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 Temperature-induced vesicle-to-micelle transitions of polystyrene- block -poly acrylic 
acid (PS 139 - b -PAA 17 ) aggregates in tetrahydrofuran (THF)/H 2 O solvent mixtures are 
studied. For a typical system with an initial concentration of PS 139 - b -PAA 17  of 2 wt% 
and 50 vol% of H 2 O, the morphology of the aggregates changes from vesicles to 
micelles upon heating from room temperature to 45  ° C. The transition temperature 
is found to depend on the polymer concentration as well as solvent composition. 
A higher polymer concentration results in a higher transition temperature. The 
morphological change is attributed to a change in the solvent-polymer interactions, 
which results in a reduction in interfacial energy. The corresponding temperature-
induced morphological change is employed as a strategy for the reversible release 
and encapsulation of small molecules. The release of Rhodamine 110 bisamide above 
the transition temperature is observed as a result of the trypsin-catalyzed hydrolysis 
of the bisamide into Rhodamine 110. Likewise, the successful encapsulation of 
Rhodamine 110 below the transition temperature is proven using sodium nitrite as a 
chemical quencher. 
  1. Introduction 

 Self-assembly of amphiphilic block copolymers (BCPs) in 

solution has received considerable attention in the past two 

decades. [  1–4  ]  Examples include, among others, BCP micelles 

and vesicles. The internal volume of BCP vesicles, also called 

“polymersomes”, with their diameters between several 

hundreds to tens of nanometers is on the order of atto- to 

zepto-liters and enables the encapsulation of small numbers 

of hydrophilic molecules in the polymersome interior. BCP 
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vesicles possess superior stability, toughness, and stiffness 

compared to their low-molecular-weight analogues, the 

liposomes, [  5  ]  because of the high molar mass of the BCPs. 

Therapeutically active compounds have been successfully 

encapsulated during the assembly of these superstructures, 

which is interesting in view of applications in the areas of 

drug delivery and cosmetics. [  5  ]  For real applications, triggered 

release of vesicle-encapsulated active substances is a prereq-

uisite since the continuous loss of encapsulated compounds 

via diffusion is very slow due to the high molar mass of the 

BCPs. [  6  ]  Among the different stimuli for programmed drug 

delivery using polymersomes, temperature plays an important 

role, as reviewed very recently by Feijen and co-workers. [  7  ]  

 Temperature itself is one determining factor in BCP self-

assembly in solution. [  8–11  ]  For triggered release, polymersomes 

of BCPs containing a thermosensitive block, e.g., poly( N -

isopropylacrylamide) (PNIPAM), have been widely studied. 

PNIPAM undergoes a phase transition from hydrophilic 

to hydrophobic at a lower critical transition temperature 

(LCST) of  ∼ 32  ° C. At a temperature  lower  than the LCST, 

the temperature responsive vesicles dissociate to release the 

encapsulated substances. [  12–14  ]  A second example are vesicles 

made from polybutadiene- block -poly( l -lysine) (PBD-PLys) 
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in basic solutions. The size of these vesicle  increased  upon 

increasing the temperature as a result from a transition of the 

PLys conformation from an   α  -helix to a   β  -sheet structure. [  15  ]  

Another approach utilized hyperbranched poly[3-ethyl-3-

(hydroxymethyl)oxetane]- star -poly(ethylene glycol) (HBPO-

PEG) vesicles. The aqueous vesicle solution displayed 

unusual and reversible LCST transitions with an adjustable 

LCST from 8 to 81  ° C. The transition of the vesicles is caused 

by the dehydration of the PEG block with increasing tem-

perature. [  16  ]  A similar temperature-induced reversible phase 

change of polystyrene- block -poly(ethylene oxide) aggregates 

in a water and dimethyl formamide (DMF) mixed solvent 

system was observed using transmission electron microscopy 

(TEM) and dynamic light scattering (DLS). [  17  ]  

 In our current report we expand these fi ndings in an 

approach that exploits the temperature-induced  reversible  

morphological changes of BCPs for  both  the encapsula-

tion  and  release of functional molecules. Polymersomes of 

PS 139 - b -PAA 17  (PS- b -PAA) with diameters between 100 

and 250 nm were prepared, and the temperature-induced 

vesicle-to-micelle transition was utilized to release and/or 

(re-)encapsulate Rhodamine 110 bis-(benzyloxy carbonyl-

 l -arginine amide) (R110-Arg 2 ). Our study complements the 

studies mentioned above, [  12–16  ]  which exploited the triggered 

release of encapsulated substances upon cooling of the vesi-

cles. In the case of PS- b -PAA, substances are released from 

the vesicle interior upon heating and subsequently may react 
© 2010 Wiley-VCH Verlag Gmbsmall 2010, 6, No. 23, 2762–2768

     Scheme 1. Top: Schematic of the temperature-induced release and s
re-encapsulation of the reaction product R110, which is protected from
reactions.   
with compounds present in the solution outside the vesicles. 

In addition, upon cooling to room temperature, the reaction 

product is partially encapsulated in the reformed vesicles and 

is hence protected from unwanted reactions ( Scheme  1  ).    

 2. Results and Discussion  

 2.1. Temperature-Induced Morphological Changes 
of PS- b -PAA Aggregates 

 To study the dependence of the PS- b -PAA aggregate 

morphologies on temperature, samples that were prepared 

by adding water into BCP solution in tetrahydrofuran (THF) 

were heated. An aliquot of the solution was taken out at a 

desired temperature and added into an excess amount of 

water to “freeze” the morphology. Typical TEM images of 

the samples taken at different temperatures are shown in 

 Figure    1  . The morphology of the aggregates with a BCP con-

centration of 2 wt% and water content of 50 vol% was vesic-

ular at room temperature (Figure  1a ). In contrast, at 60  ° C the 

morphology could be described as micellar (Figure  1b ). When 

the sample was subsequently cooled down to room tempera-

ture, the vesicular morphology was regenerated, indicating 

the reversibility of the process (Figure  1c ).  

 The corresponding changes in size distribution were 

analyzed by DLS (Figure  1d ). A bimodal distribution of 
2763H & Co. KGaA, Weinheim www.small-journal.com
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    Figure  1 .     TEM images of PS- b -PAA aggregates (2 wt% in THF, water 
content 50 vol%) a) prepared at room temperature (25  ° C), 
b) subsequently heated to 60  ° C, and c) after cooling the solution in 
(b) back to 25  ° C. d) Distribution of the diameter of the aggregates at 
different temperatures determined from DLS. The vertical solid line 
indicates the diameter of the micelles (25 nm), while the dashed and 
dotted curves serve as a guide to the eye indicating the most probable 
vesicle diameter at the corresponding temperature.  
diameter (D) was observed for the sample heated at 50  ° C. 

The peak at  ∼ 25 nm is attributed to the diameter of micelles 

as it corresponds to the wall thickness of the vesicles deter-

mined from TEM images ( t   =  25  ±  2 nm). At 60  ° C the ves-

icle peak disappeared and the distribution showed a single 

maximum. The transition from a mono-modal to a bimodal 

distribution fully supports the above interpretation that a 

vesicle-to-micelle transition takes place when the tempera-

ture of the aggregates is raised to above  ∼ 40  ° C in this case. 

 The morphological changes of other BCP systems were 

studied and reported previously in the literature. [  16–18  ]  In gen-

eral, the interaction between the BCP and the solvent, rep-

resented by the interaction parameter   χ  , is affected by the 

temperature. It was reported that the change of BCP–solvent 

interaction, i.e., the change in solubility of the BCP, causes 

the vesicle-to-micelle transition at elevated temperature. [  17  ]  

 To precisely determine the transition temperature, 

the turbidity of PS- b -PAA solutions was monitored using 

UV–vis spectroscopy. The absorbance at 400 nm of a system 

with 2 wt% PS- b -PAA concentration and 50 vol% of water 

was monitored when the sample was heated with a con-

stant heating rate of 0.5  ° C min  − 1 , as shown in  Figure    2  . 

The absorbance decreased slightly in the initial part of the 

trace, followed by a sudden decrease at temperatures above 

40  ° C. This decrease in turbidity is attributed to the vesicle-

to-micelle transition. The transition temperature (here 45.3  ±  

0.8  ° C) was estimated from the infl ection point of the plot by 

locating the minimum of the fi rst derivative of the trace.  

 The transition temperature found may depend on various 

factors, including the heating rate, the polymer concentration 

and the solvent composition. These different determinants 

were investigated, as discussed below. 

 The effect of the heating rate on the transition tempera-

ture of the aggregates was studied for PS 139 - b -PAA 17  vesicles 
bH & Co. KGaA, Weinheim small 2010, 6, No. 23, 2762–2768

    Figure  2 .     Turbidity of a solution of PS- b -PAA vesicles (2 wt% BCP in 
THF, H 2 O 50 vol%) recorded as a function of temperature. The sudden 
decrease of turbidity represents the vesicle-to-micelle transition of the 
aggregates. The transition temperature is determined from the infl ection 
point of the curve.  
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with 1 wt% initial polymer concentration and 50 vol% H 2 O. 

Samples with the same composition were heated from room 

temperature to 60  ° C using different heating rates and the 

corresponding turbidity traces are shown in  Figure    3 a . The 

transition temperatures ( T  c ) determined from these data are 

plotted as a function of heating rate in Figure  3b .  

 The transition temperature was found to depend on the 

heating rate of the experiments.  T  c  increased from 34.7 to 

53.3  ° C as the heating rate changed from 0.1 to 30  ° C min  − 1 . 

The value of  T  c  remained almost constant when the heating 

rate was below 5  ° C min  − 1  as can be seen in the inset of 

Figure  3b  and increased in a linear fashion when the heating 

rate was above 5  ° C min  − 1 . In a study on the transition tem-

perature of dioctadecyldimethyl ammonium bromide vesicles 

using differential scanning calorimetry (DSC) an increase 

of  T  c  was observed as a function of heating rate for heating 

rate ranging from 20 to 80  ° C min  − 1 . [  19  ]  Unless otherwise 
© 2010 Wiley-VCH Verlag Gmbsmall 2010, 6, No. 23, 2762–2768

    Figure  3 .     a) Turbidity of PS- b -PAA solutions (1 wt% BCP in THF, H 2 O 
50 vol%,  D   =  75 nm) as a function of temperature for different heating 
rates as indicated in the legend. b) Transition temperature plotted as 
a function of scanning rate. The inset is the zoom-in of the selected 
region.  
mentioned, all further turbidity measurements were carried 

out with a heating rate of 0. 5  ° C min  − 1 .   

 2.2. The Infl uence of Solution Composition on the Transition 
Temperature 

 The morphological changes of the PS- b -PAA aggregates 

with temperature for different initial polymer concentra-

tions and THF content were followed by monitoring the tur-

bidity as a function of temperature. The results are shown in 

 Figure    4  .  

 The critical transition temperature ( T  c ) of the system was 

found to increase as the initial polymer concentration of the 

system increased, as indicated by the dotted line in Figure  4a . 

Here the THF content of all systems was kept constant at 

50 vol%. On the other hand, turbidity diagrams of systems 
2765H & Co. KGaA, Weinheim www.small-journal.com

    Figure  4 .     a) Turbidity versus temperature for PS 139 - b -PAA 17  solutions 
with different initial polymer concentrations as indicated in the graph 
and a constant solvent composition (50 vol% THF). b) Change in turbidity 
with temperature for PS 139 - b -PAA 17  vesicles with different THF/water 
percentages and a constant initial polymer concentration of 2 wt%.  
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with a constant 2 wt% initial polymer concentration and dif-

ferent THF contents (Figure  4b ) showed that morphological 

changes did not occur until the THF fraction was above 

40 vol%. The transition temperature was found to depend 

markedly on the THF content, a lower  T  c  was observed with 

increasing THF content. A similar effect was observed in the 

PS- b -PEO system with DMF as the solvent. [  17  ]  

 Analogously to Eisenberg et al., [  20  ]  who constructed 

phase diagrams of PS- b -PAA aggregates in different solvents 

at room temperature, phase diagrams of PS 139 - b -PAA 17  in 

THF/H 2 O mixtures at different temperatures were prepared 

based on the DLS data and the turbidity diagrams ( Figure    5  ). 

The boundaries for different morphologies (or phases) are 

represented by connecting data points representing vesicles 

(empty circles), micelles (closed circles) or mixture of vesi-

cles and micelles (circles with plus sign).  

 Figure  5a  shows the transition from vesicles to micelles 

with different PS 139 - b -PAA 17  initial concentration at different 
www.small-journal.com © 2010 Wiley-VCH Verlag Gm

    Figure  5 .     Phase diagrams of PS 139 - b -PAA 17  in THF/H 2 O mixture at 
different temperatures. Empty circles stand for vesicles, fi lled circles 
for micelles, and circles with plus signs for mixture of vesicles and 
micelles.  
temperatures. At high BCP concentrations the transition 

temperature shifts to higher values. The observation can be 

explained qualitatively by the change in the polymer-solvent 

interaction. As the polymer concentration goes up, the value 

of the interaction parameter   χ   increases. [  17  ]  Thus, at higher con-

centration the system needs to be heated to a higher tempera-

ture to cause a suffi cient decrease in   χ   for the morphological 

change to take place. The same explanation can be applied 

on the system containing different THF contents, shown in 

Figure  5b . Here, however, one should notice that in pure 

water and at high water content no transition was observed in 

the temperature range in our experiments. This is tentatively 

attributed to the limited mobility of the hydrophobic PS under 

such conditions.   

 2.3. Release and Encapsulation of Molecular Cargo Employing 
the Temperature-Induced Vesicle-To-Micelle Transition 

 The temperature-induced morphology changes described 

above can be exploited to i) release encapsulated molecules 

and ii) to partially re-encapsulate the reaction product. To 

demonstrate this unique features of the BCP system studied 

here, we utilized a two-step reaction, namely the hydrolysis 

of R110-Arg 2  catalyzed by trypsin, [  21  ]  and subsequently the 

quenching of the reaction product R110 by NaNO 2 , 
[  22  ]  as also 

reported in a previous study (compare Scheme  1 ). [  23  ]  The 

kinetics of the enzymatic reaction as well as the quenching 

reaction is much slower than the transition kinetics (see Sup-

porting Information), according to previous experiments. [  23  ]  

 First PS- b -PAA vesicles (2 wt% BCP in THF, H 2 O 

50 vol%) with partly encapsulated R110-Arg 2  (total con-

centration 3.6  μ  m ) were mixed with trypsin ( c   =  0.1  μ  m ) at 

20  ° C. The sample was heated up to 50  ° C after the absorp-

tion has reached steady state. After 5 h of heating the solu-

tion was cooled to 20  ° C, followed by the addition of NaNO 2  

( c   =  1 m m ). The absorbance of R110 at 495 nm was continu-

ously monitored using UV–vis spectroscopy during the entire 

process ( Figure    6  , triangles). The exact same vesicle solu-

tion without the enzymes was used as a reference sample 

to correct for the effect of scattering. A control experiment 

with R110-Arg 2  and trypsin of the same concentration, but 

 without  any vesicles was also carried out (Figure  6 , squares). 

The spectra shown in the insets display the absorption of 

R110 during the enzymatic reaction, as well as the quenching 

reaction.  

 In both curves the absorbance of R110 increased linearly 

in the fi rst 4 hours before it gradually reached a plateau, 

indicating the complete conversion of all accessible (non-

encapsulated) substrate molecules. In the case when part of 

the substrate molecules were encapsulated, the maximum 

absorbance was  ∼ 83% of the value of absorbance in the con-

trol sample. This difference is attributed to the encapsulation 

of R110-Arg 2  in the vesicles, which prevented the reaction 

with trypsin. The fraction of encapsulated substrate mole-

cules ( ∼ 17%) is in good agreement with previous results. [  23  ]  

Heating to 50  ° C (Figure  6a , grey bar) did not result in any 

signifi cant changes of the absorbance of R110 in the control 

sample, while in the active sample the absorbance increased 
bH & Co. KGaA, Weinheim small 2010, 6, No. 23, 2762–2768
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    Figure  6 .     Plots of kinetics of a) the hydrolysis of R110-Arg 2  catalyzed 
by trypsin and b) the quenching reaction in the presence (triangles) 
and absence (squares) of PS- b -PAA vesicles (2 wt% BCP in THF, H 2 O 
50 vol%,  D   =  126 nm). The progress of the enzymatic reaction and the 
quenching reaction is also shown in the spectra shown in the insets.  
to the same level as in the control sample. The observations 

indicate the conversion of the encapsulated R110-Arg 2  to 

R110, as a result from the vesicle-to-micelle transition, when 

the temperature was raised above the transition temperature. 

The addition of NaNO 2  after cooling the control sample to 

20  ° C resulted in a decrease of the absorbance to almost zero 

within 30 min. By contrast, in the active sample the absorb-

ance remained at  ∼ 13% of its original value. This difference 

is attributed to the R110, which was encapsulated during the 

temperature-induced vesicle re-formation, as the vesicle wall 

was proven to impermeable to NaNO 2  in previous study [  23  ]  

and thus prevented the quenching reaction. 

 The new strategy introduced in this report utilizes the 

temperature-induced vesicle-to-micelle transition of BCP 

aggregates to encapsulate and release small molecules. Tem-

perature was thus used as an external stimulus to regulate 

the release of a reagent to allow (bio)chemical reactions to 
© 2010 Wiley-VCH Verlag Gmbsmall 2010, 6, No. 23, 2762–2768
take place and the subsequent encapsulation of the product 

to protect it from unwanted interaction with other species. 

 We believe that this approach of assembly and disassembly 

of BCP vesicles across the transition temperature will provide 

a new pathway for temperature-controlled release of drugs or 

nutrients and should fi nd potential applications in the fi elds 

such as therapeutics and medicine. The distinctive advantage 

of this system lies in the simplicity of synthesis and the pos-

sibility to fi ne-tune of the transition temperature by solution 

composition and/or a co-solvent. Compared to existing sys-

tems containing polymers with low critical solution tempera-

ture (LCST) behavior, this approach is truly complementary. 

Future research will focus on the exploration of alternative sol-

vents and low glass transition temperature membrane forming 

polymers to widen the scope of applicability of these systems.    

 3. Conclusion 

 The size and morphology of PS- b -PAA aggregates in a 

THF/H 2 O mixed solvent system was studied at different tem-

peratures using TEM and light scattering. PS- b -PAA vesicles 

underwent a transition to micelles as the temperature was 

raised. The vesicle-to-micelle transition was attributed to the 

change in polymer solvent interaction at different tempera-

tures, which was confi rmed by varying the polymer concen-

tration, as a higher polymer concentration would result in a 

larger value of the interaction parameter. Thus the system 

must be heated to a higher temperature to cause a suffi cient 

decrease in interaction parameter for the vesicle-to-micelle 

transition. In addition, the presence of the common solvent 

THF was found to be crucial for the vesicle-to-micelle tran-

sition. Successful encapsulation and release of small mole-

cules was achieved utilizing the assembly and disassembly 

of PS- b -PAA aggregates across the transition temperature. 

R110-Arg 2  was preloaded into the vesicles and released when 

the system was heated above the transition temperature to 

react with enzyme trypsin to form fl uorescent product R110. 

The product was then encapsulated into reformed vesicles 

when the system was cooled down below the transition tem-

perature, proven by the use of sodium nitrite.   

 4. Experimental Section 

 PS 139 - b -PAA 17  (the subscripts denote the number of repeat 
units for each block; number-averaged molecular weight,  M  n   =  
15.7 kg/mol; polydispersity index  =  1.07) was purchased from Pol-
ymer Source Inc. (Dorval, Canada). Bovine pancreas trypsin (TPCK 
Treated, essentially salt-free, lyophilized powder,  ≥ 10 000 BAEE 
units/mg protein) and sodium nitrite were purchased from Sigma-
Aldrich Co. (St. Louis, MO, USA). R110-Arg 2  were purchased from 
Molecular Probes/Invitrogen Co. (Carlsbad, CA, USA). All chemicals 
were used as received. THF (AR grade) was purchased from Bio-
solve B. V. (Valkenswaard, the Netherlands). Milli-Q water was pro-
duced by a Millipore Synergy system (Billerica, MA, USA). 

 PS- b -PAA vesicles were prepared by fi rst dissolving the polymer 
in THF with various initial concentrations, then adding Milli-Q water 
as a precipitant into the polymer solution until a given water per-
centage was reached, while the entire system was under vigorous 
2767H & Co. KGaA, Weinheim www.small-journal.com
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stirring using a magnetic stirring bar with  ∼ 600 rpm at room tem-
perature and subsequently heated to a designated temperature. 
Substrates were encapsulated in the vesicles by dissolving the sub-
strates in water followed by immediate mixing. To follow the enzy-
matic reaction a further dilution was carried out to minimize the 
effect of scattering. To remove organic solvents dialysis was carried 
out using Spectra/Por 7 dialysis tubing from Spectrum Europe B.V. 
(Breda, the Netherlands) with a molecular weight cut off of 50 kD. 

 TEM images were acquired using an analytical TEM instru-
ment Philips CM30 (FEI, Hillsboro, OR, USA) equipped with a post-
column GIF Tridiem energy fi lter system (Gatan, Inc., Pleasanton, 
CA, USA). Samples for TEM were prepared by directly depositing a 
droplet of vesicle dispersion onto a carbon-coated TEM grid. After 
evaporation of the solvent the grid was fi xed onto the specimen 
holder and mounted into the vacuum chamber. 

 The size of the PS- b -PAA aggregates was determined with a 
Malvern Zeta-sizer 4000 (Malvern Corp., Malvern, UK) at 25  ° C using a 
laser wavelength of 633 nm and a scattering angle of 90 ° . The CONTIN 
method [  24  ]  was applied for data processing. The diameter, count rate 
and poly-dispersity index (PDI) of the aggregates were determined. 

 UV–vis spectra were recorded using a Varian Cary 300 Bio UV/
Visible spectrophotometer (Varian, Inc. Palo Alto, CA, USA). A des-
ignated thermal mode was used to monitor the turbidity (absorb-
ance at 400 nm) of the samples as a function of temperature. 
The enzymatic reaction was followed by monitoring the change in 
absorbance at 495 nm after the substrate-containing vesicles were 
mixed with enzymes. The same substrate-containing vesicle solu-
tion in the absence of enzyme was used as a reference sample to 
subtract the absorbance caused by scattering.     
 Supporting Information 

 Supporting Information is available from the Wiley Online Library 
or from the author.    
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