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Overcoming limitations of conventional solvent exchange methods: 
Achieving monodisperse non-equilibrium polymer micelles through 
equilibration-nanoprecipitation (ENP) 
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A B S T R A C T   

Hypothesis 
Conventional solvent exchange formulation methods face limitations when trying to control the final non- 

equilibrium size properties of block copolymer micelles containing a strongly hydrophobicity and a rigid 
block because the solvent conditions are not well controlled during micelle formation. Therefore, using an 
alternative formulation method, named Equilibration-Nanoprecipitation (ENP), in which micelles are formed 
under uniform solvent conditions, will significantly reduce the final dispersity compared a conventional solvent 
exchange method. 
Experimental: Size properties of the final aqueous micelle dispersions formed from the ENP method and a con
ventional solvent exchange are measured using DLS. Also, a parallel modelling study is completed to predict the 
final size distributions using both methods. 
Findings 
The experimental results demonstrate the ENP method is effective producing non-equilibrium micelles with low 
dispersity below the monodisperse polydispersity index (PDI) cutoff for DLS while the conventional solvent 
exchange method leads to significantly greater dispersity. Also the experimental results highlight ENP can be 
used to tune the final size properties which cannot be done using methods which do not properly control the 
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micelle formation conditions. Additionally, the modelling study supports the utility of the ENP approach for 
producing monodisperse dispersions of nonequilibrium polymer micelles.   

1. Introduction 

The self-assembly of amphiphilic block copolymers (BCPs) in 
aqueous conditions has been extensively studied over the past several 
decades due to their promising use in applications such as surfactants 
and drug delivery agents [1]. The self-assembly characteristics of BCPs 
depend on a variety of factors. BCPs with not too strongly hydrophobic 
blocks (e.g., Pluronic surfactants from BASF) can be directly dissolved in 
aqueous conditions [2,3]. Self-assembly will then occur once a suffi
ciently high concentration, known as the critical micelle concentration 
(CMC), is reached [4]. However, for BCPs with strongly hydrophobic 
blocks with high glass transition temperature (Tg) values (e.g., poly 
(styrene) (PS)), direct molecular dissolution of the polymer is not 
possible [5,6]. To circumvent the insolubility of the hydrophobic block 
in water, several methods are conventionally used to study the self- 
assembly properties of these systems. These methods, commonly 
referred to as solvent exchange methods, involve initially dissolving the 
polymer in a non-aqueous common solvent (“co-solvent”) which is 
compatible with both blocks [7]. Then, the solvent conditions are 
exchanged from co-solvent-rich to water-rich by slowly adding water 
while mixing, directly dialyzing against water, or by introducing the co- 
solvent solution into a large water reservoir. Finally, dialysis or evapo
ration/distillation can be used to completely remove the co-solvent. 
These conventional solvent exchange methods, however, face limita
tions when seeking to scale up the production of monodisperse micelles 
of a BCP system with a strongly hydrophobic block with a high Tg. 

When producing aqueous micelle suspensions using BCP materials 
with highly hydrophobic and rigid core-forming blocks, the final self- 
assembled structures are non-equilibrium in nature [8]. Since the 
structures are no longer equilibrium micelles, they are commonly 
referred to as kinetically frozen or kinetically trapped micelles or 
nanoparticles [9]. In contrast, small molecule surfactants and Pluronic 
surfactants form equilibrium micelles in water and the final structures 
depend on thermodynamic conditions, including the chemical charac
teristics of the surfactants, temperature, ion content, etc. [10,11]. In this 
manuscript, the term micelle will be used to imply a self-assembled core- 
corona polymer structure and is not meant to imply that the micelle is in 
dynamic equilibrium. The non-equilibrium quality implies that the final 
structure will change depending on the formulation pathway [12,13]. 
Because the final structures are non-equilibrium, the formulation 
pathway must be carefully designed to control the final size properties. 

When considering the self-assembly of a BCP system with a fixed 
molecular weight in a water/organic solvent mixture, the self-assembly 
is controlled by the interfacial tension between the hydrophobic block 
and the solvent [14]. In the range of water content where equilibrium 
structures are formed, the equilibrium aggregation number will increase 
with increasing water volume fraction. Therefore, to control the final 
non-equilibrium size properties, the solvent conditions must be carefully 
changed in order to ensure the entire micelle population is formed under 
the same conditions. Because conventional solvent exchange methods 
induce micellization under conditions of constantly changing solvent 
conditions, they do not lend themselves well to properly controlling the 
final size properties. To examine this point, in this manuscript we 
compare the final size properties of micelles formed from a conventional 
solvent exchange method with those obtained through a method, 
referred to as “Equilibration-Nanoprecipitation” or “ENP”, which is 
designed to strategically control the solvent conditions during micelle 
formation [15]. The ENP formulation method has become the method of 
choice of the Polymer Lung Surfactant (PLS) technology being devel
oped in our group for which the size properties significantly affect the 
critical quality attributes of the PLS formulation [16]. 

The ENP method is designed to control the final size and dispersity of 
the aqueous micelle system in the following manner. First, the micelli
zation is initiated by directly adding the polymers to a water/acetone 
mixture at solvent compositions where equilibrium is possible. Next, the 
solution is kept stirring overnight to allow for the micelle structures to 
equilibrate under the uniform solvent conditions. Lastly, dialysis is used 
to quickly change the solvent content to the water-rich state where 
dynamic rearrangement is not possible. The size properties are 
measured using dynamic light scattering (DLS) and the results are 
compared between the ENP method and the solvent exchange method. 
The polymer material used is poly(styrene)(5.2 kDa)-b-poly(ethylene 
glycol)(5.5 kDa) (PS-PEG) which has been identified as a promising 
candidate for the PLS application [17–20]. Given the application of the 
formulated polymer micelles, surface mechanical properties of batches 
formed using ENP and solvent exchange are compared. Lastly, a 
computational approach is used to predict the effect of formulation 
method on the final size distributions. The experimental and computa
tional results both highlight the importance of controlling micelle for
mation conditions on reproducibly producing non-equilibrium polymer 
micelles with controlled size and dispersity. 

2. Methods/procedures 

2.1. Polymer materials 

Poly(styrene)(5.2 kDa)-b-poly(ethylene glycol)(5.5 kDa) (PS-PEG) 
was purchased from Polymer Source, Inc., with the molecular weight 
values provided in parentheses denoting the number-average molecular 
weights of the respective blocks. According to the vendor, this BCP was 
synthesized via anionic polymerization and includes a hydroxyl func
tionality at the terminus of the PEG block. 

2.2. Polymer characterization 

The overall molecular weight polydispersity index was determined 
to be 1.11 through gel permeation chromatography (GPC) using a Wa
ters 1515 isocratic pump fitted with Styragel HR 4 and Ultrastyragel 
columns. The mobile phase employed was THF, with a flow rate of 1 mL/ 
min. Calibration was performed using polystyrene standards, and the 
chromatograph can be observed in Figure S1 in the Supporting Material 
(SM). 

2.3. Equilibration-Nanoprecipitation (ENP) micelle formulation method 

PS-PEG (10 mg) is dissolved in a 2 mL mixture of acetone (Sigma- 
Aldrich) and Milli-Q-purified water (18 MΩ⋅cm resistivity) under soni
cation. The solution is then repeatedly vortexed and sonicated until the 
solution appears transparent. The solution is then stored under gentle 
rocking at room temperature for 24 h to allow for equilibration. Acetone 
is then removed by dialyzing the 2 mL mixture (initially containing ~1 
mL of acetone) using Slide-A-Lyzer Mini Dialysis device (20 kDa MWCO, 
Thermo Fisher Scientific) against Milli-Q-purified water for 24 h 
(following the manufacturer’s recommendation), replacing the water 
reservoir at 1, 2, 4 and 6 h time points. The water reservoir is 45 mL. The 
anticipated acetone content in the final micelle solution is expected to be 
<1 ppm. 

2.4. Direct dialysis micelle formulation method 

The procedure is the same as for the ENP procedure except that the 
polymer is dissolved into acetone only and not an acetone/water 
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mixture. 

2.5. Surface pressure-area (SPA) isotherms 

The surface pressure-area isotherms are measured using a KSV Nima 
Langmuir trough (51 cm × 14.5 cm) with double symmetric barriers. 
The total surface area of the trough is 780 cm2, and the subphase volume 
is 750 mL. A filter paper probe is used for surface tension measurements. 
Micelle samples are spread onto water using a Hamilton microsyringe at 
a concentration of 5 mg/mL. The compressions are done at a rate of 3 
mm/minute. The temperature of the subphase is held constant at 25 ◦C 
using a circulating water bath. 

2.6. Polymer micelle characterizations 

The hydrodynamic diameters of the block copolymer micelles are 
measured at 25 ◦C by dynamic light scattering (DLS) using a Brookhaven 
ZetaPALS instrument. The scattering intensities are measured using a 
659 nm laser at a scattering angle of 90◦. The hydrodynamic diameters 
(Dh) were calculated from the measured diffusion coefficients (Dt) using 
the Stokes-Einstein equation (Dh = kBT

3πηoDt 
where T is temperature, kB is 

Boltzman’s constant, and ηo is the viscosity of the medium). The results 
were averaged over 5 runs. The samples were diluted to 1 mg/mL and 
filtered using 450 nm syringe filters to remove any particulates. Trans
mission electron microscopy (TEM) images of micelles formed by the 
same polymer using the ENP method were presented in our prior pub
lication [16]. 

2.7. Modelling approach for predicting size distribution of micelles 

A computational approach was utilized to predict the distribution of 
size characteristics for polymer micelles formed by ENP or the tradi
tional direct dialysis procedure for co-solvent removal. The approach is 
an extension of the work by R. Nagarajan [8,14] who developed a 
phenomenological theory to a priori predict micelle size characteristics 
for “non-equilibrium” micelles. The approach uses a free energy mini
mization to first determine the “equilibrium” size of the micelles; 
equilibrium micelles can be formed when the selective solvent (water) is 
less than the critical water volume fraction (the water volume fraction at 
which the core becomes glassy). Above the critical water fraction, the 
aggregation number is fixed because free exchange of chains is not 
possible. To determine the final size, the free energy minimization is 
recalculated with a fixed aggregation number. Finally, a Gibbs (Boltz
mann) distribution is applied to predict the distribution of micelle sizes 
under different formulation conditions. A complete description of the 
computational approach is given in the SM. 

3. Results and discussion 

3.1. Experimental results 

To examine the effect of formulation method on the final size dis
tribution, size reproducibility, and final material properties, PS-PEG 
micelles were formulated using two different methods: direct dialysis, 
an example of a conventional solvent exchange formulation method, and 
ENP, the established method for formulating Polymer Lung Surfactant 
(PLS) materials [16–18]. The schematic of the methods is shown in 

Fig. 1. Schematic overview of the two formulation methods, Equilibration-Nanoprecipitation (ENP) and direct dialysis, used in the study. This figure is reproduced in 
color on the web and in black-and-white in print. 
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Fig. 1. The difference between the two protocols is that for ENP, the 
polymer chains are added directly to an acetone/water mixture which 
induces polymer self-assembly under a uniform solvent condition. 
Dialysis is then utilized to quickly increase the water content with the 
goal of preserving the original equilibrium size distribution. For direct 
dialysis, polymers are dissolved in pure acetone which does lead to self- 
assembly because acetone is a good solvent for both blocks. Therefore, 
the self-assembly is induced during the dialysis step. Because of solvent 
gradients which are inherent in the dialysis process, the final size dis
tribution is expected to have a relatively higher dispersity compared to 
ENP. 

To examine the difference in final size distribution and batch-to- 
batch reproducibility, DLS was employed to measure the mean hydro
dynamic diameter (Dh, defined as the intensity-weighted Z-average 
mean size (ZD) using cumulants analysis), polydispersity index (PDI, 
defined as σ2

Z2
D 

in the cumulants analysis where σ is the standard deviation 

of the distribution), and size histograms (calculated based on non- 
negatively constrained least-squares (NNLS) inversion method) using 
three separate batches from each formulation method. For the repro
ducibility study, the initial volume fraction of acetone for ENP samples 
was of Φacetone = 0.70. The average and standard deviation (SD) values 
for Dh and PDI from cumulants analysis in three independent batches are 
shown in Table 1 and the DLS size distribution histograms are shown in 
Fig. 2. The results indicate that the ENP method reproducibly results in 
lower dispersity across the three batches, which is indicated qualita
tively by the narrower peaks around 30 nm in the histogram plots and 
quantitatively by the PDI/CV values in Table 1. Typically for DLS, 
samples with a PDI of ≤ 0.1 are considered monodisperse, and the results 
suggest ENP is capable of meeting this criteria. 

The effect of ENP formulation condition on the final distribution was 
also evaluated. The Dh and PDI of ENP formulation conditions ranging 
from Φacetone = 0.40 to Φacetone = 0.80 are included in Table 2, and the 
size distributions are shown Figure S2 in the SM. The results demon
strate that the Dh increases with decreasing ENP formulation Φacetone 
values, which shows the effect of the formulation solvent interfacial 
tension on the final size properties. The PDI and distribution results 
indicate that at both the low (0.4) and high (0.8) ends of the Φacetone 
range, the ENP is less effective at producing monodisperse final pop
ulations. It is likely that at high (≥ 0.8) Φacetone values, the formulation 
becomes more similar to direct dialysis whereby dynamic rearrange
ment is more favorable at higher acetone contents and the final micelle 
structures are formed under a solvent gradient during the dialysis pro
cess. In contrast, at low (≤ 0.4) Φacetone values, the formation of larger 
non-equilibrium aggregates can occur during formulation due to the 
high interfacial tension between the core block and water, which re
quires vigorous mixing for extended time periods to fully disassociate. 

Our group is particularly interested in the formulation of PS-PEG 
kinetically trapped micelles in water due to their promising applica
tion as a lung surface replacement therapy [17,18]. The efficacy of a 
lung surfactant replacement therapy is directly related to its surface 
mechanical behavior. More specifically, its ability to lower the high 
air–water interfacial tension is critical to stabilize the alveoli and allow 
for proper respiratory function. The surface tension lowering properties 
are studied using a Langmuir trough Wilhelmy plate setup whereby the 
micelles are spread onto the water surface, where they rapidly adsorb to 

the interface, and two symmetric barriers are used to compress the film. 
The change in surface tension is measured as a function of trough area. 
Based on the same rationale applied to poly(butadiene)-poly(ethylene 
glycol) (PB-PEG) [21], it is expected that the 5.2 kDa-5.5 kDa PS-PEG 
material is entirely insoluble in water, leading to an effectively zero 
critical micellization concentration (CMC). Consequently, water-spread 
PS-PEG micelles will retain their original micelle morphology at the 
interface, akin to what has been observed with water-spread poly(lactic- 
co-glycolic acid)-poly(ethylene glycol) micelles [22]. Additionally, our 
recent studies [23–25] have demonstrated that the core domains of PS- 
PEG micelles exist in a frozen (glassy) state at room temperature. 
Therefore, despite the use of the term “micelle”, it is more accurate to 
consider PS-PEG micelles as PEG-brushed solid nanoparticles. These PS- 
PEG micelle structures do not dissociate into free chains and are inca
pable of undergoing morphological rearrangements. Furthermore, the 
PS-PEG micelles are thought to be strongly anchored to the interface due 
to the highly hydrophobic PS domain, which is what allows the pro
duction of very low surface tension (very high surface pressure) during 
compression [20]. If the micelles were to readily desorb into the sub
phase, there would not be a rapid reduction of surface tension during 
compression. For the same reason, there is typically no significant loss of 
micelles to the subphase during the initial spreading, provided that an 
excessive amount of micelles is not spread onto the water surface [20]. 

The effect of formulation method on the corresponding surface me
chanical behavior of the micelle solutions was evaluated by measuring 
surface pressure-area (SPA) isotherms for each sample. The isotherms, 
shown in Fig. 3, measure the surface pressure (Π = γo − γ) as a function 
of surface concentration where γo is the surface tension of the clean 
air–water interface and γ is the surface tension of the micelle-coated 
interface. The results demonstrate that the batches using the ENP 
method show much more consistent surface mechanical behavior 
compared to the direct dialysis method. The ENP samples display the 
important feature of producing high surface pressure as the monolayers 
collapse at surface pressures in the range of 65 – 68 mN/m; generating 
surface pressure greater than 60 mN/m is critical for the lung surfactant 
application [18]. The samples from direct dialysis method, however, 
show more varied surface mechanical behavior and collapse at surface 
pressures in the range of 53 – 60 mN/m. The effect of size properties on 
the surface mechanical behavior is also shown in Figure S3 in the SM 
which shows SPA isotherms for different ENP conditions. Given the 
therapeutic efficacy of the PLS is directly linked to its surface mechanical 
behavior, the batch-to-batch reproducibility of the SPA isotherms is 
deemed as a measure of quality control. Therefore, ENP is much more 
effective at improving quality control as demonstrated by the repro
ducibility of SPA isotherms. 

3.2. Computational results 

Conceptually, the ENP method is more effective at producing 
monodisperse and well-controlled populations of polymer micelles 
because the micelles are formed under uniform/equilibrium conditions; 
in this limit, the sole contribution to size polydispersity is thermal 
fluctuation. In contrast, the conventional methods form micelles under a 
solvent gradient. To further examine the effect of formulation conditions 
on the final size distributions, a computational approach was used to 
calculate the corresponding size distributions using ENP (no solvent 
gradient) and direct dialysis (solvent gradient). The computational 
approach is an extension of the phenomenological free energy model 
proposed by R. Nagarajan in two prior publications [8,14] and is applied 
to the polymer material and solvent system used in the experimental 
studies in this manuscript. Specifically, this work applies the free energy 
minimization routine for non-equilibrium micelles to directly calculate 
the size distribution of micelles. Therefore, this work gives new insights 
into how formulation conditions affect the final size distribution/dis
persity of non-equilibrium micelles. 

For ENP, the computational algorithm estimates the equilibrium size 

Table 1 
DLS results in terms of mean hydrodynamic diameter (Dh) and polydispersity 
index (PDI) for micelles produced using the two different formulation methods 
after acetone removal. Each value represents the average and standard deviation 
of three different batches. The coefficient of variance (CV) is calculated from the 
square root of the PDI from DLS (CV = PDI1/2).  

Formulation Method Dh (nm) PDI CV 

Direct Dialysis 33.3 ± 1.6 0.214 ± 0.006  0.463 
ENP, Φacetone = 0.70 28.7 ± 0.6 0.096 ± 0.022  0.309  
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Fig. 2. DLS size distribution histograms for three batches prepared using A) direct dialysis and B) ENP, Φacetone = 0.70. This figure is reproduced in color on the web 
and in black-and-white in print. 

Table 2 
Mean, standard deviation (SD), and coefficient of variance (CV = SD/mean) of Dh from Gaussian fits to size distribution profiles for selected ENP cases and direct 
dialysis. The theoretical values were estimated from the results shown in Fig. 6. The experimental values were extracted from the DLS data using cumulant analysis.  

Formulation method Mean (nm) (Theory) SD (nm) (Theory) CV (Theory) Mean (nm) (Experiment) CV (Experiment) 

ENP, Φacetone = 0.20  20.0  0.23  0.012   
ENP, Φacetone = 0.40  18.6  0.24  0.013  52.7  0.403 
ENP, Φacetone = 0.50  18.0  0.25  0.014  32.8  0.202 
ENP, Φacetone = 0.60  17.3  0.25  0.014  29.6  0.228 
ENP, Φacetone = 0.70  16.7  0.25  0.015  28.7  0.309 
ENP, Φacetone = 0.80  16.0  0.24  0.015  28.1  0.494 
Direct Dialysis (Φacetone = 1)  17.5  2.1  0.120  33.3  0.463  

Fig. 3. Surface pressure-area (SPA) isotherms of water-spread of PS-PEG micelles (100 μL of 5 mg/mL solution) from three separate batches formed from either direct 
dialysis or ENP. The isotherms were collected at 25 ◦C using a compression rate of 3 mm/min. This figure is reproduced in color on the web and in black-and-white 
in print. 
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distributions for micelles formed from the polymer PS(5.2 kDa)-PEG 
(5.0 kDa) in acetone/water mixtures at different bulk volume fractions 
of acetone (Φacetone). The algorithm, described in more detail in the SM 
implements a minimization of the free energy change of micelle for
mation using the fraction of acetone in the core (η), core radius (R), and 
corona thickness (D) as model variables. The theory predicts that the 
lower Φacetone limit for equilibrium micelle formation is set by when the 
free energy change of micelle formation first becomes negative. The 
upper Φacetone limit is determined by Eqs. (S1), (S2), and (S3) in the SM 
which estimates the volume fraction of acetone in the core, Φcrit , at 
which the core becomes glassy at room temperature. Above Φcrit the 
micelle cores are ‘frozen’ which prevents further rearrangement and 
thus micelles are non-equilibrium micelles. 

The complete removal of acetone from the core (which was done by 
dialysis in the experimental ENP procedure) produces non-equilibrium 
micelles due to the solid nature of the core domain. To estimate the 
final size properties of non-equilibrium micelles in water, the minimi
zation was recalculated to find the final R and D values while fixing the 
aggregation number (g) and setting Φacetone = 0. This calculation as
sumes that the acetone is removed quickly such that the micelles do not 
have sufficient time to rearrange before the core becomes glassy. The 
results for the micelle radius and thickness for non-equilibrium micelles 
as a function of the bulk volume fraction of acetone at which they were 
formed are shown in Figure S4 in the SM for comparison against the size 
characteristics of the equilibrium micelles, where it is noted that the 
non-equilibrium micelles demonstrate smaller size characteristics than 
the equilibrium micelles due to acetone being removed from the core. 

The next step of the computational approach was to determine the 
final size distribution (after acetone removal) of micelles for each of the 
solvent conditions at which equilibrium micelles were formed. This was 
done by using Eq. (S15) in the SM which calculates the mole fraction of 
micelles of aggregation number g (Xg). To determine the mole fraction 
distribution, the minimization of the free energy change of polymer 
aggregation (ΔG) was calculated for a range of aggregation numbers at 

various bulk solvent compositions. In this case, since the aggregation 
numbers were fixed, only two variables (R and D) were used in the 
minimization routine. This minimization provides the value for the free 
energy change of a polymer transitioning from the single dispersed state 
to a micelle of size g containing j acetone molecules (Δμo

gj), a parameter 
employed in Eq. (S15). Once the mole fractions were calculated as a 
function of aggregation number, the aggregation numbers were con
verted to final micelle size after acetone removal (j = 0) by running the 
minimization routine for each g value setting Φacetone = 0 and using R and 
D as variables. The hydrodynamic diameter is then estimated by Dh =

2R + 2D. The resulting mole fraction distribution for each of the ENP 
cases can be approximated well by a Gaussian distribution which allows 
for a direct fit of the mean and standard deviation. An example of the 
calculated raw data for the mole fraction of micelles alongside the 
Gaussian fit for the 50 % acetone/50 % water condition is shown in 
Fig. 4. The Dh which gives the maximum number fraction corresponds to 
the aggregation number which gives the minimum value for the free 
energy change of micellization at the given ENP formulation solvent 
composition condition. 

In contrast to the ENP method, in the direct dialysis method the 
micelles are formed under a solvent composition gradient instead of one 
single solvent condition. To estimate the distribution for direct dialysis 
case, the solvent composition was assumed to vary linearly with distance 
away from the membrane as depicted in Fig. 5. Therefore, the distri
bution was estimated by summing up the mole fraction distributions for 
solvent conditions at which micellization occurs (Φacetone = 0.18–0.88). 
For the analysis, solvent composition increments of 0.01 were used. The 
number of moles of the system was assumed to be uniform throughout 
the entire solution. The mole fraction distribution was calculated by 
summing up the mole fractions at a given aggregation number/size for 
the entire set of solvent compositions and then normalizing the 
distribution. 

The theoretical normalized size distributions for the various ENP 
cases (shown in Fig. 6) provide interesting comparison to experimental 

Fig. 4. Raw data of the computational prediction for non-equilibrium micelle size distribution in terms of the normalized mole fraction of micelles fitted with a 
Gaussian distribution for the 35% acetone/65% water ENP formulation condition. 
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results. First, the absolute magnitude of the mean Dh differ by about a 
factor of two. However, the relative change in diameter as a result of the 
formulation condition shows good agreement. For example, the exper
imental results show that the Dh increases from 28.1 nm to 32.8 nm 
when the formulation solvent conditions were changed from Φacetone =

0.80 to Φacetone = 0.50 which is a 14 % increase in size. For the 
computational study, the Dh increases from 16.0 nm to 18.0 nm when 
solvent conditions were changed from Φacetone = 0.80 to Φacetone = 0.50 
which represents at 11 % increase in size. Therefore, although the 
magnitude of the Dh values does not match precisely between the 
experimental and computational results, the magnitude of the change in 
size due to changing solvent conditions is captured well by the model. 
Next, by approximating each distribution with a gaussian distribution, 
the mean, standard deviation (SD), and coefficient of variance (CV) are 
extracted and are shown in Table 2 along with the corresponding 
experimental values. The CV (CV = SD/mean) is commonly used as a 

measure of dispersity for nanoparticle systems. The theoretical calcu
lations result in an extremely narrow distributions, CV < 0.02, for all the 
ENP cases. Because the quantity (Δμo

gj - Δμo
gj,e)/kT in Eq. (S15) is large 

(estimated to vary around -40 - -30 as a function of g for standard pa
rameters), any deviations from the most preferred aggregation number g 
(on the order of 102) will cause a large increase in the overall free energy 
in micellization g(Δμo

gj - Δμo
gj,e)/kT in Eq. (S15). The CVs from the theo

retical ENP size distributions are much lower than that measured using 
the DLS cumulant analysis; however, some of the ENP DLS size histo
grams do reflect the narrow distributions found using the modelling 
approach. The modelling results demonstrate that at equilibrium, the 
micelles should form an extremely uniform size population, and there
fore should fall well below the monodisperse cutoff for DLS (CV = PDI1/2 

= 0.11/2 = 0.316). Although the experimental ENP method can produce 
CVs well below this cutoff, it is not able to achieve the extremely low CVs 
predicted by the modelling study. The reason for the discrepancy be
tween the experimental and modelling results is likely because in the 
experimental case the acetone cannot be moved instantaneously which 
is the assumption in the modelling study. Therefore, there is some 
rearrangement which can occur in the experimental study which is not 
accounted for in the modelling study such that experimental size dis
tributions do not represent the true equilibrium distributions. 

The theoretical predictions also provide interesting results with 
regards to the effect of formulation method on the final size distribution. 
The theoretical results suggest the direct dialysis will have a signifi
cantly greater CV than any ENP formulation conditions. The experi
mental results reflect this finding for Φacetone values less than 0.80, 
although the magnitude of difference is smaller in the experimental 
study. This suggests that ENP cases with high (> 0.80) Φacetone formu
lation conditions are not ideal for the ENP procedure. However, in the 
range of Φacetone = 0.70 – 0.50, ENP is much more effective at producing 
low dispersity as suggested by both experimental and theoretical results. 
The theoretical results also suggest that direct dialysis will produce a Dh 

Fig. 5. Schematic of the solvent profile during the solvent exchange (direct 
dialysis) procedure. This figure is reproduced in color on the web and in black- 
and-white in print. 

Fig. 6. Calculated size distributions after acetone removal for different ENP formulation conditions, labeled with the volume fraction of acetone at which micelles 
were formed, along with distribution from direct dialysis using the linear solvent profile assumption. This figure is reproduced in color on the web and in black-and- 
white in print. 

D.J. Fesenmeier et al.                                                                                                                                                                                                                          



Journal of Colloid And Interface Science 661 (2024) 861–869

868

nearly equivalent to the ENP case with Φacetone = 0.60. In the experi
mental results, the direct dialysis method produced a Dh which was 
closest to the ENP case with Φacetone = 0.50, which agrees reasonably 
well with the theoretical prediction. The DLS experimental size histo
grams for direct dialysis and some ENP cases indicate the presence of 
some larger aggregates (> 40 nm) which are not present in the theo
retical size contributions. These large aggregates would serve to inflate 
by the Dh and PDI of the experimental results and can also help explain 
some of the discrepancy between the experimental and theoretical re
sults. Also, for a more accurate modeling of the size distribution 
behavior for the direct dialysis process, it is essential to obtain quanti
tative information about the spatial solvent composition profile changes 
over time, especially near the dialysis membrane boundary. We plan to 
investigate this aspect in future research endeavors. 

4. Conclusions 

The use of polymer nanoparticles in such applications as nano
medicine requires formulation methods which can effectively limit the 
size dispersity of the nanoparticles [26]. This study highlights how the 
Equilibration-Nanoprecipitation (ENP) method, designed to initiate 
micellization under uniform solvent conditions and equilibrate before 
organic co-solvent removal, shows superior control over micelle size and 
dispersity compared to a conventional solvent method which initiates 
self-assembly under a solvent gradient. Although previous experimental 
and modelling studies have highlighted the effect of water/co-solvent 
composition on the preferred aggregation number of polymer micelles 
[8,14,27], this study highlights for the first time the ability of using 
equilibrium self-assembly prior to co-solvent removal to limit the final 
dispersity of the non-equilibrium micelles in water. The modelling study 
indicates the overall free energy of micellization is very sensitive to even 
small changes in the aggregation number such that the distribution of 
sizes is very narrow at a given equilibrium solvent condition. Although 
the experimental ENP method cannot replicate the same magnitude of 
CV as the modelling study, it does demonstrate the ability to produce 
final non-equilibrium micelles with CVs below the DLS “monodisperse” 
threshold (PDIDLS < 0.1). The conventional solvent exchange method 
fails to achieve the same level of dispersity compared to ENP, and the 
relative increase is consistent with the modelling results. The PDIDLS 
values for other polymer nanoparticle systems using alternative 
formulation methods are commonly reported in the literature to be 
above this monodisperse threshold [28–33]. Therefore, the ENP method 
can serve as a straightforward approach for researchers looking to 
reduce the dispersity of the nanoparticle dispersions. In the future, the 
ENP method will be extended to demonstrate its utility in the encap
sulation of hydrophobic compounds in the core domain of micelles as 
this is relevant for drug delivery and imaging applications. 
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