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Polymersomes are robust vesicles made from amphiphilic block 

co-polymers. Large populations of uniform giant polymersomes 

with defined, entrapped species can be made by templating of 

double-emulsions using microfluidics. In the present study, a 

series of two enzymatic reactions, one inside and the other 

outside of a polymersome, were designed to give rise to induced 

rupture of polymersomes. We measured how the kinetics of 

rupture were affected by altering enzyme concentration. These 

results suggest that protocells with entrapped enzymes can be 

engineered to secrete entrapped materials on cue. 

Polymersomes are synthetic bilayer vesicles generated by self 

assembly of amphiphilic diblock copolymers in an aqueous 

environment.1, 2 Due to their mechanical stability,1, 3, 4 capacity for 

additional functionalization, and lower permeability,5 polymersomes 

offer significant advantages over other bilayer vesicle in 
encapsulating and transporting enzymes,6, 7 proteins,8, 9 drugs,9-14 and 

biomedical imaging and diagnostics.15-18 Furthermore, the interior 

compartment of polymersomes has been engineered to serve as a 

micro-environment for protein expression,8 gene expression,19 and 

enzymatic reaction.6, 7, 20-23 Blending each of these functions into 

different compartments within polymersomes could potentially lead 

to the development of protocells that mimic the metabolism,6 

enzymatic activity,6, 7, 20-22, 24 and communications of real cells.6, 8, 21, 

25 

 One key activity of a biological cell is secretion. To enable the 

release of encapsulated materials, which is a critical step for 
drug/gene delivery as well as exchange of materials (i.e., 

communication) between polymersomes, one needs to introduce a 

mechanism into protocells to engineer their rupture. Osmotic shock, 

for example, can lead to catastrophic volume change of 

polymersomes and rupture of the vesicle membrane.26, 27 Electric 

fields applied to membranes with nonuniform charge density is 

another demonstrated route for release from protocells.9, 28, 29 

Depending on polymer chemistry, changes in the pH of solution can 

lead to the dissociation or reassembly of polymersome membranes, 

resulting in the release of the encapsulated biological molecules.9 

Optical stimuli have been used to trigger the release of encapsulated 

materials25, 30, 31; for example, porphyrin-based near-infrared (NIR) 

sensitive polymersomes have been induced to release the 

encapsulated materials with NIR irradiation. Somatologically 

favorable enzymatic reactions also have been used to control the 

release of encapsulants from polymersomes.14, 17, 18, 23 Although 

these strategies have successfully shown the disruption of 
polymersomes to trigger the release of encapsulants, few studies 

have demonstrated the ability to tailor the rate of rupture/release 

using an enzyme cascade which can be readily controlled by the 

concentration of substrate. 

 In the present study, we demonstrate the triggered rupture of 

polymersomes via a two step cascade of enzymatic reactions. We 

prepared the polymersome using a poly(ethylene oxide-b-butadiene) 

amphiphilic diblock copolymer. The molecular weights of 

poly(ethylene oxide) and poly(butadiene) domains are 1.3 and 2.5 

kDa, respectively. The molecular weight and amphiphilicity of this 

diblock copolymer facilitate the formation of robust bilayer vesicles. 
The first enzymatic reaction, catalyzed by hydrogen glucose oxidase 

(GOx), generates hydrogen peroxide (H2O2) and D-glucono 1, 5 

lacton from D-glucose. The second enzymatic reaction, catalyzed by 

catalase, generates oxygen radical from H2O2, leading to the 

triggered rupture of polymersomes. H2O2 is a known reactive oxygen 

species that is formed during mitochondrial metabolism.32-34 
Antioxidant enzymes, such as the ones used in this work, detoxify or 

regulate the excess amount of reactive oxygen species. Thus, these 

enzymatic reactions mimic the somatological self-regulation of toxic 

materials within the human body, making this approach potentially 

suitable for future in vivo applications. One of the critical steps in 

realizing such a scheme is the encapsulation of catalase in the 

polymersomes, which we achieve using a recently developed 

microfluidic double emulsion method. We investigate the 

importance of the two enzymatic reactions in triggering the rupture 

of polymersomes and demonstrate that the rupture of polymersomes 

could be tuned by varying the concentration of enzymes. 

 A schematic illustration of enzymatically triggered rupture of 

polymersomes we explore in this work is shown in Figure 1(a). The 

design of our experiments is based on the initial hypothesis that 

H2O2 generated from GOx catalysis of D-glucose will penetrate the 

polymersome membrane and interact with encapsulated catalase 

within the polymersome. Catalase will then catalyze a reaction that 
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generates free oxygen and causes vesicle failure and release. 

Catalase-loaded polymersomes were prepared with microfluidic 

water-in-oil-in-water (W/O/W) double emulsions. Microfluidic 

double emulsion-templated polymersomes have some amount of 

residual solvent upon preparation. Our previous work has shown that 

it takes up to 2 weeks to completely evaporate the residual solvent.3 

Therefore, we waited two weeks to remove solvent before using 

vesicles. Catalase-loaded polymersomes are dispersed in 1 ml 

solution of 290 mOsm D-glucose in a custom-made glass chamber. 

Prior to each experiment, we adjust the osmolality of the lumen of 

polymersomes to 290 mOsm using 10X phosphate-buffered saline 

(PBS) to prevent any effect of a change in osmotic pressure on the 

behavior of polymersomes. Subsequently, 0.2 ml of GOx solution 

was added to the chamber. Three different GOx solutions were 

prepared: 0.2, 1, and 2 wt. %, which are 0.0077, 0.0384, and 0.0768 

mM, respectively. The total volume of the solution and D-glucose 
concentration were 1.4 ml and 208.1 mM, respectively. In the second 

enzymatic reaction, catalase catalyzed the conversion of H2O2 to 

water and oxygen (O2), which induced the rupture of polymersomes. 

 

 

Figure 1. (a) Schematic illustration of the triggered rupture of 

polymersomes. (b) Custom-made glass bath for the observation of 

enzymatically triggered rupture of polymersomes. The dimension 

for glass bath was 1.5 × 1.5 × 2.0 cm
3
 (width × length × height). 

 We studied the effect of GOx concentration on the dynamics of 
rupture of catalase-loaded polymersomes by monitoring the number 

of ruptured polymersomes as a function of time. To quantify the 

rupture rate of polymersomes, we define the surviving fraction (��) 

of polymersomes: �����  is defined as ����/��  where ����  is the 

number of intact polymersomes in the field of view (FOV) at time � 

and �� is the initial number of polymersomes in the FOV. Figure 

2(a) shows the monitored rupture behavior for catalase-loaded 

polymersomes with three different GOx concentrations: 0.2, 1.0, and 

2.0 wt. %. We determined the rupture of polymersomes at one 
minute intervals. For each GOx concentrations, we performed five 

experiments. The initial numbers of polymersomes were 73.4 ± 19.2, 

90.6 ± 37.8, and 65.2 ± 11.9 for 0.2, 1, and 2 wt. % GOx 

concentrations, respectively. The onset and termination points for �� 

are defined as: �����	
���  = 90 % and ������
��	����	�  = 10 %. 

Figure 2(b) shows that the onset and termination times decrease with 

increasing GOx concentration. Figure 2(b) inset shows the active 

duration ( � ) for each GOx concentrations: � � ���
��	����	 �

	��	
��. From �, we can estimate the rupture rate of polymersomes 

under different GOx concentrations (Figure 2(c)). The rupture rate at 

0.2 wt. % GOx is significantly smaller than that observed at 1 and 2 

wt. % GOx. The observed polymersome rupture results from the 

combination of two enzymatic reactions and transport of GOx and 

H2O2. Because transport phenomena and enzymatic reactions occur 

simultaneously, it is difficult to analyze the effect of each enzymatic 
reaction independently. However, since both the onset and 

termination decrease with increasing GOx concentration, obviously 

the kinetics of rupture can controlled by varying the enzyme (GOx) 

concentration. Furthermore, we can also tune the release rate of the 

encapsulated materials by altering the enzyme concentration because 

the slopes of the curves in Figure 2(c) increase with GOx 
concentration. Representative rupture video for each GOx 

concentration is provided in Supplementary Information. 

 

 

 

Figure 2. (a) The rupture of catalase-loaded polymersomes changes 

in GOx concentrations. (b) The onset and termination time for each 
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GOx concentration. Inset shows the active duration for each GOx 

concentrations. (c) The averaged slopes for each GOx 

concentration. 

 To confirm the effect of enzymatic reactions on polymersome 

rupture, we compared the �� of polymersomes for a complete system 
with all the chemical components to that seen in distinct three 

control systems, each of which lacks at least one critical component. 

For GOx(−) control, the experiment was identical to the complete 

system except GOx was omitted. Based on GOx(−) control 

experiments, we could quantify naturally occurring polymersome 

rupture in the absence of the first enzymatic reaction. For catalase(−) 

control experiments, catalase-free polymersomes were dispersed in 

the D-glucose solution, followed by addition of GOx; that is, the 

second enzyme reaction was eliminated. This control tests whether 

the first enzymatic reaction itself can lead to the destabilization of 

polymersomes. For H2O2(−) control, we eliminated both enzymatic 

reactions. Catalase-free polymersomes were dispersed in the D-

glucose solution and 0.2 ml of 2, 3, 5, 10, and 20 vol. % H2O2 were 

added in place of GOx solution. The resulting H2O2 concentration 
for the addition of 0.2 ml of 2, 3, 5, 10, and 20 vol. % H2O2 is 0.28, 

0.43, 0.78, 1.43, and 2.86 vol. %, respectively. Supplementary 

Information provides the ��  for each concentration. From H2O2(−) 

control, we can confirm the stability of polymersome membrane in 
the presence of only H2O2, which is a known oxidizing agent. Figure 

3(b) shows the �� for the complete system, GOx(−), catalase(−), and 

H2O2(−) control. It took 288.0 ± 31.6 minutes to achieve complete 

rupture (��	 (�  = 288 minutes) = 0) for the complete system. In 

contrast, the survivability ��	 ( �  = 300 minutes) for GOx(−), 

catalase(−), and H2O2(−) controls were 98.3 ± 1.4, 96.3 ± 3.3, and 

96.6 ± 3.8 %, respectively. These control experiments conclusively 

indicate that both enzymatic reactions are necessary to induce 
polymersome rupture. 

 

 

Figure 3. (a) Schematic illustration for the complete system and 

three control experiments. (b) ��	(� = 300 minutes) for complete 

system, GOx(−) control, catalase(−), and H2O2(−) controls. Results 

for complete system show the injection of 0.2 wt. % (0.0077 mM) 

GOx solution. Five different experiments were performed. In each 

experiment, initial number of polymersomes were 73.4 ± 19.2. For 

GOx(−), catalase(−), and H2O2(−) controls, three different 

experiments were performed. The initial number of polymersomes 

for GOx(−), catalase(−), and H2O2(−) controls were 37.3 ± 4.6, 75.3 ± 

25.3, and 34.7 ± 6.1, respectively. 

 Although it is clear that both enzymatic reactions play a central 

role in the rupture of polymersomes, we interestingly did not observe 
the formation of gaseous bubbles in the vesicle lumen. We 

hypothesize that the consumption of O2 in the first enzymatic 

reaction (See Figure 1(a) for the schematic of the D-glucose-GOx 

reaction) keeps O2 concentration below saturation. Consequently, O2 

generated from the second enzymatic reaction (H2O2-catalase 

reaction) dissolves in the solution and immediately diffuses out of 
the polymersome. Therefore, the generation of gas bubbles and in 

turn an increase in the internal pressure of the polymersome is not 

likely the main cause of polymersome disruption, which leads to the 

question: what is the mechanism of rupture for catalase-encapsulated 

polymersomes? 

 Recent studies have shown that proteins can associate with 

bilayer membranes.8, 35-41 Lipid membranes, for example, have been 

employed as model membranes for protein incorporation.35, 36, 40 

Hydrophobic sequences of proteins form pores on the membrane 

followed by the stabilization of membrane-protein hybrids. 

Furthermore, subsequent studies showed the stabilization of protein 
on polymer bilayer membranes.37-39, 41 The high flexibility and 

conformational freedom of amphiphilic polymer chains lead to the 

stabilization of protein on polymer bilayer membrane.39 Similarly, 

we hypothesized that catalase may directly associated with the 

membrane. From Figure 4b, catalase is locally concentrated at the 
edge of polymersome patch, which is topological defect between 

uniform membrane and thick polymersome patch. Thus, catalase can 

easily penetrate and be stabilized at the edge of polymersome patch. 

We assume that this association may play a role in membrane 

disruption. To verify the location of catalase in our assemblies, we 

encapsulated fluorescently labeled catalase in the polymersome 

lumen. Previously, other laboratories have shown that the use of 

microfluidic double emulsions led to the formation of patches on the 

outer surfaces of polymersomes.26, 27, 42 After the evaporation the 

organic solvent mixture, the excess polymer remains on the 

polymersome membrane and forms a thick patch, as seen in Figure 
4(a). Thus, both catalase-loaded and catalase-free polymersomes 

have patches on their membranes. Supplementary Information 

provides the optical and confocal micrographs of catalase-free 

polymersomes. Scanning laser confocal microscopy shows that 

catalase is both uniformly distributed within the lumen of 

polymersomes [as seen in Inset I of Figure 4(b)], and at the edge of 
the patches [as seen in the Inset II of Figure 4(b)]. These results 

suggest that the local concentration of catalase around the patches is 

high possibly due to the membrane association of catalase. 

 To verify whether catalase is associated with the polymersome 

membrane, we characterized the mechanical properties of catalase-
loaded polymersomes using micropipette aspiration. Our previous 

study showed that the incorporation of surface active agents such as 

proteins leads to changes in the area modulus of polymersomes.3 

Micropipette aspiration applies suction on a microcapsule through a 

narrow glass capillary and correlates the areal strain ���  to the 

membrane tension ���� , which is measured using a manometer: 

� � 	�� �	�� ��⁄  where ��  is a term representing thermal 

undulation of the membrane and ��  is the area expansion 

modulus.42, 43 When the effect of thermal undulation on the 
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membrane behavior is released by initial tension, the relationship 

between �� and � can be expressed as 

      �� � 	�� ∙ �     (1) 

 Figure 4(c) shows the aspiration results of catalase-loaded 
polymersomes. Membrane tension generated by micropipette suction 

resulted in a linear increase in areal strain and showed a reversible 

recovery upon decreasing membrane tension similar to our previous 

work.3 However, Figure 5(d) shows that ��  for catalase-loaded 

polymersomes (�� = 112.9 ± 5.8 dyne/cm) is statistically larger from 

that of catalase-free polymersomes (��  = 97.2 ± 2.8 dyne/cm) 

indicating that the polymersomes membrane is tougher due to the 

presence of catalase. The results we present from confocal 

microscopy and micropipette aspiration strongly suggest that some 

amount of catalase is associated with the polymersome membrane. 

 

 

 

Figure 4. (a) Optical micrograph for catalase-loaded polymersomes. 

Bumpy and rough areas reflect the excessive polymer segregated 

into patches. (b) Stacked confocal micrograph for catalase-loaded 

polymersomes. Inset I and II show the confocal micrographs near 

the equator and patch, respectively. (c) The aspiration results of 

catalase-loaded polymersomes. Membrane tension generated by 

micropipette suction resulted in a linear increase in areal strain and 

showed a reversible recovery upon decreasing membrane tension. 

(d) ��  for catalase-loaded polymersomes ( ��  = 112.9 ± 5.8 

dyne/cm) is statistically different from that of catalase-free 

polymersomes (�� = 97.2 ± 2.8 dyne/cm).  

 Based on these observations, we hypothesize that the direct 

interaction between H2O2 and membrane-associated catalase causes 

the rupture of polymersomes. Previous studies also have reported the 

rupture of polymersomes resulting from the interaction between 

membrane-associated substrate and free enzyme.17, 18 Furthermore, 
membrane-associated photosystem II (PSII) enzyme shows high 

rates of enzymatic reaction.45 This enzymatic reaction was ascribed 

to a membrane-associated heme catalase in PSII.46, 47 Figure 5(a) 

shows the conceptual structure of polymersome membrane and 

associated catalase. To verify the direct interaction between H2O2 
and adsorbed catalase in the polymersome membrane, we tested 

whether catalase can be associated into the polymersome membrane 

from outside after polymersome assembly. We dispersed catalase-

free polymersomes in a 0.6 µg/ml catalase solution and aged the 

polymersomes for two weeks. The aged polymersomes were then 

dispersed in the D-glucose bath, followed by the addition of GOx. 

Figure 5(b) compares the ��	(� = 300 minutes) for the previously 

verified complete system to the ��	(� = 300 minutes) for catalase-

free polymersomes that had been aged in catalase solutions for two 

weeks. Polymersomes not exposed to catalase are also shown (called 
zero-week aged). While zero-week aged polymersomes show a very 

high ��, two-week aged polymersomes show significant disruption 

[��	(� = 300 minutes) = 33.4 ± 21.3 %] as shown in Figure 5(b).  

These results strongly support our hypothesis that catalase, whether 

added to the lumen or outside of polymersomes, associates with the 

polymersome membrane and plays a crucial role in the disruption of 

polymersomes. Although we do not fully understand the detailed 

mechanism by which the membrane is disrupted by the membrane-

associated catalase, our results strongly suggest that the interactions 

between H2O2 generated from the first enzymatic reaction and the 
membrane-associated catalase causes local defects in the membrane, 

which in turn lead to catastrophic rupture of polymersomes. 
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Figure 5. (a) Hypothetical structure for polymersome membrane 

and associated catalase. (b) �� at 300 minutes for complete system, 

vesicles exposed for two weeks to catalase, and vesicles not 

exposed to catalase. Results were that Sv were 0.4 ± 0.8, 33.4 ± 

21.3, and 83.7 ± 12.7 %, respectively. 

Conclusions 

 In summary, we illustrate the triggered rupture of polymersomes 

controlled by two sequentially and geometrically arranged enzymatic 

reactions. First, we prepared catalase-loaded polymersomes using a 

microfluidic W/O/W double emulsion, which enables complete 

encapsulation of catalase. The catalase-loaded polymersomes were 

dispersed in the osmolality-matched D-glucose bath followed by 

GOx addition, which initiated the first enzymatic reaction. H2O2 

generated from GOx reaction interacts with catalase-loaded 
polymersomes, leading to their rupture. This programmable rupture 

of polymersomes could be used to facilitate the precise release of 

active ingredients. Even though the polymersomes prepared by 

microfluidic double emulsion are rather large with diameter of 

50−100 µm, the sequence of two enzymatic reactions we exploited in 

this work is a biologically relevant process. Thus, microfluidic 

double emulsion-templated polymersomes can serve as model 

systems to develop small polymersomes for in vivo applications. 

Experimental 

Polymersomes were prepared using poly(ethylene oxide-b-

butadiene) (Polymer Source, Montreal, Canada). This polymer was  

synthesized by a standard living anionic polymerization technique.48 

Molecular weights for ethylene oxide and butadiene blocks are 1.3 

and 2.5 kDa/mol, respectively. The polydispersity index of polymers 
is 1.05. We refer to this polymer as OB29. Chloroform, hexane, 

PBS, sucrose, bovine serum albumin (BSA), catalase, D-glucose, 

and GOx were purchased from Sigma Aldrich (St. Louis, MO). 

Fluorescently labeled catalase was purchased from NANOCS 

(Boston, MA). Fluorescein isothiocyanate (FITC) tagged with N-

hydroxysuccinimide esters (NHS esters) react with primary amines 

in catalase. 

 W/O/W double emulsions were formed by a glass capillary 

microfluidic device as reported previously.49 The aqueous inner and 

oil middle phases were focused by aqueous outer phase to generate 

W/O/W double emulsions. Details regarding device configuration 
and flow rates are provided in Supplementary Information. To 

prepare the inner phase, 40 mg of catalase was added to the 20 ml of 

290 mOsm sucrose solution followed by vigorous stirring for one 

hour. The catalase-loaded sucrose solution was, then, filtered using a 

0.22 µm-pore filter. To obtain fluorescent images, 1 mg of FITC-

labeled catalase was added to the filtered solution. Osmolality for 

filtered solution was adjusted to 290 mOsm using 10X PBS and 

MilliQ water. The final catalase concentration for the inner phase 

was 0.60 ± 0.06 mg/ml. The middle phase had 2 mg/ml OB29 in the 

mixture of chloroform (38 vol. %) and hexanes (62 vol. %). The 

outer phase was 290 mOsm PBS. To increase the stability of double 

emulsions and polymersomes, 1 wt. % of BSA was added in the 

continuous phase.50 Double emulsions were collected in a Petri dish 

containing 290 mOsm PBS. Collected double emulsions were stored 

at room temperature for 12 hours to evaporate the solvent. After 12 

hours, formed polymersomes were gently transferred to a 20 ml vial 

and stored at 4°C for two weeks to ensure complete removal of the 

solvent. Polymersome rupture was observed using Zeiss Axiovert 

200 (Oberkochen, Germany). Fluorescent and confocal micrographs 

were acquired by Nikon Eclipse TE300 (Chiyoda, Japan) and 

Olympus IX81 (Tokyo, Japan), respectively. The osmolalities of D-

glucose solution and of the polymersome lumen were adjusted to 
290 mOsm prior to each experiment. 0.2 ml of GOx solution was 

then gently injected into the experimental chamber. The 

polymersome rupture was observed using an inverted microscope. 

Protein concentrations were measured by Nanodrop ND-1000 

Spectrophotometer (Wilmington, DE). Micropipette aspiration was 

performed by custom-made pipette and manometer. Details 

regarding pipette preparation and experimental procedures were 

explained elsewhere.3 
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