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Abstract. We report on the formation of polymeric micelles in water using triblock copolymers with a
polyethylene glycol middle block and various hydrophobic outer blocks prepared with the precipitation
method. We form micelles in a reproducible manner with a narrow size distribution. This suggests that
during the formation of the micelles the system had time to form micelles under close-to-thermodynamic
control. This may explain why it is possible to use an equilibrium self-consistent field theory to predict
the hydrodynamic size and the loading capacity of the micelles in accordance with experimental finding.
Yet, the micelles are structurally quenched as concluded from the observation of size stability in time.
We demonstrate that our approach enables to prepare rather hydrophobic block copolymer micelles with
tunable size and loading.

1 Introduction

Encapsulating active compounds in a controlled fashion
is of paramount importance for applications in food [1–
3] and pharmaceutical technology [4,5]. One can use
nanosized micellar structures formed by amphiphilic
molecules in a selective solvent. Here we focus on water
as the (selective) solvent and consider block copolymers
with two apolar and one polar block, the so-called ABA
block copolymers where A is an apolar block and B a
polar block. The hydrophobic entities are collected in
a compact core, whereas the water soluble compound
remains hydrated and forms a corona. Flavors, vitamins
and drugs are often rather hydrophobic ingredients for
which polymeric micelles are promising carriers, with po-
tential for controlled encapsulation of compounds at high
loadings. Additionally, using polymeric micelles offers
routes to control release, stability and bio-distribution of
active agents in the body.

The bio-distribution mainly depends on the micelle
size and corona structure [6–9]. It is known that small-
sized micelles, e.g., below 30 nm, distribute freely in the
human body due to a lack of tissue retention/obstruction.
Larger-sized objects, i.e., exceeding 400 nm, may cause

a e-mail: remco.tuinier@dsm.com

problems in the vascular system, especially in the capil-
laries which can easily be obstructed by such particles.
Indeed, sizes below 100 nm result in relatively long
circulation times and these objects can accumulate
in inflammatory or tumor tissues by the enhanced
permeability and retention (EPR) effect [10–14]. This
phenomenon can be exploited to give passively targeted
drug delivery systems. There is ample evidence that the
average size and its size distribution mainly determine
the biological fate, and therefore also the efficiency of
a treatment, when nanoparticles/micelles are used for
drug delivery purposes. The corona composition is also
of importance for the distribution and tissue uptake of
the particle. It has been shown that PEGylated entities,
sometimes called stealth or “disguise” particles, have
even longer blood circulation times [15]. Furthermore, the
presence of the cationic surfactant dimethylammonium
bromide on the surface of a particle was shown to improve
uptake by arterial tissue [16,17].

There is a broad range of amphiphiles, for instance
poloxamers and PEO-PCL or PEO-PLGA (di- and tri-)
block copolymers, that can be used to prepare micelles
with encapsulated hydrophobic compounds [18–28]. Rela-
tively polar copolymers and surfactants that readily dis-
solve in water form rather dynamic micelles with unimeric
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exchange rates up to the microsecond time scale [29,30].
Encapsulated compounds in such micelles will also be re-
leased rapidly because usage as drug delivery systems is al-
ways accompanied with significant dilution. A fast unimer
exchange implies a high CMC and therefore a fast release,
almost instantaneously upon administration.

We may distinguish thermodynamically stable sys-
tems, which have an equilibrium size and typically a
narrow size distribution that do not depend on the
route of how the micelles are formed, from kinetically
frozen aggregates. For the latter the route of formation
becomes important. Kinetically frozen aggregates may
show Ostwald ripening, a phenomenon that over extended
periods of time large particles grow at the expense of
smaller ones [31], similarly as emulsion droplets. The
growth of large particles at the expense of smaller ones is
facilitated by the solubility of the constituent molecules
in the solvent. Copolymers with a sufficiently long hy-
drophobic block form micelles at very low critical micelle
concentrations. The micelles have a compact hydropobic
core and a hydrated corona. Although the chain parts
in the corona continuously change conformations due
to thermal motion, the chain parts that form the core
are much less dynamic. Indeed, very often the core is in
the glassy state. The combination of a low (unimeric)
polymer concentration in the bulk (low CMC) and
the slow dynamics in the core (glassy core), results in
marginal Ostwald ripening. Micelles with limited Ostwald
ripening have a long shelf life.

A complication is that such “frozen” micelles cannot
be prepared by simply dissolving the copolymer in wa-
ter, since water is a non-solvent for the relatively long
hydrophobic blocks of the copolymers. We apply the “sol-
vent shifting” or nanoprecipitation procedure [32–35] to
prepare particles in aqueous solutions composed of other-
wise water-insoluble molecules or polymers. In this pro-
cedure, the (co)polymers are first dissolved in an organic
(good) solvent for both blocks. The solvent should also
have a reasonable miscibility with water. This solution is
subsequently added, rapidly, to an excess of water. Dur-
ing the mixing procedure the block copolymers gradual
go from a good solvent to selective solvent conditions, be-
cause the organic phase is dispersed in the water phase.
As a result, the core-forming blocks aggregate (as they
are insoluble) and form the micellar cores. The solvophilic
blocks remain solvated during the solvent exchange pro-
cess and accumulate outside the core to form a corona. It
is expected that in the core the organic phase will pref-
erentially accumulate. This keeps the micelles mobile for
some time. Depending on the conditions, however, the or-
ganic phase may be lost for the micelles and then the poly-
meric micelles go into a “frozen” or “dead” state, mean-
ing that they no longer can exchange copolymers between
each other. One may intuitively expect that the solvent ex-
change is very fast and the micelles become very quickly
trapped in a frozen state. However, this is not always the
case and one can, alternatively, imagine that the micelles
have sufficient time to equilibrate their size and possibly
to some extent their size distribution. In such a scenario,
it is feasible that the micelle size and micelle size distribu-

tion are dictated by some equilibration process that con-
tinued in one way or another until (relatively suddenly)
the constituent molecules lose their mobility. In this line
of reasoning it is fair to try to attempt a modeling ef-
fort to seek guidance to rationalize the relation between
molecular structure and micellar topology.

To this end we performed numerical Scheutjens-Fleer–
self-consistent field (SF-SCF) computations. The method
and results are explained in [36]. SF-SCF is known to be
very accurate for densely packed polymer systems includ-
ing micellar structures [37–40]. However, the theory pre-
assumes that the molecules have reached their thermody-
namic equilibrium. Although we are sure that the final
micelles are kinetically frozen, we envision that it is pos-
sible that we can find effective parameters that are rele-
vant for the micelles that are being formed transiently and
to some extent were under thermodynamic control. The
molecules form flower-like micelles in the dispersions stud-
ied which is supported by unpublished cryo-TEM anal-
yses and DLS measurements at higher triblock copoly-
mer concentrations. This implied that the corona is built
up by looping chains, which arguably have some advan-
tage for targeting. The idea for this is that, when a mi-
nority amount of the triblocks is replaced by copolymers
for which one hydrophobic block is replaced by a (water-
soluble) targeting moiety, one has flower-like micelles in-
termixed with polymers that have their targeting moiety
dangling well outside the corona of the remaining triblock
copolymers. This makes the targets to be better, biologi-
cally, accessible.

In the following we will first give information on the
polymeric species. In the results section we will focus on
the characterisation of the micelles and elaborate on the
use of SF-SCF modeling. In our conclusions we argue that
the micelles formed by the precipitation method assume a
structure that resembles equilibrium characteristics that
were present somewhere in the production process.

2 Experimental aspects

2.1 Copolymers and amphiphiles

The used polymeric surfactants are all amphiphilic copoly-
mers with a general composition of A-B-A, where A is the
hydrophobic group poly(lactic-co-glycolic)acid, poly(ε-
caprolactone) (further referred to as: PLGA and PCL)
and B the hydrophilic group polyethylene oxide, polyvinyl
pyrolidone, polyvinyl alcohol (PEO, PVP, PVA). The (co-
)polymer blocks which these triblock copolymers are made
of comply with the following prioritized requirements:
non-toxic, biocompatible, biodegradable and excretable.

The hydrophilic part of the copolymer is PEO, exhibit-
ing good water solubility and meets the above require-
ments. Although its non degradability PEO is non-toxic
and can easily be removed from the body by the normal
excretion pathways as long as the molecular weight is be-
low 20 kDa [41]. The hydrophobic part consists of known
biodegradable polymers used in commercially available
drug delivery applications: PLGA and PCL.
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2.2 Stability; dynamic, static or dead/frozen micelles

In order to prepare “frozen” micelles in water, several re-
quirements need to be met. Importantly, water should be
a selective solvent for the surfactant/copolymer, that is, a
non-solvent for one block and a good solvent for the other.
It is known that the log CMC ∝ Nt, where Nt is the num-
ber of apolar segments in the copolymer/surfactant. Pro-
vided the non-solvent block is long enough (Nt � 1), this
results in extremely low CMC-values, inhibiting Ostwald
ripening. Finally, the conditions of the core forming block
should be such that the mobility of the chains is retarded,
that is, preferably there should not be a plasticizer in the
system. Typically, these requirements preclude using the
normal way of making micelles by dissolving the surfac-
tant/copolymers, because of the exceedingly low critical
solution temperature (LCST), in the surfactant science
often referred to as the Krafft temperature [42,43].

To overcome this, we opted for the nanoprecipita-
tion method: One first co-dissolves the active ingredi-
ent, the stabilizer and the excipient, that is, the surfac-
tant/copolymer together with a compound that protects
or tunes the release of the active ingredient, in a suitable
water-miscible common solvent and then precipitates it
into a nanoparticulate form in water, which is a selective
solvent. The common solvent is used to bring the copoly-
mers into a homogeneous molecular solution, from which
the self-assembly into micelles proceeds when added to a
selective solvent: one block avoids the selective solvent and
forms the core and the other blocks remain solvated and
form the corona. Typically, the macromolecular nature of
the species involved prevents the molecular dispersion of
the copolymers. In other words, the bulk concentration
of the copolymers (unimers) is extremely low resulting in
static or frozen micelles, minimizing the possible elution
of active ingredients and or excipients out of the particle.

The micellar shape strongly depends on the copoly-
mer composition. Typically the spherical shape is stable
as long as the dimension of the (highly solvated) corona
H exceeds that of the (almost solvent free) core Rc. The
core forming blocks collapse and then occupies a volume
proportional to its length. Thus the size of the core is pro-
portional to Rc ∝ N

1/3
t . The corona block, on the other

hand, remains solvated and is grafted by the ends onto the
cores. Due to the lateral interactions, the corona blocks
become stretched outward and form a molecular brush.
The height of the brush H (equal to the corona size) is
proportional to the degree of polymerization Nt, that is
H ∝ N1

t . Hence, the stability of the spherical micelle may
occur already for relatively short corona blocks (Nc < Nt).
Of course, in principle it remains possible that the dimen-
sion of the core and that of the corona are comparable.
Then the cylindrical or lamellar structures become the
geometry of choice. In the current project, however, the
corona block is long (dimensionally big) enough to expect
spherical micelles to form.

The molecular weight of the micelle, that is the num-
ber of copolymers in one micelle, is also controlled by the
copolymer composition. Basically, the longer the corona

block the smaller the aggregation number, whereas an in-
crease in the molecular weight of the core forming blocks
increases the aggregation number. The molecular weight of
the micelle is also a strong function of the driving force for
micellisation. In some mixtures of a common solvent and
a selective solvent the driving force is expected to increase
with the increase of the ratio “selective solvent”/“common
solvent”. Indeed, during the precipitation procedure we
expect the driving force to be an increasing function of
the time after the addition of the selective solvent. In the
SF-SCF modeling [36] we have simplified this process by
taking a simple selective solvent, which presents a moder-
ate driving force for micellisation. This leads to predictions
in trends in micelle size and molecular weight which can
directly be tested experimentally.

The micelles that can be generated by the precipita-
tion method have ideal sizes for drug delivery formula-
tions. These formulations are very stable in time and the
elution profiles can be governed by the excipients, species
only present in the core of the micelle together with the
active ingredient, and the used copolymer, present on the
interface between micelle core and corona. Most release
profiles are governed by diffusion and or desorption, an
excipient can alter the desorption of an active ingredi-
ent from micellar core to corona and thus having an ef-
fect on release. In other cases an excipient can also act
as a preservative for the active ingredient. Butylhydroxy-
toluene [44,45] (BHT) or β-carotene [46] are often used as
a preservative (antioxidant) to avoid oxidative decline of
the active ingredient due to oxygen, hydrolysis, salt, pH
or other chemical species chemically altering the original
active ingredient.

2.3 Self-consistent field theory and molecular model

The theoretical toolbox for the study of self-assembly of
copolymers is not very large. Important for the success
is that the molecular structure of the copolymers is rel-
atively accurately accounted for both from a structural
and from an¡ interaction point of view. Molecular simula-
tions can be used, but effectively need a significant coarse
graining step in order to keep the simulation time within
reasonable bounds. As an output, simulations give a very
detailed picture, that is, the micelle structure presents it-
self in full glory. Importantly, the thermodynamic infor-
mation of the system is typically lacking and therefore it
is hard to estimate the relevance of a particular micellar
structure for a practical system of interest.

In this work we opt for an approximate mean-
field approach. More specifically we choose for the
Scheutjens-Fleer self-consistent field (SF-SCF) method.
The important argument in favor of this approach is
that the method starts with a (mean field) free-energy
formula and therefore the results are readily analyzed
in the thermodynamic context. This means that one
can estimate more easily the relevance of a particular
result for the experimental system. The optimization of
the mean-field free energy gives structural information
of the micelles, which is still rather detailed. The fact
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Table 1. Number of Kuhn segments (NK) of blocks used in
the copolymers studied.

Blocks in copolymers NK

PEO 6k 60

PEO 3k 30

PLGA 7.5k 60

PLGA 3.75k 30

PCL 1.9k 17

β-carotene 5

Rapamycin 9

Table 2. χ-parameters for the monomer-solvent interac-
tion used in SF-SCF computations (EG: ethylene glycol,
LGA: Lactic-co-glycolic, CL: caprolactone, BC: β-carotene and
Rapa: rapamycin). The block lengths and the corresponding
Kuhn lengths are collected in table 1.

Monomer-solvent interaction χ

EG-water 0.4

LGA-water 1.6

CL-water 3.0

LGA-EG 1.0

CL-EG 1.0

BC-water 4.0

BC-EG 1.0

BC-LGA 0.4

Rapa-water 6.0

Rapa-EG 1.0

Rapa-LGA 0.4 or 2.0

that the micelles are composed of copolymers that are
densely packed appears important. For this situation each
molecule interacts with many neighbors and therefore the
mean-field approximation is relatively accurate. On top
of this the calculation time is extremely short (in com-
parison to simulations). Last, but not least, molecularly
realistic models can be implemented with relatively few
effective interaction parameters. Although, in principle
the interaction parameters can be measured, in practice
they are largely unknown. The same holds true, obviously,
for the current systems under investigation.

Polymers are considered to be composed of (so-called)
Kuhn segments, see table 1. A Kuhn segment occupies
one grid unit (r) in our calculations which corresponds to
0.8 nm. This allows the use of freely jointed chain model.
Within this chain model, there exists an efficient proce-
dure to compute the partition function and thus full ther-
modynamic information can be obtained. In this approach
the architecture of the chain parts in the copolymers is ac-
curately accounted for. The interactions are accounted for
using the Bragg-Williams approximation, which ignores
local density correlations analogous to the Flory-Huggins
theory for polymer solutions. The Flory-Huggins interac-
tion parameters that specify the solvent quality of the seg-
ments, as well as the interactions between the segments
are easily estimated, see table 2.

(a)

(b)

Fig. 1. Equilibrium radial density profiles of water, total
copolymer, PLGA blocks and PEO block as a function of
the center from a micelle r. In panel (a) β-carotene is added
to a PLGA30PEO30PLGA30 triblock copolymer micelle. In
panel (b) rapamycin is added to a PLGA60PEO60PLGA60 tri-
block copolymer micelle. In this way we compare via SCF and
DLS measurement the influence on the hydrodynamic diame-
ter and the difference between the theoretical calculation and
the experiment. The SCF hydrodynamic diameter in panel (a)
is calculated as follows: (20 × 0.8)(nm) × 2 = 32(nm) and for
panel (b): (28 × 0.8)(nm) × 2 = 45(nm).

As the accurate value of the interaction parameters
depends on how many details of the polymeric chains
are accounted for, it is non-trivial to tabulate these.
Hence, one should calibrate the parameter for each sys-
tem under investigation. This means that there should
be relevant experimental observables to do so. In prac-
tice therefore, one typically selects a particular case (here
a particular copolymer system), adjusts the interaction
parameters somehow until there is a reasonable match
between, e.g., the micelle size predicted by theory and
found experimentally. Subsequently, the set of parameters
is fixed and the model is used to predict the structural
features of the micelles for other systems. In fig. 1 equilib-
rium density profiles of active ingredient loaded PLGA-
based triblock copolymer micelles are shown comparing
the SF-SCF calculated and DLS measured hydrodynamic
diameters. In fig. 1(a) the loaded active ingredient is β-
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Fig. 2. Schematic of the ring-opening polymerization of the triblock copolymers. In our case x = y, and x + y is the number of
D,L-Lactide and Glycolide repeating units randomly distributed in the hydrophobic end blocks. In the case of m = 136 ethylene
oxide repeating units x + y is 115, referred to as TBB1, and for n = 68 ethylene oxide repeating units x + y is 58, referred to as
TBB2 for the PLGA based triblock copolymers. For the PCL based triblock copolymer, referred to as TBC1, there are n = 68
ethylene oxide repeating units with q = 17 caprolactone repeating units.

Table 3. PLGA-based triblock copolymer synthesis weights.

Triblock Initiator; hydrophilic Hydrophobic end blocks Catalyst
copolymer
ID

middle block; mass
(grams)

D,L-Lactide
(grams)

Glycolide
(grams)

Sn2Oct
(mg)

TBB1 PEO-6000-diol; 2.8467 3.9131 3.2471 4.4
TBB2 PEO-3000-diol; 2.8573 3.9098 3.3233 4.4

Table 4. PCL-based triblock copolymer synthesis weights.

Triblock
copolymer
ID

Initiator; hydrophilic
middle block; mass
(grams)

Hydrophobic
end blocks
ε-caprolactone
(grams)

Catalyst-solution
58.10 mg Sn2Oct/
5 mL Hexane (mL)

TBC1 PEO-3000-diol; 8.8554 11.1555 1.000

carotene, see fig. 6 for the stability data of the β-carotene
loaded micelles. In fig. 1(b) the loaded active ingredient
is rapamycin, see table 16 for the stability data of the
rapamycin loaded micelles. We refer to ref. [36] for more
details.

3 Materials and methods

3.1 Materials

All triblock copolymers were synthesized by ring-opening
polymerization of D,L-lactide, glycolide or caprolactone
using PEO-(3.0 kDa and 6.0 kDa)-diol as an initiator and
stannous octoate as a catalyst at 150 ◦C under vacuum.
D,L-Lactide and glycolide were purchased from Purac
(Goringchem, the Netherlands), polycaprolactone and β-
carotene from Sigma (St. Louis, USA). PLGA 20 kDa
was purchased from Ingelheim Boehringer (Ingelheim am
Rhein, Germany). Polycaprolactone 80 kDa was purchased
from Solvay (Oudenaarde, Belgium) PEO (3.0 kDa and
6.0 kDa) and Sn2Oct were purchased from Aldrich (St.
Louis, USA). Acetone was purchased from BASF (Bayern,
Germany). Rapamycin was purchased from Oscar Tro-
pitzsch (Germany).

3.2 Methods

3.2.1 Ring-opening polymerization method for the triblock
copolymers [47,48]

PLGA-PEO-PLGA triblock copolymers

The PEO was weighed into a two-necked round bottle
flask after drying for 24 hours in a vacuum oven at 90 ◦C
and subsequently placed in an oil bath at 150 ◦C. A vac-
uum was employed for at least 60 minutes before con-
tinuing the synthesis. The addition of lactide and gly-
colide (molar ratio of lactide:glycolide = 50:50) was car-
ried out by removing the vacuum and at the same time
flushing with nitrogen gas. When a homogenous melt, un-
der stirring, was obtained the catalyst, stannous octoate
(Sn2Oct), was added in the same way as the addition of
the monomers.

The reaction conditions were maintained for 20 hours
whereafter the vacuum was replaced by nitrogen gas and
the ring-opening polymerization was completed, see fig. 2
for the reaction scheme and table 3 for synthesis weights.
The copolymers obtained in this way are listed in table 5.

PCL-PEO-PCL triblock copolymers
The PEO along with ε-caprolactone was charged in a
100mL round-bottomed flask. The reaction mixture was
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Table 5. Triblock copolymers ID and composition.

Triblock
ID

Triblock (A-B-A) copolymer composition

PLGA-block (A) PEO-block (B) PLGA-block (A)

TBB1 7.5 kDa 6 kDa 7.5 kDa

TBB2 3.75 kDa 3 kDa 3.75 kDa

PCL-block (A) PEO-block (B) PCL-block (A)

TBC1 1.9 kDa 3 kDa 1.9 kDa

Table 6. Different weights for the reproducibility test on the nanoprecipitation process for “empty” triblock copolymer based
micelles.

Triblock ID Triblock mass (mg)/
mL acetone

Sample ID Group ID

TBB2 59.89 TBB2R1

TBB2RTBB2 60.07 TBB2R2

TBB2 60.13 TBB2R3

TBC1 60.07 TBC1R1

TBC1RTBC1 60.28 TBC1R2

TBC1 60.19 TBC1R3

heated to 100 ◦C and stirred till a homogenous mixture
was formed. A catalyst stock solution of tin(II)octoate
was prepared in hexane. 1mL of the catalyst stock solution
was added to the reaction mixture at 100 ◦C. The reaction
mixture was further heated to 150 ◦C for an additional
18 hours (overnight) to allow the reaction to proceed.
The following morning the reaction mixture was cooled
to room temperature, an off white waxy solid material
was obtained, table 4 shows the synthesis weights. The
copolymers obtained in this way are listed in table 5.

3.2.2 Purification of the synthesized triblock copolymers

The triblock copolymer was dissolved in acetone at a
weight percentage of 10-20%, filtered over an Acrodisc
premium 25mm Syringe filter, GxF/0.45μm PVDF mem-
brane, to remove particulate impurities and dust particles,
which can interfere with the nanoprecipitation process,
collected into an 500mL PTFE beaker and evaporating
of the solvent over night (10-12 hours) at maximum 40 ◦C
and minimum 300mbar.

3.2.3 Nanoprecipitation/nanoparticle preparation method

Typically, 300mg of copolymer was weighed and dissolved
in 5.000mL of acetone resulting in a clear copolymer so-
lution after 30 minutes on an orbital shaker. Prior to
the nanoprecipitation process all solutions (milliQ water,
copolymer-, copolymer/active ingredient-, copolymer/and
copolymer/active ingredient/excipient-solutions) were fil-
tered over an Acrodisc LC25 mm Syringe filter 0.2 μm
PVDF membrane. See fig. 3 for basic nanoprecipitation
process setup. In order to obtain excipient-loaded micelles,
300mg copolymer was weighed and subsequently dissolved

Fig. 3. Schematic of basic nanoprecipitation process setup.

in solvent, the excipient was weighed and dissolved in the
copolymer solution. The excipients were chosen from two
different homopolymers. The weight percentage of the ex-
cipient in ratio to the copolymer was calculated as follows:
weight% = [(excipient mass)/(excipient mass + copoly-
mer mass) ×100]. A volume of 0.400mL of the copolymer
or copolymer/excipient solution was added to 10.00mL of
aqueous solution with an Eppendorf pipette, the addition
with the pipette was carried out within one second, where-
after the suspension was manually homogenized within
five seconds.

Nanoprecipitation reproducibility
To check the reproducibility of the nanoprecipitation pro-
cess, three different formulations were made, weighed and
dissolved, at three different days per triblock copolymer
type. After nanoprecipitation the sample was measured
within 15 minutes. TBB2 and TBC1 triblock copolymers
were used to check the reproducibility of “empty” micelles.
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Table 7. Different weights for the reproducibility test on the nanoprecipitation process for active ingredient, rapamycin, loaded
micelles for PCL-PEO-PCL triblock copolymer based micelles.

Triblock ID Triblock mass (mg)/
mL acetone

Mass active ingredient
(RAPA; mg)

Sample ID Group ID

TBC1 30.14 1.59 TBC1RE1

TBC1RETBC1 30.05 1.63 TBC1RE2

TBC1 30.11 1.54 TBC1RE3

The TBC1 triblock copolymer was also mixed with an ac-
tive ingredient, rapamycin, to check the reproducibility on
the active ingredient loaded nanoprecipitation process.

Table 6 shows the concentrations used of the TBB2
and TBC1 copolymer in the nanoprecipitation setup.
0.400mL of the copolymer solution was precipitated in
10.00mL MilliQ water.

Table 7 shows the weights of the used copolymer
triblock together with the active ingredient rapamycin
(RAPA) weights in the nanoprecipitation setup. 0.400mL
of the copolymer/active ingredient solution was precipi-
tated in 10.00mL MilliQ water.

Single excipient, homopolymer, loaded micelles
The interest in copolymer micelles is in part due to their
relatively large loading capacity, even for relatively high
molecular weight compounds the following experiments
were carried out. All three triblock copolymers were tested
together with a homopolymer as an excipient to determine
the loading capacity/capability and the relation between
excipient weight percentage and size. TBB1 copolymer
was made in a stock solution of 62.68mg TBB1 triblock
copolymer per mL acetone (1.2536 gram/20.00mL ace-
tone). Different masses (see table 8) of PLGA 20k were
weighed into a vial. Afterwards 1.000mL of the TBB1
triblock copolymer solution was added to all weighed ex-
cipients. TBB2 copolymer was made in a stock solution
of 63.45mg TBB2 triblock copolymer per mL acetone
(0.6345 gram/10.00mL acetone).

Different masses (see table 9) of PLGA 20k were
weighed into a vial. 1.000mL TBB2 triblock copolymer
solution was added to the excipient vials. TBC1 copoly-
mer was made in a stock solution of 63.21mg TBC1 tri-
block copolymer per mL acetone (0.6321 gram/10.00mL
acetone). Different masses (see table 10) of PCL 80k were
weighed into a vial and dissolved as the other copolymer
excipient solutions.

After complete dissolution on an orbital shaker, re-
sulting in a clear copolymer/excipient solution ready
to be precipitated in MilliQ water (0.400mL of the
copolymer/excipient solution was precipitated in 10.00mL
MilliQ water).

Nanoprecipitation of single component loaded micelles
TBB1 copolymer and TBB2 copolymer were dissolved in
acetone, see table 11 for the triblock copolymer solutions.
The excipient, PLGA 20k and the active ingredients ra-
pamycin and β-carotene, were dissolved in acetone so-
lution, see table 12 for the single component solutions.

Table 8. TBB1 triblock copolymer (PLGA-PEO-PLGA; 7.5-
6-7.5) excipient (PLGA 20k) loaded micelles (62.69 mg TBB1
triblock copolymer per mL acetone) series; TBB1E.

Mass excipient
(mg)

Wt% excipient (%) Sample ID

0.000 0.00 TBB1E1

2.334 3.39 TBB1E2

2.912 4.44 TBB1E3

6.222 9.03 TBB1E4

7.581 10.79 TBB1E5

7.969 11.28 TBB1E6

10.888 14.80 TBB1E7

13.554 17.78 TBB1E8

13.213 17.41 TBB1E9

15.758 20.09 TBB1E10

16.521 20.86 TBB1E11

18.072 22.38 TBB1E12

22.126 26.09 TBB1E13

22.541 26.45 TBB1E14

25.864 29.21 TBB1E15

Table 9. TBB2 triblock copolymer (PLGA-PEO-PLGA; 3.75-
3-3.75) excipient (PLGA 20k) loaded micelles (63.45 mg TBB2
triblock copolymer per mL acetone) series; TBB2E.

Mass excipient
(PLGA 20k) (mg)

Wt% excipient (%) Sample ID
TBB2E

0.000 0.00 TBB2E1

0.641 1.00 TBB2E2

3.339 5.00 TBB2E3

7.050 10.00 TBB2E4

11.197 15.00 TBB2E5

21.150 25.00 TBB2E6

27.193 30.00 TBB2E7

0.300mL of the triblock copolymer solution was mixed
with 0.100mL of the single component solution, result-
ing in 0.400 ml of copolymer/single component-solution,
table 13. 0.400mL of the copolymer/single component so-
lution was nanoprecipitated into 10.00mL of MilliQ water
and measured by DLS in time to monitor stability.
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Table 10. TBC1 triblock copolymer PCL-PEO-PCL; 1.9-3-
1.9) excipient (PCL 80k) loaded micelles (63.21 mg TBC1 tri-
block copolymer per mL acetone) series; TBC1E.

Mass excipient (PCL
80k) (mg)

Wt% excipient (%) Sample ID
TBC1E

0.000 0.00 TBC1E1
0.703 1.10 TBC1E2
3.538 5.30 TBC1E3
7.023 10.00 TBC1E4
11.242 15.10 TBC1E5
15.803 20.00 TBC1E6

Table 11. Triblock copolymer solutions.

Copolymer ID Copolymer
mass (mg)

mL acetone Copolymer
solution ID

TBB1 164.1 2.400 TBB1CS1
TBB2 1894.47 31.575 TBB2CS1

Table 12. Single component solutions.

component ID Component
mass (mg)

mL acetone Component
solution ID

PLGA 20k 6.8375 1.000 ES1
Rapamycin 0.800 0.800 ES2
β-carotene 8.75 1.000 ES3

3.2.4 Particle size analysis

Particle size analyses were performed using three differ-
ent techniques. First a cryo-TEM study was performed
showing only the presence of perfectly spherical parti-
cles. Secondly, a static multi angle light scattering analysis
was performed. The static light scattering experiment was
done to validate; the more straight forward Dynamic Light
Scattering (DLS) measurement we performed. Both static
multi angle and dynamic light scattering revealed similar
sizes. Cryo-TEM and static multi angle light scattering
were both performed on non-loaded, empty, and loaded
micelles. Cryo-TEM and static multi angle light scatter-
ing results are not included. We have limited ourselves to
report DLS results which could be performed on all sam-
ples.

The size of the micelles was determined by Dynamic
Light Scattering (DLS) (Zetasizer Nano ZS, Malvern In-
struments Ltd., Malvern, UK) at 25 ◦C at a scattering
angle of 173◦. Ideally the number of photon counts is
high enough to get a good signal-to-noise ratio and yet
small enough to prevent multiple scattering effects. The
reported polydispersity index (PdI) is as given by the
Malvern Zetasizer Nano ZS, as for the reported hydro-
dynamic diameter (Dh) (z-averaged hydrodynamic diam-
eter). Polydispersity for this light scattering analysis is
used to describe the width of the particle size distribution,
derived from the polydispersity index. The polydispersity
index is a parameter calculated from the Cumulants anal-
ysis of the DLS measured intensity autocorrelation func-

tion. In the cumulants analysis, a single particle size is
assumed and a single exponential fit is applied to the au-
tocorrelation function. All samples were measured as pro-
cessed, undiluted. Size distributions measured with DLS
were unimodal.

4 Results

4.1 DLS results on reproducibility on empty and active
ingredient loaded micelles

To enable a nanoprecipitation reproducibility test, TBB2
and TBC1, see table 5, triblock copolymers were made
in three separate copolymer solutions in acetone and pre-
cipitated in MilliQ to see what the reproducibility of the
process is. Table 14 shows the results of the reproducibil-
ity test of empty and active ingredient loaded micelles.
We note that the PdI for all samples in this table are
below 0.1. TBB2R series is to check the reproducibil-
ity of making empty TBB2 copolymer micelles, TBC1R
shows the results on the reproducibility of TBC1 copoly-
mer micelles and TBC1RE shows the reproducibility of
rapamycin loaded TBC1 copolymer micelles, see tables 6
and 7 sample group ID.

The reproducibility of all three sample groups is excel-
lent, showing low standard deviations (stdev) on hydro-
dynamic diameter and PdI. The hydrodynamic diameters
of the separate sample groups are within 1 nm (range).
The PdI of the separate sample groups shows narrow
monomodal particle distributions. Another observation is
the smaller averaged hydrodynamic diameter size of the
TBC1RE sample group compared to the TBC1R sam-
ple group. Although the TBC1RE sample group is loaded
with rapamycin and the TBC1R sample group only con-
sists of empty micelles. Still the TBC1RE group has a
smaller hydrodynamic diameter size which can only be
explained by strong (hydrophobic) interactions between
active ingredient, rapamycin, and the hydrophobic end
blocks in the core leading to a higher packing density and
lower water content in the core resulting in slightly smaller
particles.

4.2 DLS results of single excipient, homopolymer,
loaded micelles

Inspired by the SF-SCF results in fig. 8 of our recent pa-
per [36], we investigated whether a hydrophobic polymeric
excipient with a chemical composition similar to the hy-
drophobic blocks of the copolymers used can be encap-
sulated. In this way we determined the loading capac-
ity/capability and the relation between excipient weight
percentage and (hydrodynamic diameter) size. It indeed
appears to be possible to fill the micelles with inactive
ingredients as follows from the increase of the size of the
micelles and it turns out that the amount of excipient al-
lows tuning the particle size of the resulting micelles. We
have collected DLS results of the hydrodynamic diameter
and PdI in figs. 4 and 5.
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Table 13. Copolymer/single component solution; 0.400 mL precipitated in 10.00 mL Milli Q water.

Copolymer/single component solution
Copolymer solution Single component solution

Copolymer
solution ID

mL copolymer
solution

component
solution ID

mL single
component
solution

Micelle
suspension ID.

TBB1CS1 0.300 ES1 0.100 TBB1EX

TBB1CS1 0.300 ES2 0.100 TBB1R

TBB2CS1 0.300 ES3 0.100 TBB2BC

Fig. 4. Hydrodynamic diameter as function of the loading wt%
TBB1, TBB2 and TBC1 excipient loaded, PLGA 20k for TBB1
and TBB2 and PCL 80k for TBC1, micelles, as measured by
DLS.

Fig. 5. TBB1, TBB2 and TBC1 excipient loaded, PLGA 20k
for TBB1 and TBB2 and PCL 80k for TBC1, micelles, DLS
measurement results for the PdI.

These results indicate that we can produce tailor-made
nanoparticles for drug delivery, at a given size with a given
loading. See the appendix for a rationale for the linear
dependence of d (hydrodynamic diameter) on the amount
of excipient.

Table 14. Reproducibility results on separate performed nano-
precipitation processes on empty and active ingredient loaded
micelles in terms of the (averaged) hydrodynamic diameter,

D
(av)
h and the standard deviation, σDh .

DLS results for the size (nm)
Sample
group ID

Sample ID Dh Dav
h σDh

TBB2R
TBB2R1 31.1

31.3 0.3TBB2R2 31.6

TBB2R3 31.3

TBC1R
TBC1R1 26.8

26.9 0.2TBC1R2 27.1

TBC1R3 26.9

TBC1RE
TBC1RE1 26.5

26.4 0.1TBC1RE2 26.4

TBC1RE1 26.4

For most medical applications micellar size is of
paramount importance for the therapeutic efficacy of the
treatment. Some anti-cancer therapies take advantage of
the EPR-effect where size control between 50 and 80 nm
is mandated. Using TBB1, see table 5, copolymer tri-
blocks with a 5% weight loading of excipient will render
micelles with a hydrodynamic diameter of approximately
50 nm; if using TBB2, see table 5, copolymer triblocks
with the same weight percentage of excipient loading will
render micelles with an approximate hydrodynamic diam-
eter of 40 nm. If the drug loading/concentration is impor-
tant the size can be tuned using higher or lower molecular
weights of the triblock copolymers resulting in, respec-
tively, smaller or bigger micelles with the same loading of
active ingredient, mass of active ingredient per micelle.

Remarkable is the difference in slope comparing TBB
triblock copolymer excipient loaded micelles with TBC1,
see table 5, triblock copolymer loaded micelles. In ap-
pendix A there is a rationale about the linearity of the
slope. From eq. (A.5), see appendix A, it follows that
the slope is proportional to Γ/ccopol. Since in these ex-
periments ccopol is fixed, a higher slope indicates that
the corona density is higher for the PCL triblock copoly-
mers. This actually agrees with our SCF computations,
see figs. 6, 7 and 9 in [36].
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4.3 Size stability of single component, homopolymer
and active ingredient (rapamycin and β-carotene)
loaded micelle formulations in time

Using hydrolytically degradable polymers (PLGA and
PCL) will have an impact on micellar suspension stability
in time due to hydrolytic degradation of the (hydropho-
bic) blocks in the triblock copolymers in an aqueous en-
vironment. In order to assess the real micellar stability
it has been decided to focus on the stability before hy-
drolytic degradation can have an effect on micellar stabil-
ity. Arbitrarily we chose 15 days as the time after which
the hydrolytic degradation of the block copolymers will
have the most prominent effect on the stability [49]. The
lack of change in size, hydrodynamic diameter, and PdI
within 15 days after preparation will reveal the stability
of micellar suspensions in time. To avoid continuous DLS
measurements, the samples were subjected to a daily vi-
sual inspection. In this way we could detect instabilities
such as agglomerates, change in appearance and/or color.
If such a change was detected the sample was measured
by DLS. If no changes were observed the formulation was
measured after preparation at day 1 and after 15 days.
First homopolymer excipient loaded micelles were tested
on stability and subsequently active ingredient loaded mi-
celles were tested on stability, all stability testing was at
room temperature.

4.3.1 Size stability of single component,
homopolymer-loaded micelle formulations in time

TBB1, see table 5, triblock copolymer excipient loaded,
PLGA 20k, micelles were tested on stability in time. Be-
tween the first day and the following 14 days no visual
change of the micellar suspension was observed. From the
reproducibility data in table 14 it is clear that the results
of day 1 and day 15 are (table 15) very similar. This im-
plies that the particles are stable for 15 days.

4.3.2 Size stability of single component, active ingredient
(rapamycin and β-carotene), loaded micelle formulations in
time

TBB1 (see table 5) triblock copolymer micelles were
loaded with rapamycin as an active ingredient to test the
stability of active ingredient loaded micelles. Since the
weight percentage of the active ingredient with respect
to the triblock copolymer content is small (approximately
0.5% (wt%) in ratio to the used triblock copolymer) the
size of the active ingredient loaded micelle does not change
very much compared to the empty micelles. However, it
was expected that the active ingredient would have some
effect on the size, therefore it was decided to measure this
sample without any visual indications also on the second
day after processing to see if something happens with the
initial processed size.

Table 15. TBB1 homopolymer, PLGA 20k, loaded micelle
stability; TBB1EX-series, DLS results.

Sample ID Time (days) Hydrodynamic
diameter (nm)

PdI

TBB1EX
Day 1 48.7 0.19

Day 15 49.1 0.10

Table 16. TBB1 active ingredient, rapamycin, loaded micelle
stability; TBB1R-series, DLS results

Sample ID Time (days) hydrodynamic
diameter (nm)

PdI

TBB1R
Day 1 45.3 0.20

Day 2 43.8 0.20

Day 15 45.3 0.11

Fig. 6. TBB2 triblock copolymer active ingredient (β-
carotene) loaded micelles stability, TBB2BC-series, DLS re-
sults (the line in the hydrodynamic diameter results is to guide
the eye).

As can been seen in table 16 there was a slight decrease
in size within the first two days. Subsequently, however
there were no visual indications implying any instability.
At day 15 the sample was measured and the hydrodynamic
diameter turned out to be similar the measurement on
day 1. The PdI however, seems to decline in time, which
is the same for homopolymer loaded micelles (table 15).
The reason for the initial size change between day 1 and
day 2 needs more investigation as the drop for the PdI.
Overall, it seems that the particle size is fairly constant
and the dispersion appears to have a long shelf-life.

TBB2, see table 9, triblock copolymers were loaded
with β-carotene as an active ingredient. For making mi-
celles loaded with β-carotene it is known that they suf-
fer from Ostwald ripening [31]. If these micellar suspen-
sions can resist Ostwald ripening (constant size in time) we
can conclude that active ingredient transport from inner-
micelle to bulk is limited. Figure 6 shows the results of
the TBB2 triblock copolymer β-carotene loaded micelle
stability test. On day 8 the suspensions color changed
from orange to yellow, probably due to oxidation of the
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β-carotene. From the DLS measurements it appeared that
the hydrodynamic diameter was increasing slightly while
the PdI was still more or less stable at day 8. At day
14 there was a turn over from the color from yellow to
white resulting in a stable hydrodynamic diameter but an
increase in PdI. In order to see what was further happen-
ing we continued the measurement until visual aggregation
of the suspension was observed on day 26 were after DLS
measurements were no longer possible.

5 Conclusions

We have shown that well-defined micelles can be prepared
composed of PCL-PEO-PCL and PLGA-PEO-PLGA tri-
block copolymers using the nanoprecipitation approach.
By adding hydrophobic compounds we can load the mi-
celle in order to achieve a desired particle size and loading.
Ostwald ripening was minimized with this approach. Sta-
bilization of micelles by block copolymers prevents parti-
cle aggregation, but the stabilizing polymer layer is open
enough to allow solute mass transfer. In order to pre-
vent/minimize solute transfer it is desired to tune the par-
ticle core composition to prevent this mass transfer. Addi-
tionally, the solubility of the encapsulated compound can
be decreased by antisolvent addition to the bulk result-
ing in a significant slow down of Ostwald ripening. The
extremely low solubility of the used triblock copolymers
limits copolymer exchange between micelle and bulk again
minimizing solute mass transfer and slowing down Ost-
wald ripening. There is no need to use surfactant in this
process, conventional nanoprecipitation processes need an
excess of surfactant, mostly very water soluble with rel-
ative high CMCs. Since we incorporated the surfactant
function in the polymer backbone, no exchange of ad-
sorbed and free surfactant is needed for stable suspensions.
This also avoids washing the nanoparticle suspension to
remove excess of free surfactant used in the process and
limits Ostwald ripening. We were able to synthesize dif-
ferent kinds of triblock copolymers allowing simultaneous
tuning of the size and loading. When performing the nano-
precipitation process there is hardly an influence of tem-
perature and triblock copolymer molar mass polydisper-
sity. However, using these micelles in electrolytes, e.g. in
vivo, care must be taken to avoid destabilization of the mi-
celles due to electrostatic interactions. Non-reported data
shows that it is feasible to perform the nanoprecipitation
process, using the mentioned triblock copolymers, in dif-
ferent electrolytes at different pH’s and that the suspen-
sion stays stable in time.

SF-SCF computational predictions that we recently
performed provide an accurate prediction of the size of
active ingredient loaded and unloaded micelles. SF-SCF
computations enable to predict equilibrium copolymer mi-
celles. The hydrodynamic size that follows from these com-
putations matches well with the measured particle sizes
from dynamic light scattering. From the computations it
follows that the size of the nanoparticles is determined

by the number-averaged molar mass of the block copoly-
mers; polydispersity hardly affects the size of the micelles.
SF-SCF is an ideal tool to unravel the structure-function
relationship between copolymer composition and micellar
size and morphology. Using theoretical SF-SCF predic-
tions will lead to more efficient experimentation.

Appendix A.

The linear dependence of Dh on the amount of loaded
component(s) can be rationalized as follows. The mi-
celles are stabilized by the copolymers with the PEO
parts forming a steric stabilization layer. Consider Np

copolymer particles, each having a diameter d and vol-
ume vp = (π/6)d3, in a total volume V . Such a dispersion
has a volume fraction φ of particles:

φ =
Npvp

V
. (A.1)

The total amount of surface in the volume V is

AT = Npπd2. (A.2)

From eqs. (A.1) + (A.2) it follows that

AT =
6φV

d
. (A.3)

Imagine all copolymers (acting as surfactants) are at the
particle-solvent interface. Then the total (initial) copoly-
mer concentration equals

ccopol =
Γ∞AT

V
, (A.4)

where Γ∞ is the adsorbed amount of polymers (surfactant)
at saturation. For example, for homopolymers this amount
is ≈ 1mg/m2. Insertion of (A.3) into (A.4) yields

Dh =
6Γ∞φ

ccopol
. (A.5)

This means that, for instance, for Γ∞ = 1mg/m2, d =
30nm and φ = 0.1, one expects an overall copolymer con-
centration of 20 g/L is covering the surfaces. From (A.5)
it follows that it is fair to assume that Dh increases lin-
early with the wt% of loaded component(s) because it is
proportional to the volume fraction of particles.
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