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Nanoprecipitation  of  polymers  in  a
bad  solvent  with  surfactants  was
examined.
We  derived  a kinetic  model  for  diffu-
sion limited  coalescence.
Final  nanoparticle  size  is  indepen-
dent of polymer  molar  mass  of the
polymer.
The  final  particle  volume  increases
linearly  with  polymer  concentration.
Experimental  results  are  in  good
agreement  with  theoretical  predic-
tions.
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a  b  s  t r  a  c  t

Nanoparticles  (NPs)  composed  of polymers  are  of  great  interest  since  they  can  add  a functionality  in  many
applications,  ranging  from  food  and  pharma  to  plastics  and  electronics.  A  key  factor  that  determines  the
functionality  of NPs  is  their  size.  Nanoprecipitation  [1]  is  a  commonly  used  technique  to  prepare  NPs.  We
have  performed  a combined  experimental  and  theoretical  study  on  the size  of  NPs  formed  by  precipitation
of  polymers  into  a bad  solvent  in  the  presence  of a  stabilizing  surfactant.

We propose  an  extension  of  the  theoretical  framework  put  forward  by  Lannibois  et  al.  [10] for
nanoparticle  formation  via  precipitation.  Our theory  is based  upon  a kinetic  model  for  diffusion  lim-
ited  coalescence  (DLC)  in which  the  relevant  transport  and  diffusion  mechanisms  are  quantified.  We  find
that  the macroscopic  mixing  time  and  the  diffusivity  of  the  polymer  and  surfactant  are the  main  param-
eters  determining  the  final  particle  size.  The  theoretical  result  for the final  size  can  be condensed  into  a
single  analytical  expression.  At given  polymer  concentration  and  mixing  time,  it  follows  that  the  smallest
particles  can  be obtained  in  the  excess  of  surfactant.  This situation  corresponds  well  to  the  experimen-
tally  used  conditions.  The  mixing  efficiency  is predicted  to have  a profound  influence  on  the  final  particle

diameter:  faster  mixing  results  in smaller  particles.  The  final  particle  size  in  the  slow  mixing  regime,
which  is  the  typical  situation  in  experiments,  turns  out  to be independent  of the  molar  mass  of  the  poly-
mer  and scales  as  a power  1/3  with  the  initial  polymer  concentration.  An  increase  of  the  surfactant  molar
mass  is  predicted  to lead  to larger  particles,  because  of  longer  mixing  time  and lower  surfactant  mobility.

We have  performed  systematic  experimental  investigations  on  nanoparticles  formation  using  various
olycaprolactone  (PCL)  polymers  in  acetone  precipitated  in aqueous  solutions
systems  but  focused  on  p
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containing  polyvinyl  alcohol  as surfactant.  The  PCL  molar  mass  and  concentration  and  mixing  time  were
varied.  We  show  that  both  our  experimental  results  as  well  as  literature  data  are  in good  agreement  with
our  theoretical  DLC  predictions.  This  work  therefore  provides  a solid  framework  for tailoring  nanoparticles
with  a desired  size.
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. Introduction

Nanoprecipitation [1,2] is a promising technique for encapsu-
ating hydrophobic species in nanoparticles dispersed in aqueous
ystems [3,4]. Although the method itself is quite versatile and
an be used for a broad range of hydrophobic polymers [5], until
ow it has mainly been applied for the preparation of poly-(lactic-
o-glycolic) acid (PLGA) and polycaprolactone (PCL) particles for
rug delivery. The main promise of the technique has been a possi-
ility to encapsulate a hydrophobic drug in a submicron particle
nd thereby effectively increase its water solubility. For a short
verview of applications in physics, medicine and chemistry, see
6–9].

A typical set up of a nanoprecipitation experiment is depicted in
ig. 1. Hydrophobic species (a polymer such as PLGA in this exam-
le and/or drug) are dissolved in acetone. Note that PLGA can be
eplaced with polymers such as PCL. At room temperature, the ace-
one solution is injected into an aqueous solution of (polymeric)
urfactant such as polyvinyl alcohol (PVA). After some short period
f time a suspension of submicron particles is obtained.

Although seemingly quite straightforward, applying the tech-
ique for practical applications is not free of difficulties. For drug
elivery applications, the nanoparticles have to fulfill strict dimen-
ional criteria and should be stable over sufficiently long times.
lthough some particular methods, such as nanoprecipitation, have
een studied experimentally quite thoroughly, there is limited
orrelation with the underlying physics that determines the final
article size. A physical picture of the nanoprecipitation process
f hydrophobic molecules in water and the role of stabilizing sur-
actants was described by Lannibois et al. [10], and was being
xtended to high concentrations of polymeric hydrophobic com-
ounds [11] and applied to obtain rather narrow size distributions
12]. Knowledge of the physics that governs the nanoprecipita-
ion process could help to rationalize how various experimental
arameters, such as mixing efficiency/time, surfactant and poly-
er  concentration and molar masses, affect the final particle size.

his tremendously facilitates the design of a smarter preparation
rotocol.

For pharmaceutical applications a hydrophobic polymer (drug
arrier) is typically used in combination with a polymeric surfac-
ant to form water-suspendable particles. Alternatively, (di)block
opolymers can be used that offer the advantage of a stronger
nteraction with the carrier polymer. A vast amount of research
as been devoted to this topic, especially experimentally [13–16],
ee also the reviews [17,18]. Particle formation using nanopre-
ipitation has also been studied using computer simulations and
umerical methods, see for instance [10,14,19–21], whereas a sim-
le theoretical model with explicit analytical expressions or at least

 computationally ‘cheap’ numerical model for the size is much
ore helpful in steering the experimental research. The final size

f block copolymer micelles in water, that apparently approaches
quilibrium after a solvent switch [22], can be predicted very well
y equilibrium self-consistent field computations [23,24]. For the
ystems studied here dynamics however plays a role.
From an application point of view, the polymeric surfactant
ystem is strongly preferable compared to using copolymers.
herefore it is key to develop insight into the processes that are
perational during micellar precipitation in a polymer/surfactant
© 2013  Elsevier  B.V.  All  rights  reserved.

suspension. Lannibois et al. [10] have made a first step in under-
standing the main physics of particle formation, by realizing that
the competition between coalescence of hydrophobic material and
adsorption of surfactants at the water–hydrophobic droplet inter-
face governs the final size.

The goal of this work is to further quantify the relevant diffusion
processes during nanoparticle formation. Although the realistic
applications of the nanoparticles always involve at least three
components – surfactant, carrier polymer, and drug – we restrict
ourselves to a system without any drug present. The main question
to be answered is ‘what (process as well as polymer and surfac-
tant) parameters determine the end size of the nanoparticles?’ As
an example, one can think of the mixing intensity and temperature
as typical process parameters, and molar masses and concentra-
tions of the components as typical system parameters, and how
these determine the final result.

The outline of this manuscript is as follows. First, we  introduce
the theoretical approach that considers diffusion limited coales-
cence in a quenched polymer solution in a bad solvent. The aim
of this part is to identify the relevant coalescence rate of polymer
particles in the absence of any stabilization. Then, we proceed by
incorporating the surfactant into the system and show that in the
limit of strong polymer–surfactant interaction the system arrives
at a kinetically frozen state, in which each polymer particle is sur-
rounded by a surfactant corona. The size of the particles is shown
to depend on the interplay between the particle coalescence and
the surfactant adsorption rates. Secondly, we report our system-
atic experimental results and literature data on nanoprecipitation
in the light of the proposed theoretical model. This is followed by
discussions on the combined experimental and theoretical results
followed by the conclusions.

2. Theoretical framework

In this section we  formulate a theoretical model to describe the
nanoprecipitation process. Our goal is to provide a simple analyt-
ical expression for the nanoparticle (NP) size as a function of the
mixing intensity and the surfactant and polymer properties while
accounting for the essential features of the process. For the sake
of simplicity, we restrict ourselves to a bi-component system and
consider the case that a dilute solution of a hydrophobic polymer
is injected into a water/surfactant solution. Both polymers and sur-
factants are subject to Brownian motion. Solvent and water are
assumed to be well miscible which implies that a rapid quench
of the hydrophobic polymer in water takes place. The polymers are
now dispersed in a bad solvent so they form collapsed spheres, and
these polymer particles start to coalesce upon encounter, to form
larger particles. Simultaneously, the surfactant molecules adsorb
onto the surface of the newly formed polymeric particles. This
adsorption progressively hampers the coalescence process; steric
repulsion between the surfactants prevents coalescence. Adsorp-
tion finally fully stabilizes the individual polymer particles against

further coalescence and a stable situation is reached. The NPs
formed represent a system in a kinetically frozen state. Therefore
the NP size will depend strongly on the system kinetics, which
includes at least three processes:
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Fig. 1. Different stages of a nanoprecipitation experiment: (a) typically 1 mL  of a 10 mg/mL PLGA or PCL solution in acetone is to be added to 10 mL  of 1 wt% surfactant
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for  instance PVA or Pluronic F127) solution in water; (b) the macroscopic mixing 

istributed within the experimental volume; (d) end of the experiment: polymer sp
he  individual spheres against coalescence.

mixing polymer plus solvent with the aqueous surfactant solution
on a time scale �mix;
coalescence of the hydrophobic polymer particles (nanodroplets)
in a hostile water environment, characterized by a time scale �cls
(we suppose that the collapsed polymer molecules represent a
liquid rather than a solid state);
protection of the polymeric NPs by surfactants on a time scale
�pro. This last step brings the system into a kinetically frozen state.

elow we address these three processes in more detail. It is noted
hat a similar picture has been put forward in [10].

.1. Diffusion limited coalescence in a polymer suspension

Before considering the process for the multicomponent system
ketched in Fig. 1, let us address a somewhat simpler problem.
magine a suspension of Brownian polymer particles (collapsed
olymer chains) homogeneously distributed in a poor solvent. Such

 situation actually corresponds to the limit of ‘very fast mixing’ or
mix → 0, i.e. a very rapid quench of a polymer solution. The ini-
ial situation is similar to the one depicted in Fig. 1(c) with one

ajor difference – there is no surfactant. Apparently, in the course
f time, the particles, subject to Brownian motion, will meet each
ther, collide and stick, forming larger particles. If they were hard
solid) particles, this would lead to fractal aggregates, for which
ell-known growth laws have been developed. This case is com-
only known as ‘diffusion limited aggregation’ (DLA), leading to

ractal clusters. Such an aggregation proceeds until the clusters
eet and a space-spanning gel forms [25–27].
As our particles are liquid-like, they will coalesce to homoge-

eous spherical particles rather than forming fractal aggregates,
o that we are dealing with ‘diffusion limited coalescence’ (DLC)
28,29]. The purpose of this section is to calculate the average par-
icle size as a function of time.

We assume that the coalescence rate in such a process is only
imited by the diffusion time – the average time needed for particles
o cover the interparticle distance to meet each other – and not by
he ‘particle fusion’ itself. Then the problem is reduced to a diffusion
imited second order ‘reaction’ [30]. Such diffusion limited kinetics

ere already addressed by von Smoluchowski [31,32], who argued
hat the observed reaction rate constant for this process reads

 = 4�D′R′, (1)
here D′ = DA + DB is the sum of the diffusion coefficients of the
eacting species and R′ = RA + RB is their interaction radius. In the
ne-component case of coalescing polymers, species A and B both
c) the initial state of the system considered: polymer spheres are homogeneously
have coalesced until a protective layer of surfactant (PVA or Pluronic F127) protects

refer to coalescing polymers and an equation for the polymer con-
centration cp as a function of time can be readily written as

dcp

dt
= −Kpphc2

p = −8
3

kBT

�
hc2

p, (2)

where Kpp is the rate constant for polymer–polymer coalescence.
In Eq. (2), Dp = kBT/(6��Rp) is the Stokes–Einstein equation for the
diffusion coefficient of a sphere with a radius Rp in a fluid with
viscosity �. The subscript ‘p’ refers to ‘polymer’. The factor h equals
the probability that a collision leads to a coalescence event. We
assume h = 1 in the absence of surfactant. The coalescence time scale
immediately follows from (2)

�cls = 3
8cp0

�

kBT
. (3)

Since we  are dealing with a coalescence process, there is a direct
relation between particle mass and particle radius Rp via the mass
conservation law in the form

cp(t)R3
p(t) = cp0R3

p0.

Here, Rp0 and cp0 are the size and the number concentration of the
polymer particles immediately after mixing took place. The solvent
is assumed to be poor enough not to penetrate inside the polymer
particles, so m = 4��R3

p0cp0V/3. When a certain mass m of a poly-
mer  with density � has been initially ‘suspended’ in a volume V, Eq.
(2) can be rewritten in terms of the average polymer particle radius

dRp(t)
dt

= 2
3�

kBT

�

m

�V

1

R2
p(t)

(4)

leading to the solution

R3
p(t) = R3

p0 + 2
�

kBT

�

m

�V
t, (5)

or

Rp = Rp0

(
1 + t

�cls

)1/3
, (6)

Here Rp0 is the initial size of the polymer particles, i.e. the size just
after the mixing step has been completed. We  have neglected the
size distribution and derived an equation for the mass averaged

radius,
〈

R3
p

〉1/3
. Note that the typical values of the coalescence time

�cls in Eq. (6) are in the ms range.

In order to quantify the time scale �cls involved, let us take an

example with the following numerical values of the parameters:
polymer mass m = 10 mg  with density of approximately �∼ 1 g/cm3

is initially suspended in V = 10 mL  of water with viscosity �∼ 1 mPa s
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ig. 2. Size evolution after a quench of Brownian polymer chains in a poor solvent
or  different initial polymer particle sizes.

t T = 300 K. After substituting the numerical values in Eq. (5), we
btain

3
p(t) = R3

p0 + 2.6 × 106(nm3/s) · t [s].

he resulting time evolution of the particle size Rp(t) is depicted
n Fig. 2 for different initial values of the polymer particle size.
learly, the initial radius is important only at the very early stages
f evolution. Beyond the initial stage a quite universal behavior is
bserved where the size is solely governed by the mobility and the
otal amount of polymer. It is also apparent that the coalescence
imes involved are in the subsecond region. Indeed, it is observed
hat when one starts with an optically clear suspension, Rp0� 100
m,  within less than a second the suspension will become turbid,
p(1 s)∼ 1 �m.

One more important feature of Eq. (5), also reflected in Fig. 2, is
hat the upper particle size is unbound. In other words, the poly-

er  particles will continue to coalesce until one big (in terms of
he current model, big means infinite) particle is formed. This is
ndeed, what one should expect for a phase separation process in

 thermodynamic limit. The situation will dramatically change in
he presence of surfactant as explained in the following section.

.2. Coalescence in the presence of surfactant

Based on the above consideration, a qualitative picture about
olymer coalescence in the presence of surfactant also emerges. Par-
llel to coalescence of polymer particles, surfactant adsorption on
he polymer particles takes place. Although ‘hairy-particle’ inter-
ction [33] is quite a complex topic in itself, one point is clear: a
urfactant layer on the particle surface hinders coalescence because
wo densely covered particles cannot approach closely enough to
use. Steric repulsion between (polymeric) surfactants then leads
o a repulsive interaction between two polymer particles.

Thus, in the early stages of the process, polymer particles are
bald’ and easily fuse leading to coarser particles (h is 1 is Eq. (2)).
t the same time, the polymer droplets get covered by surfac-

ant and above a certain degree of surfactant surface coverage the
oalescence process slows down and stops when the surfaces get
aturated with surfactant. This final state leads to a finite polymer
article size, which is purely kinetically determined.

To develop a simple quantitative theoretical model, we make
se of the following assumptions:
. The solvent in the big vessel in Fig. 1 is good for the surfactant
molecules (in fact, the surfactant is also a polymer in our experi-
ments). We  shall neglect surfactant micellization by assuming
that the surfactant molecules present in surfactant micelles
sicochem. Eng. Aspects 460 (2014) 225–235

behave similarly to the dissolved ones, at least in what concerns
their agglomeration with polymeric NPs.

2. Polymer particles and surfactant molecules are both subject to
Brownian motion.

3. There is a strong favorable interaction between the polymer and
the surfactant. So, when a polymer particle and a surfactant
molecule meet, the surfactant ‘sticks’ to the surface and never
desorbs.

4. Polymer particles coalesce when they meet each other, unless
they are ‘protected’ by the surfactant molecules (we shall eluci-
date this assumption more further on). There is no particle break
up.

5. Each surfactant molecule occupies some fixed surface area a2

when adsorbed. Thus, for a given polymer particle with radius
Rp only a limited number of surfactant molecules, 4�R2

p/a2, can
adsorb on its surface.

6. We  use the mean-field continuum approximation.

In what follows, the surfactant effect will be incorporated in the
coalescence model of Section 2.1.

2.2.1. Smoluchowski’s reaction rate
Now, as we have two  ‘reacting’ species, the reaction rates for

a polymer–polymer and polymer–surfactant reactions have to be
determined. The expression for the polymer–polymer rate constant
remains unchanged [see Eq. (2)] and a similar expression for the
polymer–surfactant case can be written [10,11]

Kps = 4�(Dp + Ds)(Rp + Rs), (7)

where Kps is the rate constant that describes surfactant to polymer
adsorption. Here Rs is the radius of gyration of the surfactant in
solution and the diffusion coefficients are calculated according to
the Stokes–Einstein laws

Dp = kBT

6��Rp
and Ds = kBT

6��Rs
(8)

To be precise, using the Zimm expression [34] for the diffusion coef-
ficient of the surfactant molecules in the solvent would be more
appropriate. However, it differs from Eq. (8) only by a numerical
prefactor, which is not important given the level of accuracy of the
present model.

2.2.2. Surfactant concentration
An equation for the concentration of the unadsorbed free sur-

factant molecules can be written using the rate constant from Eq.
(7)

dcfree
s

dt
= −Kpshsc

free
s cp

= −2
3

kBT

�

(
1
Rp

+ 1
Rs

)(
Rp + Rs

)
hsc

free
s cp. (9)

The factor hs appearing in (9) expresses a probability for a surfac-
tant molecule to adsorb upon encountering a polymer particle and
is analogous to the factor h in Eq. (2) (for more details see [30]).
An interesting observation from Eqs. (9) and (2) is that �pro ∼ �cls
and, hence, the collision rate of the polymer particles and their
protection by the surfactant go at approximately the same pace.

2.2.3. Influence of surfactant on the coalescence rate
Kinetic equations (2) and (9) could be readily solved if the func-
tions h and hs were specified, which we will do next. Let us first
address the probability of particle fusion upon encounter h. The sur-
factant adsorbed on the particle surface influences h, as it reduces
the probability of a coalescence event to occur. Hence, h is a function
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f the fraction of the particle surface protected by the surfactant,
 ≡ h{n(t)a2/4�R2

p(t)}, where n(t) denotes the average number of
urfactant molecules adsorbed on a polymer particle with radius
p at time t, each surfactant molecule covering a surface area a2.

Computing the exact form of h(·) can be quite involved [35],
lthough it is clear that h(0) � 1 and h(1) � 0. As a simple approx-
mation we assume h and hs are the same. Such a choice does not
hange the scaling of the most relevant quantities but implies that
he coalescence process is hindered by surfactant adsorption, and
tops abruptly at full coverage when n = 4�R2

p/a2. Hence the coa-
escence probability is slowed down as the surfactant adsorption
ncreases. It will follow that the exact form of h and hs do not influ-
nce the final result when these functions are identical. It then also
ollows the coalescence of particles continues until the particles are
aturated with the surfactant.

.2.4. Final set of equations and solution
Let us recapitulate the theoretical model so far. Based on the

onsiderations above, we have arrived at a set of two  equations. One
quation describes the evolution of the number concentration of
he polymer particles cp during coalescence via Eq. (2) and the other
uantifies the free surfactant concentration cfree

s given by Eq. (9).
or further consideration, it is convenient to recast the expressions
n terms of the particle size Rp = Rp0(cp0/cp)1/3 and the concentration
f the attached surfactant molecules catt

s = cs0 − cfree
s :

dRp

dt
= 8

9
kBT

�
h(x)

R3
p0cp0

R2
p

, (10)

dcatt
s

dt
= 2

3
kBT

�

(Rp + Rs)
2

RpRs
hs(x)(cs0 − catt

s )cp, (11)

here x = na2/(4�R2
p) = (a2Rp/R3

p0)(catt
s /cp0). The set is completed

y the initial conditions catt
s (0) = 0 and Rp(0) = Rp0.

Solving Eqs. (10) and (11) simultaneously yields the time evolu-
ion of the particle size. However, we are interested in the final size
f the polymer particles only. Upon dividing Eq. (11) by Eq. (10) and
ssuming identical functional forms for h and hs, we  arrive at

dcatt
s

dRp
= 3

4
(Rp + Rs)

2

R2
pRs

(cs0 − catt
s ), (11a)

a2Rp

R3
p0

catt
s

cp0
≤ 1, (11b)

here an extra inequality is added to the differential equation to
ulfill the boundary conditions imposed by the functions h and hs.

Eq. (11a), (11b) has a simple solution

att
s (t) = cs0

{
1 − e− 3

4

(
ln

Rp(t)
Rp0

+ Rp(t)−Rp0
Rs

− Rs
Rp(t) + Rs

Rp0

)}
. (12)

nforcing the extra condition of Eq. (11a), (11b) onto Eq. (12) leads
o the inequality

 − exp
{

−3
4

[
ln �(t) + ˛(�(t) − 1) + 1

˛

(
1 − 1

�(t)

)]}
≤ �

�(t)
,

(13)

here some dimensionless quantities have been introduced:
(t) = Rp(t)/Rp0 is the dimensionless radius of the polymer parti-
les,  ̨ = Rp0/Rs is the ratio between the initial polymer particle
ize and the gyration radius of the surfactant molecules, and � =
�R2

p0cp0/(a2cs0) is the ratio of the total initial surface area of the
olymer particles and the maximum area surfactant molecules can
ccupy and block.
It can be shown that the largest value of � fulfilling inequality
13) corresponds to the equal sign. Hence, solving the correspond-
ng transcendental equation for � gives the final particle size.
lthough Eq. (13) cannot be solved analytically in the general case,
Fig. 3. (a) Comparison between the exact (numerical) solution of Eq. (13) and the
approximation of Eq. (14) for  ̨ = 1. (b) Sensitivity of the solution of the approximate
Eq. (14) to the parameter ˛.

explicit solutions can be derived for the final particle size in the
asymptotic limit of excess surfactant, � 	 1,

Rend
p = Rp0

(
1 + �

3/4 +  ̨ + ˛−1

)
. (14)

If surfactant is scarce, � 
 1, an even simpler analytical formula for
the end particle size Rend

p ≡ �Rp0 can be found:

Rend
p = Rp0�. (15)

The approximate solutions of Eqs. (14) and (15) are surprisingly
close to the exact one, as shown in Fig. 3(a), where the asymptotic
limits are compared to the numerical results of Eq. (13). It is also
interesting to point out that the solution is not very sensitive to the
variations in ˛, the ratio between the initial polymer particle size
and the gyration radius of surfactant. Indeed, as Fig. 3(b) shows,
only slight variations in the end size values can be observed even
if  ̨ is changed by two orders of magnitude. The interpolation

Rend
p = Rp0(1 + �) (16)

smoothly connects the above asympotic limits and actually
describes the numerical results that can be obtained from Eq. (13).

The fact that �cls ∼ �pro, as pointed out above, implies that the
final NP size is independent of the mobility of polymer or surfac-
tant molecules. In the ‘fast mixing’ limit (�mix 	 �cls) the final size
depends mainly on the surfactant concentration.

2.2.5. ‘Slow mixing’ limit
There is also another limit, �mix ≥ �cls, which is characterized by

fast particle coalescence on the time scale shorter than the typical
mixing time followed by stabilization of the NPs, thereby setting
their final size, at times t ≥ �mix. At the onset of the coarsening
process, the polymers are present as isolated chains in a good sol-
vent. As the solvent quality steeply drops the polymers collapse
instantaneously. Subsequent collision of collapsed chains leads to
coalescence following the kinetics prescribed by Eq. (10) with h ≡ 1.
At this stage (t < �mix) the surfactants cannot yet adsorb onto the
polymer droplets. After full mixing (t � �mix), the particle size has
evolved to
Rmix � Rp0 (1 + �mix/�cls)
1/3

as follows from Eq. (6). At longer times, t > �mix, there is sufficient
time for the surfactant to adsorb onto the surface of the coalescing
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or  various amounts of surfactants present expressed via �.

olymer-rich particles. As a result the system then has arrived at
 well mixed state and its kinetics obeys the set of Eqs. (10) and
11) as discussed above, with the constraint that Rmix must be used
s the ‘initial’ particle size in Eq. (16). This two-step process leads
o a final expression for the polymer particle radius in a kinetically
rozen state

end
p = Rp0(1 + �)

(
1 + �mix

�cls

)1/3
. (17)

hich is depicted in Fig. 4. In Eq. (17) we have used a simple inter-
olation (1 + �)Rp0 of Eq. (16) for the size after mixing.

The final particle radius (17) is characterized by a plateau at
mall �mix/�cls, where the NP diameter is independent of mixing
r encounter and coalescence time and is totally governed by the
urfactant concentration (parameter �) with the smallest particles
btained for large excess of surfactant (� 	 1). The other regime,
mix/�cls > 1, shows a typical 1/3 power law behavior and is dom-
nated by the mixing efficiency. This power law follows from the
imit of large �mix in Eq. (17),

end
p = Rp0(1 + �)

(
�mix

�cls

)1/3
.

n the practical case of small � and large �mix this provides the
caling result

end
p ∼(cp0�mix)1/3, (18)

here we used Eq. (3) for �cls.

.3. Implications of the model for experiments

Let us first recapitulate the qualitative model behind the calcu-
ation presented so far. The nanoprecipitation can be divided into
wo important stages: the mixing shown in Fig. 1(b) and the poly-

er/surfactant diffusion shown in Fig. 1(c) and (d). Clearly, such a
ivision is a bit artificial as there is no clear border between the
ixing and the diffusion ‘regimes’, but we will use it for the sake

f simplicity.
At the very beginning of the mixing the polymer ‘particles’ have

he size of a single swollen polymer coil because the polymer is ini-

ially dissolved in a good solvent. As soon as the individual polymer
hains are solvated by the poor solvent, they collapse to the size of
p0 and start coalescing with each other as they are yet not mixed
ell with the aqueous surfactant solution. When the time �mix is
sicochem. Eng. Aspects 460 (2014) 225–235

elapsed, acetone and water are mixed and also some coalescence
has taken place leading to the particle size Rmix.

Further coalescence is accompanied by protection of the poly-
mer  particles by surfactant. As in the experimentally relevant
regime there is a large excess of surfactant, � 	 1, the final
particle size Rend

p is expected to be close to the size at the begin-
ning of the diffusion driven coalescence process, Rend

p � Rmix �
Rp0(1 + �mix/�cls)1/3. Thus, the final polymer particle size in a typi-
cal experimental situation is mainly determined by the coalescence
during the mixing process and not by the stage after mixing has
been completed. The coalescence time expressed via experimen-
tally measurable quantities reads

�cls = 3
8

�

kBT

Mp

NAcmp
(19)

Mp is the polymer molar mass, NA is the Avogadro’s constant, and
cmp is the mass concentration of polymer in solution. We  have used
here the initial polymer particle size Rp0 = (3Mp/(4�NA�))1/3, where
� is the polymer density.

The final particle size is plotted in Fig. 4 as a function of the
mixing and the coalescence times. Two regimes can be distin-
guished in Fig. 4: one for large and one for small ratios �mix/�cls.
For very fast mixing, �mix/�cls 	 1, the final radius is of the order
of Rp0 and does not depend on �cls. Hence, the final particle size
does not depend on the polymer concentration in the limit of
very fast mixing, but does depend on the molar mass. In the
slow mixing regime, �mix/�cls > 1, a power law scaling of the
final polymer particle size with an exponent of 1/3 is predicted:
Rend

p ∼Rp0(�mix/�cls)1/3∼�1/3
mix[kBTcmp/(��)]1/3. Here the final size

will increase if �cls is decreased, e.g. due to higher concentration.
Let us finally summarize the conclusions and the theoretically

predicted trends, which can be used to control the particle size
experimentally:

1 Under the currently used experimental conditions – excess of
surfactant – the particle size at the end of the mixing phase deter-
mines the final size of the surfactant stabilized NPs. The particles
are stabilized by the surfactant corona and the system is in a
kinetically frozen state.

2 In the slow mixing regime, the size of the micelles formed is pro-
portional to the polymer concentration to power 1/3: Rend

p ∼c1/3
mp

[10,11]. So, the lower the concentration, the smaller particles can
be formed.

3 Fast mixing is essential: smaller particles are obtained when �mix
is reduced.

4  In case of relatively slow mixing, as typically encountered in
experiment, the end size is independent of the initial size of the
polymer particles. This implies, that the final size will be insen-
sitive to the molar mass of the polymer.

5 There is no explicit dependence on the molar mass of the surfac-
tants. However, the mixing time will probably increase if higher
molar mass of the surfactant is added at constant surfactant con-
centration �. Indeed, the (shear) viscosity of the aqueous solution
of surfactant (in our experiments PVA) will scale as �m(1 + �[�]),
with medium viscosity �m and where the intrinsic viscosity is
proportional to the molar mass [�]∼M0.8

s (we  have used Zimm
model in a good solvent, [34]). A higher shear viscosity of the
solution implies longer mixing times and, hence, larger NPs.

6 Another parameter, which possibly plays a role, is the tempera-
ture. As many model parameters (weakly) depend on it, explicitly
and implicitly, it is hardly possible to elucidate what the exact

effect of the temperature should be. Apparently, the higher the
temperature, the lower the coalescence time �cls, see Eq. (19). But
also the mixing time �mix will probably be decreasing upon tem-
perature rise. Although it is hard to predict what the net effect
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Fig. 5. Scheme of a pressure driven injection device used in Ref. [36] (a) and an
impinging jets mixer used in [13] (b). Fluid A is the organic phase comprising sol-
vent, the carrier polymer and the drug, fluid B is an aqueous solution containing
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on the ratio �mix/�cls will be, we mention it as a tool to adjust the
particle size to a limited degree.

. Materials and methods

.1. Materials

Polycaprolactone (PCL) of different molar masses (CAPA 2203;
 kDa, 2403; 4 kDa, 2803; 8 kDa, 6250; 25 kDa, 6400; 37 kDa,
500; 50 kDa and 6800; 80 kDa) were purchased from Solvay
Oudenaarde, Belgium). Poly-(lactic-co-glycolic) acid (PLGA; 1/1

olecular ratio for lactic and glycolic acid) 20 kDa was  pur-
hased from Boehringer Ingelheim (Ingelheim am Rhein, Germany).
cetone and Pluronic F127 (NF prill polaxamer 407) were pur-
hased from BASF (Bayern, Germany). Polyvinylalcohol (PVA) of
ifferent molar masses (13–23 kDa, 31–50 kDa and 85–124 kDa;
ll three with a hydrolyzation percentage of 87–89% and
–11 kDa 80% hydrolyzed) were purchased from Sigma (St.
ouis, USA). Rapamycin was obtained from Oscar Tropitzsch
Germany).

.2. Particle size analysis

.2.1. Dynamic light scattering
The final hydrodynamic diameter of the particles was deter-

ined by Dynamic Light Scattering (DLS) (Zetasizer Nano ZS,
alvern Instruments Ltd., Malvern, UK) at 25 ◦C at a scattering

ngle of 173◦. Ideally the number of photon counts is large enough
o get a good signal to noise ratio and yet small enough to pre-
ent multiple scattering effects. In dynamic light scattering the
uctuations in the scattered intensity are analyzed and the result-

ng autocorrelation function is related to an averaged diffusion
oefficient of the particles that undergo Brownian motion. Via the
tokes–Einstein relation the diffusion coefficient is converted to a
ydrodynamic particle size diameter, Dh. We  note that this diam-
ter is the z-average of the size distribution. We  also report the
easured polydispersity index (PdI) that describes the width of

he particle size distribution. The polydispersity index is a param-
ter calculated from the cumulant analysis of the DLS measured
ntensity autocorrelation function. In the cumulants analysis, a sin-
le particle size is assumed and a single exponential fit is applied
o the autocorrelation function. All samples were measured as pro-
essed (undiluted). Size distributions of the prepared NPs measured
ith DLS were unimodal.

.2.2. Cryo-TEM
For a few samples we also studied the size using cryo transmis-

ion electron microscopy (cryo-TEM) at the TU Eindhoven in the
etherlands. The aqueous samples were prepared with a vitrifi-
ation robot from FEI; Vitrobot(tm) Mark III. The used cryo-TEM
quipment was a cryoTITAN from FEI, a 300 kV FEG microscope,
ptimized for both resolution and contrast. Two  samples contain-
ng particles made of only active ingredient and a combination
apamycin and PLGA were analyzed using cryo-TEM. The first sam-
le was pure rapamycin; 1.00 mL  of 60 mg  rapamycin/mL acetone.
he second sample was a rapamycin and PLGA (20 kDa) (1/1 mass
atio); 15 mg  rapamycin and 15 mg  of PLGA/mL acetone. The sam-
les were added to an aqueous solution with a volume of 10.00 mL
containing 1 wt%) PVA (9–11 kDa 80% hydrolyzed) according to
he nanoprecipitation procedure followed by cryo-TEM and DLS
nalysis were performed.
.3. Rheology of PVA solutions

The shear stress of solutions with PVA were measured as a
unction of shear rate in order to investigate the influence of
(polymeric) surfactant.

the viscosity on the NP size. We  studied solutions containing
three different molar masses of PVA (13–23 kDa, 31–50 kDa and
85–124 kDa; all three with a degree of hydrolysis of 87–89%). The
polymer solutions were analyzed at five different weight con-
centrations (2.50, 1.00, 0.50, 0.25 and 0.10% (wt%)). The viscosity
measurement was  performed on an Anton Paar MCR  300 Rheome-
ter at 25 ◦C with a double gap cylinder (DG 26.7). The shear rate
was varied between 30 and 300 s−1. At these concentrations the
solutions appeared Newtonian.

3.4. Nanoprecipitation/nanoparticle preparation method

Typically, 25.0 mg of polymer (PCL) was weighed and dissolved
in 5.00 mL  of acetone resulting in a clear polymer solution after
30 min  on an orbital shaker. Prior to the nanoprecipitation process
all solutions were filtered over an Acrodisc LC25 mm Syringe filter
0.2 �m PVDF membrane to remove large dust particles. In Fig. 1 the
basic nanoprecipitation process setup was sketched. A volume of
1.00 mL  of the polymer/acetone solution was  added to 10.00 mL  of
aqueous surfactant (PVA or Pluronic F127) solution with an Eppen-
dorf pipette. The addition with the pipette was carried within 1 s,
after which the suspension was  manually homogenized by swirling
the vial around for 5 s. We  will compare our experiments to the
proposed theoretical model for diffusion limited coalescence in the
slow mixing regime and with data from literature. For the fast mix-
ing regime we  will test our theoretically predicted trends against
data from literature.

There are various other ways to perform nanoprecipitation. Two
of them are depicted in Fig. 5. One will result in slow mixing times
[36]. Experiments using an impinging jets mixer allow tuning the
mixing time scale as to investigate both the fast and slow mixing
time regimes [13]. The results reported in literature will be used to
verify our theoretically predicted trends:

• in the slow mixing regime, �mix/�cls > 1, a cube root scaling of the
final polymer particle size with polymer concentration is pre-
dicted: Rend

p ∼Rp0(�mix/�cls)1/3∼�1/3
mix[kBTcmp/(��)]1/3 and thus:

Rend
p ∼c1/3

mp ,
• in the limit of fast mixing, �mix/�cls 	 1, the final radius is of the

order of Rp0 and does not depend on �cls. Hence, the final particle

size is expected to be independent of the polymer concentration,
but dependent on the molar mass.
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Fig. 6. Cryo-TEM picture of a nanoparticle prepared by nanoprecipitation filled with
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Fig. 8. Polymer concentration dependence of the generated particle size expressed
as  the hydrodynamic diameter (Dh), measured with DLS. These particles form after
adding 1.00 mL  of different PCL concentrations (molar mass: 25 kDa) in acetone
(mg/mL) to 10.00 mL water containing 1 wt% Pluronic F127 (squares). Each data
he drug rapamycin. The scale bar is 100 nm.  The dispersion was prepared by adding
.00  mL acetone containing 60 mg  rapamycin to 10.00 mL with 1.00 wt%  aqueous
olution of 9–11 kDa PVA. (Corresponding DLS results: Dh = 344 nm and PdI = 0.10.)

. Results and discussion

.1. Cryo-TEM images of NPs

To illustrate what kinds of particle sizes form after nanoprecip-
tation using real space analysis we show two (cryo-)TEM pictures.
igs. 6 and 7 depict the cryo-TEM pictures of a pure rapamycin par-
icle and a rapamycin/PLGA (1/1 mass ratio) particle, respectively.
he DLS results of the particles are in good agreement with size from
he cryo-TEM analysis, see Figs. 6 and 7 and their legends. In Fig. 7

 small gold particle can be seen in the right upper corner, which
as added to serve as a reference point to perform tomography,

evealing a spherical shape.

.2. Influence of polymer concentration on size

To validate Eq. (18) we  compare its scaling prediction Rend
p ∼c1/3

mp

o our experiments as well as to data available in the literature. In
he nanoprecipitation experiments we performed, PCL (CAPA 6250;

5 kDa) has been used as a carrier polymer and Pluronic F127 as a
urfactant. 1.00 mL  PCL/acetone solution (0.6, 1.0, 6.0 and 10.0 mg
CL (25 kDa)/mL acetone) was quenched in 10.00 mL,  1.00 wt%,

ig. 7. Cryo-TEM picture of a rapamycin/PLGA nanoprecipitated particle. Scale bar
s  100 nm.  A volume of 1.00 mL  with 15 mg rapamycin and 15 mg  PLGA acetone

as  added to an aqueous solution of 10.00 mL  with 1.00 wt%  9–11 kDa PVA. (Results
rom DLS: Dh = 148 nm and PdI = 0.06.)
point results from the average of three measurements. We  compare these results
to the theoretical scaling relation of Eq. (18) and data from Molpeceres [36] (open
triangles).

Pluronic F127 aqueous solution with an Eppendorf pipette, a device
similar to the one depicted in Fig. 5. The hydrodynamic particle
diameter Dh has been measured by DLS.

As can be seen from Fig. 8, our results compare favorably to the
data available in the literature [6] for the same system. As the exper-
iments are performed in the �mix > �cls regime, the scaling obeys
the 1/3 power law as expected. The data presented only cover the
�mix > �cls regime and neither reach a particle size saturation limit
at the very fast mixing, �mix < �cls, nor a crossover at �mix ≈ �cls.
The spread on the data of Molpeceres et al. can be explained by
experimental and analytical standard deviation since the spread is
equal to the error bars in our experiments, see Fig. 8. Our exper-
iments were repeated on different dates using freshly prepared
solutions. The scaling Rend

p ∼c1/3
mp has been found and confirmed ear-

lier by Cabane and co-workers [10,11] for various systems such as
cholesteryl acetate molecules dispersed in water in the presence
of the block copolymer polystyrene–polyoxyethylene as surfactant
or hexadecane molecules precipitated in water with exthoxylated
fatty acids as surfactants. The physical picture thus also holds for
precipitating hydrophobic molecules instead of hydrophobic poly-
mers.

One may  wonder how polymer polydispersity affects the final
particle size (distribution). This was considered by Whitesides and
Ross [19] in a numerical study. They found that the final parti-
cle size is quite independent of the starting distribution. Hence
it seems that the final particle size is not sensitive to the initial
polydispersity.

4.3. NP size dependence on polymer molar mass

In case of relatively slow mixing, typically encountered in our
experiments, there should be no dependence between final particle
size and the molar mass of the polymer as follows from Eq. (17). In
order to verify this the influence of using PCL polymers with differ-
ent molar masses (2, 4, 8, 25, 37, 50 and 80 kDa) on particle size was
studied. The PCL polymers were dissolved at equal concentrations
in acetone (5 mg  PCL/mL acetone). A volume of 1.00 mL  of the dif-
ferent polymer/acetone solutions were added to 10.00 mL  aqueous
solution containing 1.00 wt% Pluronic 127 F following the nanopre-

cipitation procedure. All experiments were done in triplicate after
which a DLS analysis was  performed.

In Fig. 9 we plotted the measured particle size as a function of the
molar mass of the hydrophobic polymer. It is clear that changing
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Fig. 9. Hydrodynamic diameter (Dh) and PdI results (triplicates) as a function of the
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Fig. 10. Effect of surfactant present in the organic phase or the aqueous phase. Aver-
aged values for size and polydispersity Dh and PdI from triplicates. Results were
obtained by adding 1.00 mL acetone with 5 mg PCL (25 kDa)to an aqueous solution
with a volume of 10.00 mL.  The surfactant, Pluronic F127, is either in the water phase

ing Eq. (17) for the NP size. This implies that a master curve must
be obtained in Fig. 11 if one shifts the data along the abscissa by
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olar mass of PCL at fixed concentration. Samples were made by adding 1.00 mL
cetone with 5 mg/mL PCL of different molar masses to 10.00 mL  water containing

 wt% Pluronic F127.

he molar mass hardly affects the final particle size under the same
xperimental conditions. The particle size ranges between 130 nm
nd 150 nm,  which can be explained by a slightly different viscosity
f the polymer/acetone solutions. The lower molar masses hardly
nfluence the viscosity of the polymer/acetone solution while the
igher molar masses (80 kDa) of PCL have a more distinct effect
n the viscosity of the polymer/acetone solution. The difference
etween the values for the viscosity of these solutions hardly alters
he mixing times and therefore only modifies the final particle size
o a small degree. Further the data for molar masses (below 10 kDa)
ould reflect slightly smaller sizes because the solubility starts to
ncrease a bit for lower molar mass.

.4. Influence of mixing time on particle size

The end particle size is governed by two relevant time scales; the
ixing and the coalescence time. To assess the influence of the mix-

ng time while maintaining the same experimental conditions only
he phase containing the surfactant was changed. In a first exper-
ment the surfactant was dissolved in the water phase (0.10 wt%
luronic F127 in water). A volume of 1.00 mL  acetone/polymer-
olution (5 mg  PCL (25 kDa)/mL acetone) was added to 10.00 mL
.00 wt% Pluronic F127 solution, according to the nanoprecip-

tation procedure. In a second experiment the surfactant was
o-dissolved with the polymer in the acetone phase (1.00 wt%
luronic F127 + 5 mg  PCL (25 kDa)/mL acetone. Then 1.00 mL  sur-
actant/polymer/acetone solution was added to 10.00 mL  Milli Q
ater according to the nanoprecipitation procedure. Both exper-

ments were performed in triplicate followed by a DLS analysis.
he difference of surfactant concentration in the acetone phase
1.0 wt%) and the surfactant in the water phase (0.10 wt%) was  cho-
en such that the final surfactant concentration was  the same for
oth experiments.

The presence of the surfactant in the aqueous phase or in the
olvent (acetone) phase together with the hydrophobic polymer
hould have a distinct influence on the final particle size. This is
xplained by the mixing time which is decreased in the latter case.
ince the hydrophobic polymer and surfactant are dissolved in the
ame phase the mixing time decreases resulting in a smaller final
article size. It is the diffusion time of the surfactant molecules to
he coalescing droplets which is mainly decreased, resulting in a

maller final particle size, as can be seen in Fig. 10.

In case of relatively slow mixing, typically encountered in our
xperiments, there should be no dependence between final particle
ize and the molar mass of the polymer. To assess the dependency
(indicated by ‘water’) or in the acetone phase (‘solvent’). The overall Pluronic F127
concentration in the final mixture is 0.1 wt%.

of the mixing time on the molar mass and the viscosity of the used
surfactant solutions different molar masses of PVA (13–23, 31–50
and 85–124 kDa; similar degree of hydrolyzation of 87–89%) dis-
solved in water at different concentrations (0.10, 0.25, 0.50, 1.00
and 2.50 wt%  of surfactant in water). The viscosity of these solu-
tions was  measured in order to grasp the influence of both the molar
mass of the surfactant and the viscosity of the solutions in relation
to the final particle size. In all experiments 5 mg  PCL (25 kDa)/mL
acetone was added to 10.00 mL  of the different PVA/water solu-
tions. Also here each experiment was  done in triplicate after which
DLS analysis was performed.

Besides a comparison of the size between these two  extreme
cases above we  confront our theoretical predictions to the results
obtained by Johnson and Prud’homme [13] who  have carefully
varied �mix. They studied a somewhat different system compris-
ing a methanol solution of an amphiphilic diblock copolymer
(polybutylacrylate-b-polyacrylic acid) quenched in water. By using
a highly efficient impinging jet mixer, see Fig. 5, Johnson and
Prud’homme [13] succeeded in covering a very broad range of mix-
ing times and observed various regimes. Their original measured
data for the hydrodynamic diameters of the particles formed as a
function of the mixing time are shown in Fig. 11. The coalescence
in a dispersion containing diblock copolymers must obey kinetics
very similar to the one described by Eq. (1) and, thus, yield scal-
10 100 1000
τ
mix

, ms

Fig. 11. The original data from Johnson and Prud’homme [13].
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Fig. 13. Linear dependence of the final particle size (D ) and PdI on the surfactant
entration on the abscissa. This is the weight fraction (dimensionless) which is
irectly linked to the mass concentration cmp via the density. The quantity wp�mix is
roportional to cp0�mix in Eq (18).

he polymer mass fraction wp. Moreover, a typical diameter scaling
�mixwp)1/3 is expected to be observed at long mixing times.

One important difference between the concentration depen-
ence of the size predicted by our theory and the work of Johnson
nd Prud’homme [13] is the fact that our Eq. (17) does not take
nto account the size of the surfactant layer on top of a NP. Indeed,
uch an approximation certainly holds in case of a polymeric sur-
actant. In case of diblock copolymers, however, the size of the
ydrophilic corona surrounding the hydrophobic core cannot be
eglected. To compute a hydrophobic core diameter from a hydro-
ynamic diameter of a copolymer micelle, we use the theoretical
esult of Daoud and Cotton [37] that the latter scales as a power 1/5
f the micelle mass. As the core of a micelle consists almost solely of
he hydrophobic polymer segments, the core size scales as a power
/3 of the mass, yielding Rcore ∝ D5/3

h
.

The data obtained by Johnson and Prud’homme [13], see Fig. 11,
re redrawn in D5/3

h
versus �mixcp coordinates in Fig. 12. Indeed

he data follow a master curve obeying Eq. (17): it is characterized
y a typical (�mix/�cls)1/3 scaling at long mixing times and shows

 plateau in the fast mixing regime, exactly as the theory predicts.
ur theoretical results hence rationalize the findings on the influ-
nce of the mixing time by Johnson and Prud’homme. Note, that
he NP size in Fig. 12 is completely determined by the kinetics
nd is not related to the equilibrium diblock copolymer micelle
ize. Indeed the latter would depend solely on the molar mass,
omposition, and solvent quality, whereas the NP size is a strong
unction of concentration. Although the NP system is not in ther-

odynamic equilibrium, it is long-lived. As an X-ray study on a
omewhat different diblock copolymer system [38] shows, micel-
ization of copolymers is a process consisting of two stages. The
rst rapid stage is totally controlled by kinetics and leads to the
P formation described in the present work. The second process,

hat is several orders of magnitude slower, drives the NP system to
hermodynamic equilibrium. Studying this slow process is outside
f the scope of the present work.

.5. Surfactant molar mass influence

To assess the dependency of the mixing time on the molar mass
nd the viscosity of the used surfactant solutions the effect of dif-

erent molar masses of PVA (13–23, 31–50 and 85–124 kDa with
imilar degree of hydrolyzation of 87–89%) was studied. These PVA
amples were dissolved in water at different concentrations (0.10,
.25, 0.50, 1.00 and 2.50 wt% of surfactant in water). The viscosity
h

molar mass and surfactant solution viscosity.

of these solutions was  measured in order to assess the influence of
both the molar mass of the surfactant and the viscosity of the solu-
tions in relation to the final particle size. In all experiments 5 mg
PCL (25 kDa)/mL acetone was  added to 10.00 mL  of the different
PVA/water solutions. Also here each experiment was done in trip-
licate, followed by dynamic light scattering measurements of these
samples.

In Fig. 13 the size obtained after nanoprecipitation as mea-
sured using DLS is plotted as a function of the solution viscosity
when using PVA varying in molar mass. It is shown that the size
is linearly dependent on the viscosity of the surfactant solution
and slightly increases with the molar mass of the used surfac-
tant. Based on our model, the influence of the surfactant molar
mass can be explained qualitatively. Let us first focus on how par-
ticle size depends on viscosity. As the experiments are performed
in excess of surfactant, one expects the final particle size scaling
Rend

p ∼Rp0(�mix/�cls)1/3∼�1/3
mix[kBTcmp/(��)]1/3. Note that the viscos-

ity of the medium here refers to a surfactant-free environment
where the coalescence of polymer droplets takes place before sur-
factant penetrates into it at t > �mix. Hence, � in the last form hardly
depends on surfactant properties. The mixing time �mix, on the
other hand, is expected to be determined by the viscosity of the sur-
factant solution in the vessel B in Fig. 5(a): the higher the viscosity
the slower the mixing. Hence, based on the theoretical picture, one
expects the final particle size to increase with increasing surfactant
solution viscosity.

Secondly, we  concentrate on the influence of the molar mass
of the surfactants used. In Fig. 13 it can be observed that the final
size is larger for a higher molar mass surfactant at fixed viscosity
of the continuous phase. The change can be rationalized easily. The
final size depends on � according to Eq. (16). The quantity � in turn
(see text below Eq. (13)) is inversely proportional to cs0, the initial
concentration of free surfactant. The viscosity increases with molar
mass and concentration of the free surfactant. Hence at fixed viscos-
ity the concentration of higher molar mass surfactants is smaller.
So at a fixed bulk viscosity the higher molar mass data correspond
to smaller surfactant concentrations leading to a higher value of �
and hence, via Eq. (16), to a larger value for the final particle size.
This holds for all measured data points in Fig. 13.

It therefore seems the influence of the molar mass of the surfac-
tant and the viscosity of the surfactant solution is twofold. Firstly, a
higher viscosity will result in a longer mixing time which increases
the final particle size upon mixing. Secondly, using a higher molar

mass of the surfactant will probably increase the adsorption time
scale of the surfactant molecules to some degree. This might lead
to the observed slight increase of the final particle size.
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Finally, we remark that we assumed that the equilibrium
etween free surfactant and surfactants in the micelles is faster
han the typical coalescence time scale. From Eq. (3) it follows that
or a typical initial polymer concentration of 5 mg/mL  for PCL with

olar mass of 25 kDa the time scale for coalescence is of the order
f 1 s. The typical time scale for block copolymers exchanging in a
icelle is about 1 ms  (see Refs. [39,40]). This supports our assump-

ion. Hence we may  safely assume there is no effect of the value for
he critical micelle concentration.

. Conclusions

We  have studied nanoprecipitation of polymers in a bad sol-
ent in the presence of (polymeric) surfactants. The polymer is
rst dissolved in a good (organic) solvent, followed by a sol-
ent switch towards a poor solvent environment in the presence
f surfactant. The combined experimental and theoretical results
n nanoprecipitation demonstrate that diffusion limited coales-
ence is a mechanism that enables an adequate description of the
anoparticle formation process. Two relevant time scales, the mix-

ng and coalescence times, can be identified and their ratio is shown
o be of a critical importance for the size evolution. It is shown that
he final particle size is determined mainly by the surfactant con-
entration in the fast mixing regime. In the case of slow mixing the
nal particle size is also dependent on the initial concentration of
he collapsing and coalescing polymers, and the mixing time. In the
low mixing regime the particle volume scales linearly with mixing
ime and polymer concentration.

The theoretical model illustrates that the nanoparticle size is
redicted to scale in a universal manner; it is predominantly sen-
itive to the mixing time and the polymer concentration if the
urfactant concentration is sufficiently high. The molar mass of the
arrier polymer is shown to have little influence. Available experi-
ental data corroborate the predictions of our model and provide

 solid framework for tailoring nanoparticles with a priori deter-
ined size, thus avoiding a laborious experimental trial and error

pproach.
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