the 
droplet surface (inset shows densely packed nanoparticles around a single aqueous dextran droplet). 

Encouraged by the excellent polymerization control, 

efficiency, and scalability, we prepared a series of five 

nanoparticle dispersions with varying mean diameters by 

systematically increasing the target DP of the block from 2000 

to 20000 (Table 1). All copolymerizations reached high 

comonomer conversions (> 93%), and GPC analysis of the 

resulting diblock copolymers indicated a close match between 

theoretical and experimental molecular weights with low 

dispersities (Ð ≤ 1.26) (Figure 3a). Notably, Mn values of up 

to 2930 kg mol–1 were achieved when targeting DPs ≥ 7500. It 
is important to emphasize that such UHMW diblock copolymer 

chains are obtained as a low-viscosity colloidal dispersion,[75-

78] in marked contrast to the extremely high viscosities that are 

typical of the analogous homogeneous solution polymerization 

syntheses,[59, 79-91] thus highlighting the promising 

scalability of this route. As expected, DLS (Figure 3b) and 

TEM (Figure 3c) studies indicated a progressive increase in 

the nanoparticle diameter, with hydrodynamic diameters (Dh = 

134–372 nm) being consistently larger than the corresponding 

TEM diameters (Dn = 60–279 nm) owing to solvation of the 

PDMA coronal chains. 
Next we evaluated this series of PDMA-stabilized 

nanoparticles as putative stabilizers for w/w emulsions. A 

model system comprising poly(ethylene glycol) (PEG, 10 kg 

mol–1) and dextran (Dex, 70 kg mol–1) was used. Mixtures 

containing 14.0 wt% PEG, 7.5 wt% Dex, and 1.0 wt% 

nanoparticles were vortexed at 3500 rpm for 1 min, forming 

w/w emulsions with a phase volume ratio close to 2:1.  

To identify the emulsion type, we incorporated fluorescein-

labeled dextran (FITC-Dex). Fluorescence microscopy 

revealed the formation of fluorescent (green) droplets (17.4 ± 

5.6 μm) dispersed in a continuous non-fluorescent phase, 

confirming a Dex-in-PEG emulsion (Figure 4a). We also 

labeled the block copolymer nanoparticles (NP 2) with 

fluorescein-5-thiosemicarbazide, which reacts with the 

pendent ketone group in the DAAM repeat units.[66] When 

used to stabilize the emulsion, these fluorescein-labeled 

nanoparticles are strongly adsorbed at the droplet interface 

(Figure 4b), as expected for a Pickering stabilization 

mechanism.  

Then the long-term stability of emulsions prepared using 

nanoparticles of varying sizes was investigated. Accordingly, 

five w/w emulsions prepared in turn using nanoparticles NP 1 
– NP 5), were monitored over time (Figure 5, along with a 

control mixture prepared without using any nanoparticle 

stabilizer). In the latter case, rapid droplet coalescence led to 

complete macroscopic phase separation within 30 min (Figure 

S8). The w/w emulsions stabilized by NP 1 (Dh = 134 nm) and 

NP 2 (Dh = 199 nm) initially exhibited relatively uniform 

droplets of around 13 μm diameter. The latter emulsion 

exhibited remarkable stability, with no significant change in 

droplet size being observed over 50 h storage at ambient 

temperature (Figures S10, S11). In contrast, the emulsions 

prepared using NP 3 (Dh = 240 nm), NP 4 (Dh = 306 nm), or 
NP 5 (Dh = 372 nm) exhibited much broader droplet size 

distributions and underwent macroscopic phase separation 

within 10 min, with the nanoparticles preferentially located at 

the macroscopic interface (Figure S8).  

The superior emulsifier performance observed for NP 2 is 

attributed to its optimal balance of interfacial adsorption 

energy and three-phase contact angle.[2] Its cross-sectional 

area provides strong adsorption, while its intermediate size 

most likely results in a contact angle that favors localization at 

the interface rather than preferential partitioning into either 

bulk phase, as evidenced by the dense surface coverage in 
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Figure 5 Fluorescence microscopy images recorded for w/w emulsions prepared using 14.0 wt% PEG (Mn = 10 kg mol-1) and 7.5 wt% dextran 
(Mn = 70 kg mol-1) acquired at various time points. The control mixture contained no nanoparticles, while 1.0 wt% copolymer was used in the 
emulsions stabilized using nanoparticles NP 1 – NP 5.

Figure 4b(inset). While larger particles have a greater cross-

sectional area and can theoretically reduce interfacial free 

energy more effectively, nanoparticles NP 3, NP 4 and NP 5 

all performed poorly. To rule out insufficient concentration, we 

increased the concentration of NP 4 up to 2.0 wt%, but it still 

failed to prevent rapid coalescence (Figure S12). We speculate 

that the failure of these larger nanoparticles as effective 
stabilizers stems from three factors. First, their adsorption 

increases the effective density of the aqueous dextran droplets, 

promoting rapid sedimentation and facilitating coalescence 

through close-packing. Second, their slower diffusion hinders 

their ability to rapidly adapt to interfacial changes and maintain 

dense coverage on the droplets during and after emulsification. 

Consequently, rapid phase separation of the emulsions was 

observed. Third, the surface density of the steric stabilizer 

chains at the surface of nanoparticles is known to influence 

their Pickering emulsifier performance.[92-94] For the current 

PISA formulation, the surface density of the PDMA steric 

stabilizer chains at the nanoparticle surface is necessarily 
reduced when targeting a higher DP for the core-forming block, 

since this leads to larger nanoparticle cores. Assuming that all 

the PDMA chains are located at the surface of the nanoparticles, 

the calculated adsorbed amount, Γ, is reduced from 1.85 to 0.98 
mg m-2 for the five examples of nanoparticles (NP 1 to NP 5) 

listed in Table 1. For NP 3, NP 4, and NP 5, the lower surface 

density of the PDMA chains promotes nanoparticle 

flocculation, which in turn hinders the formation of an 

effective steric barrier at the liquid-liquid interface. Thus this 

explains why such nanoparticles are less effective Pickering 

emulsifiers. 

The above calculated surface chain densities represent a 

theoretical upper limit for the PDMA chains, which may not be 

all located at the surface of each nanoparticle. However, there 

is no doubt that surface chain density must be reduced when 
targeting longer core-forming blocks. 

When elucidating the stabilization mechanism of the 

nanoparticles, the potential contribution of electrostatic 

repulsion arising from surface charges must be taken into 

account. [95, 96] To investigate whether surface charge density 

dictates the size-dependent stability, we systematically 

measured the zeta potentials of the entire nanoparticle series 

(NP 1 to NP 5) (Table S5). The results revealed that all 

nanoparticles exhibited near-zero zeta potentials (ranging from 

–1.8 to +0.1 mV) measured at the emulsion's native pH. To 

further ascertain that this near-zero potential is independent of 

environmental pH, the zeta potential of NP 2 (as a 
representative sample) was evaluated under highly acidic 

conditions (pH 2.8). The zeta potential remained consistently 

close to 0 mV (+0.5 mV). These findings confirm that the 

terminal carboxylic groups are completely shielded by the 

highly solvated PDMA corona, regardless of their protonation 

state. Therefore, we conclude that surface charge does not play 

an important role in stabilizing the system.
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Conclusions 

In summary, we have developed an environmentally benign and 

scalable approach for preparing well-defined diblock copolymer 

nanoparticles by photoenzymatic RAFT aqueous dispersion 

copolymerization. By systematically adjusting the chemical 

composition of the core-forming block, we can achieve excellent 

polymerization control and tune the molecular weight over a 

broad range, producing colloidally stable block copolymer 

nanoparticles with programmable mean diameters. A series of 

such nanoparticles was evaluated as Pickering stabilizers for the 

formation of w/w emulsions, which revealed an unexpected size-

dependent effect. Nanoparticles of intermediate size (NP 2) 
exhibited outstanding stabilization, whereas larger nanoparticles 

(NP 3 – NP 5) proved to be inferior, perhaps owing to their 

reduced interfacial adaptability, lowered steric stabilizer density 

on nanoparticle surface, and enhanced tendency to undergo 

sedimentation. Overall, the mild, green, and scalable preparation 

of tailorable nanoparticles, combined with their efficacy as 

stabilizers for biocompatible w/w emulsions, represents a 

promising strategy for potential biomedical applications, such as 

the encapsulation and sustained release of protein therapeutics in 

drug delivery. 
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