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Abstract

This study describes the influence of different parameters on the production of monodisperse
and stable poly(hydroxy)urethane (PHU) nanoparticles with a size inferior to 100 nm by
nanoprecipitation. DMSO and SDS were used as polymer solvent and surfactant respectively.
Nanosuspensions were characterized by dynamic light scattering (DLS) and cryo-transmission
electronic microscopy (cryo-TEM). A full-factorial design was employed to study the main
effects and interaction effects of three independent variables — polymer concentration in the
organic phase (X3), water volume (Xz) and surfactant concentration in the aqueous phase (X3)
— on two responses — particle size (Y1) and size distribution (Y3). The results allowed to
determine the experimental conditions favouring the smallest diameter or the narrowest size
distribution. The critical micellar concentration value of SDS in various water-solvent
mixtures helped to highlight the role of the surfactant in the PHU nanosuspension
characteristics and stability. The results showed that the use of surfactant was mandatory for
nanosuspension stabilization, but the presence of numerous surfactant micelles induced
nanoparticle aggregation. Finally, the ageing study evidenced that nanosuspensions with the

lowest size distribution were the most stable over time.



Introduction

During the last decades, polymer nanoparticles have attracted growing interest because of
their potential use as active agent delivery in various fields of application such as
cosmetics[1], agrochemistry[2] and pharmaceutics[3]. Various methods have been developed
to prepare nanoparticles: solvent evaporation[4], salting-out[5], emulsion-diffusion[6], rapid
expansion of supercritical fluid[7], temperature[8] or pH[9] modification, layer-by-layer
deposition[10] and nanoprecipitation[11]. The latter offers many advantages: this
straightforward and reproducible method[12] guarantees the absence of monomer, oligomer
or other reactant trapped in the nanoparticles[13]. Moreover, the spontaneous formation of

nanoparticles does not require an expensive mechanical energy input[14].

The nanoprecipitation technique consists in the dropwise addition of an organic phase (i.e. a
preformed water-insoluble polymer dissolved in a completely water-miscible organic solvent)
to an aqueous phase[15]. The simultaneous water/organic solvent inter-diffusion and polymer
precipitation may lead to the formation of particles in the 50-300 nm range with a narrow size
distribution[16]. A large number of parameters have already been investigated because of
their potential influence on the properties of the final nanoparticle suspension[17, 18] and
theoretical models have been deduced from these results[12, 19]. In parallel, several designs
of experiments have been carried out to refine the parameter study[20-23]. However, given
the variety of the nanoprecipitation systems studied, it is not possible to discern a general

trend from these analyses.

Various synthetic polymers have already been nanoprecipitated successfully (PLA, PCL,
PLGA, PLA-PEG, PCL-PEG, PLGA-PEG, PNIPAm, PMMA)[15]. Very few studies have
focused on polyurethane (PU) nanoprecipitation[24, 25] although the good blood

compatibility[26] and biodegradability[27] of PU. PU nanoparticles have been mainly
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prepared by in situ polyaddition in miniemulsion[28-30]. The major drawback of traditional
PU is the toxicity of the isocyanate monomers involved in the polymer synthesis [31, 32].
Moreover, the synthesis of isocyanate requires phosgene, a noxious gas [33], to convert amine
into isocyanate. To overcome this obstacle, various synthesis routes have been proposed to
prepare non-isocyanate polyurethane [34]. The greenest and most straightforward way to
synthesize non-isocyanate polyurethanes is the polyaddition of bis-5(cyclic carbonate)s and
diamines[35]. The resulting polymer is called a poly(hydroxy)urethane (PHU) because of the
presence of primary and secondary hydroxyl groups hanging off the main polymer chain that
offers the possibility to post-functionalize the hydroxyl groups with chemical or biological
functionalities [36, 37]. However, the low reactivity of diamines toward bis-5(cyclic
carbonate)s [38] does not allow to prepare PHU nanoparticles by in situ miniemulsion
interfacial polymerization as it is the case for PU nanoparticles. We recently demonstrated
that the nanoprecipitation technique was suitable for the preparation of PHU nanoparticles:
PHU nanosuspensions were prepared using DMSO (z-ave = 140 nm, PDI = 0.14) or ethanol
(dmoy = 90 nm, PDI = 0.22) as the organic solvent [39]. Nevertheless, particle destabilization
was observed after a couple of weeks, suggesting that the presence of a surfactant in the

aqueous phase was required to improve the stability of the nanoparticles over time.

The aim of this study was to determine the parameters that govern the size distribution of
PHU nanoparticles prepared by nanoprecipitation. For this purpose, the effect of polymer
concentration, water volume and surfactant concentration on both the mean size and the
polydispersity index of the resulting nanoparticles was investigated by the means of a two-
level full factorial design. Unlike the ‘one-factor-at-a-time’ approach, the factorial design
approach allows to investigate interactions between the parameters studied[40-42] and may
allow to obtain response surfaces that provide continuous response prediction in the defined

experimental domain. Response surface methodology is widely used to optimize particle



formulation processes often with the objective of minimizing both particle mean size and PDI
values[23, 43, 44]. The surfactant concentration and its effect on micelles formation were
particularly examined. Finally, we attempted to connect the nanosuspension stability over

time with the initial characteristics of PHU nanoparticles.

Experimental section

Materials

Dimethylsulfoxide (DMSO) (99.8 %, Carlo Erba), and sodium dodecyl sulfate (SDS) (> 98.5
%, Sigma-Aldrich) were purchased and used as received. Permuted water was prepared from
tap water filtrated though a cation and anion filter system. Hereafter in this article, permuted
water will be mentioned as water. Poly(hydroxy)urethane (PHU) synthesis, purification and
characterization are described in a previous study [39]. PHU main characteristics are as
follows: M,, = 12 900 g/mol, M,, = 30 000 g/mol, T4 = 210°C, T4 = -7°C. PHU molar mass,
degradation temperature and glass transition temperature were determined by gel permeation
chromatography (DMSO / 0.1 wt% NaNOg3, universal calibration), thermogravimetric analysis

and differential scanning calorimetry respectively [39].
PHU nanoprecipitation

In a typical procedure, 25 mg of polymer were dissolved into 25 ml of DMSO (one night at
room temperature) to prepare the organic phase. 360 mg of SDS were dissolved into 50 ml of
water to prepare the aqueous phase. At 24°C, the organic phase was filled up in a plastic
syringe (BD Plastipak, H 851 ES, 50 ml) and added dropwise (35 ml/h, using a syringe pump)
in the aqueous phase under stirring (500 rpm). 50 ml of the nanosuspension were collected in
a vial. The following parameters were fixed for all the experiments: system temperature,
stirring rate, type of needle, addition rate, distance between the tip of the needle and the

surface of the aqueous phase. The same glassware, laboratory equipment and fume hood were



used for every experiment. The vials used to collect the nanosuspension after
nanoprecipitation were washed with ethanol and acetone and dried in an oven prior to their

use.
Design of experiments

In order to investigate the nanoprecipitation technique, three experimental factors were
studied by the means of a design of experiments: the concentration of polymer in the organic
solution (X3), the volume of water (X;) and the concentration of SDS in the aqueous phase
(X3). They are presented with their coded levels in Table 1. More precisely, the main effects
of each factor as well as their interaction effects on the nanoparticle size distribution were
investigated by carrying out eight runs that were determined by a 2 full factorial design
(Table 2) [45]. Two experimental responses were measured by dynamic light scattering (DLS)
analyses: the polydispersity index (PDI) (Y1) and the mean particle size (d) (Y2). The
responses were modelled by a three degree polynomial as follows:

? = bo + b1X1 + bzXz + b3X3 + b12X1X2 + b13X1X3 + b23X2X3 (l)
+b123X1X2X3

where Y is the predicted response, bg is the intercept, the coefficient b; is the main effect of
the coded factor X; the coefficients bjj and bio3 are the two-factors and three-factors
interaction effects, respectively. The coefficients of Equation 1 were determined by ordinary
least square regression using the eight design points (Experiments 1 to 8 in Table 2). Four
replicated experiments were also carried out at the centre of the experimental domain and
used as check points in order to evaluate the predictive performance of the developed models
(Experiments A to D in Table 2). Multiple linear regression analyses were performed using

NEMRODW® software (LPRAI, Marseille, France).



Ageing study

After their preparation, the suspensions were stored in vials at 24°C. 17, 27, 47 and 214 days
after their preparation, samples were submitted to DLS measurements to observe the

evolution of nanoparticle size and size distribution over time.
PHU nanoparticle characterization

SDS critical micellar concentration

To better understand the behaviour of SDS in the dispersant medium and its role on the
nanoparticle formation and stability, SDS critical micellar concentration (CMC) was
determined in 1:2, 1:4 and 1:6 DMSO/water solutions by measuring the surface tension of
solutions with different SDS concentrations using a K100 tensiometer from Kriss and a
Wilhelmy plate. SDS/solvent/water stock solutions were filtrated (0.45 pum cellulose ester
filter), and the dilutions were creamed with Joseph paper before use. Every tension surface
measurement was repeated three times. Before every measurement, the Wilhelmy plate was

cleaned with acetone, dried with Joseph paper and heated with a blowtorch.

Dynamic light scattering (DLS)

Less than an hour after every sample preparation, nanoparticle size distributions were
determined by dynamic light scattering (DLS) on a Nanosizer ZS (Malvern Instruments) with
a detection angle of 173°. The correlation decay function was analysed by the cumulant
method to determine the z-average diameter and polydispersity index (PDI). With a PDI
inferior or equal to 0.2, the nanoparticle size (d) corresponded to the z-average diameter (z-
ave). With a PDI superior to 0.2, the nanoparticle size corresponded to the mean diameter of
the nanoparticle population (dmoey). For every analysis, 1 ml of the sample was analysed as

such in a disposable cuvette at 24.0+0.1°C. Depending on the proportion of DMSO and water



in the nanosuspension, specific values of the dynamic viscosity, refractive index and dielectric

constant were entered for the DLS analysis [46, 47] (table S1).

Cryo-transmission electron microscopy (cryo-TEM)

Cryo-transmission electron microscopy (cryo-TEM) observations were performed under a
Philips CM 120 transmission electron microscope operating with low-dose scanning under
reduced pressure. For every sample, a small drop (ca. S5uL) of 0.5% (w/v) particle suspension
was pipetted onto an advanced holey carbon film (Quantifoil, EMS) coated copper grid. The
excess of sample was removed by quick blotting with filter paper leaving a thin spanned film
of the sample. The grid was immediately vitrified by being plunged into liquid ethane cooled
by liquid nitrogen (Cryoplunge, Orsay University). The sample was transferred into liquid
nitrogen and inserted into a cold cryo-holder (Gatan). The holder was quickly transferred into
the vacuum column of TEM microscope maintained at liquid nitrogen temperature. An

accelerating voltage of 120 kV was used for the observations.

Results and discussion

SDS critical micellar concentration in water and DMSO/water solutions

In our previous study [39], we observed that size and size distribution of PHU nanoparticles
remained stable the first 15 days after their preparation by nanoprecipitation, and significantly
increased between15 and 28 days. Then we aimed to improve the stability of the PHU NPs by
the use of a surfactant. SDS was selected for the current study because this surfactant has
successfully stabilized nanoparticles of PU with a very similar chemical structure to PHU
[48]. In addition, the efficacy of SDS compared to non-ionic surfactants is ensured by the

electrostatic barrier that it provides to the nanoparticles.

If surfactant may improve the stability of nanoparticles prepared by nanoprecipitation, its

concentration must be carefully selected. In most nanoprecipitation protocols, the



concentration of SDS present in the aqueous phase does not exceed 1 mmol/L [22, 49, 50].
Bibette et al. reported that an excessive quantity of SDS causes the destabilization of a
nanosuspension [51]. Indeed, numerous micelles of SDS apply entropic depletion forces on
the nanoparticles and thus induce their aggregation. Thus, keeping track of the quantity of

SDS micelles in our samples appeared to be mandatory to avoid destabilization phenomenon.

The critical micellar concentration (CMC) is defined as the concentration of surfactant above
which micelles form. The CMC of SDS in permuted water has been reported in the literature
and ranges from 6 [52] to 8 [53] mmol/l at 22-25°C. The CMC of SDS in binary
DMSO/water mixtures [54, 55] (ranging from 6.5 to 9.5 mmol/l with 0 to 30 %V of DMSO
[55]) is less reported. This information is crucial here since PHU nanoparticles once prepared

by nanoprecipitation are suspended in DMSO/water mixtures.

Surface tension measurements were performed in permuted water and binary DMSO/water
mixtures at different SDS concentrations. The surface tension was plotted versus the
logarithm of the SDS concentration to determine the value of the CMC. The CMC of SDS
determined in permuted water was equal to 6.1 mmol/l (Figure S1). The values of the CMC of
SDS determined in DMSO/water mixtures were equal to 6.7, 7.8 and 10.6 mmol/l for
DMSO/water ratios equal to 1:6, 1:4 and 1:2 respectively (Figure S2). The CMC linearly
increased with the increase of DMSO amount as it was reported by Harutyunyan and

Markarian [54].

According to the Rosen classification, DMSO is a class Il organic additive [56]: DMSO is
capable of forming hydrates with water and SDS [57, 58], inducing the decrease of the
quantity of SDS available to form micelles. Furthermore, the presence of DMSO induces the
decrease of the solubility parameter & and dielectric constant € of the aqueous solution.
Consequently, the increase of surfactant solubility [59] and head-to-head -electrostatic

repulsions [56] may favour the increase of the CMC of SDS.



Design of experiments (DOE)

Experimental domain

In this study, three parameters were investigated because of their potential impact on
nanoparticle polydispersity (Y1) and mean size (Y>): PHU concentration in the organic phase

(Xy), water volume (X;) and SDS concentration in the aqueous phase (X3).

The effect of the polymer concentration has been widely investigate [12, 60, 61]. Most of the
studies report that size and polydispersity of particles increase with polymer concentration.
The increase of the organic phase viscosity induced by the increase of the polymer
concentration favors the particle growth step [62, 63]. Thus, working in the dilute regime [64]

is recommended to form small size nanoparticles.

Water volume may impact the rate of solvent diffusion. A study from Fonseca et al. reports
the decrease of particle size by increasing the water volume [65] whereas no significant
impact on the nanosuspension is reported by other authors [18, 62]. These contradictory
results may be explained by differences of stirring speed [66] and organic phase addition

rate[18] values because these two parameters also influence solvent diffusion.

The role of the surfactant is to prevent nanoparticle destabilization (i.e. aggregation,
coalescence or Ostwald ripening)[16]. Moreover, different authors have observed that the
increase of surfactant concentration in the aqueous phase induces the decrease of the
nanoparticle size and size polydispersity [23, 66-68]. However, some studies report the
preparation of small and monodisperse nanoparticles by nanoprecipitation without surfactant
[69, 70]. Other parameters could potentially affect the process (polymer molar mass[18],
temperature, organic and aqueous phase mixing time — using a confined impinging jet reactor

for instance[12]), but here we decided to focus on the three parameters presented above.
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The range of PHU concentration (1 to 5 g/l), water volume (50 to150 ml) and SDS
concentration (0.0 to 25.0 mmol/l) was selected according to the literature[15]. Regarding the
studied responses, the polydispersity of the particle size distribution (Y1) is an important NPs
characteristic since a low PDI enables the long-term stability of the nanosuspension [14, 71].
The second selected response, the particle mean size (Y>), is also a crucial characteristic

which depends on the nanoprecipitation process conditions [12, 14, 72].

As described in the experimental section, a full factorial design 2° was used to determine the
influence of the main effects and the interaction effects between the three selected
experimental factors on the size distribution of PHU nanoparticles. The acquired knowledge
should lead to determine the operating conditions suitable for the obtaining of monodisperse

and minimal sized NPs by nanoprecipitation of PHU.
Results

Nanoparticle mean size (Y2) and PDI (Y;) were measured by DLS for each sample (Table 1).
Depending on the operating conditions, results indicated significant evolution of both the
mean size ranging from 55 up to 179 nm and the polydispersity index from 0.1 to 0.52. To
well assess the robustness of the nanoprecipitation process and to determine reliable
estimations of the experimental variances for Y1 and Y2, we repeated several runs in addition
to the four centre points (Table 1). Runs 3, 5 and 6 were repeated because the corresponding
samples displayed a PDI and a particle size inferior to 0.2 and 100 nm respectively. These
values appeared especially interesting in the frame of the study. Run 4, corresponding to
nanoparticles characterized by a monomodal but large size distribution, was also repeated for

comparison purposes.

All these genuine repeats (4 centre points, the triplicates of runs 3, 4 and 6 and the duplicated
run 5) allowed to reliably estimate with 10 degrees of freedom the experimental standard

deviations o, = 0.024 and o, = 13 nm for Y1 and Y2, respectively. According to these
11



estimations, the corresponding 95% confidence intervals were determined: Y1 £ 0.05 and Y2

+ 25 nm.

Due to the specific structure of the full factorial design, the estimations of the coefficients of
the postulated models (Equation 1) are characterized by the same standard deviation which is

equal t0 opiyy) =5—% ~0.01 for Y1 and o4z ="—J% ~4.3 for Y2 (with N the number of the
designed points, N = 8)[40]. The 95% confidence interval of the coefficients denoted Ab; was

then determined and is expressed as:
Ab; = tipeo X Op, 2)
Where tieo IS the theoretical value of the Student t statistic which is equal to 2.22 [73] with a

risk of 0.05 and ten degrees of freedom.

The 95% confidence interval of the coefficients (4b;y1y= 0.02 and Ab;y,)=9.5) inform about
the statistical significance of each effect in the models: a coefficient b; larger in absolute value

than Ab; indicates a significant effect (at the 0.05 level) of the factor i on the studied response.

The main effects (bs, by, bs), 2-factor interaction (bs2, b1z, b23) and 3-factor interaction (bi23)
effects were calculated by least squares linear regression and are represented with their 95%

confidence intervals in Figures 1 and 4 for the responses Y; and Y, respectively.
Analysis of the DOE results obtained for the response Y; (PDI)

Results highlighted five significant effects on the PDI: the main effects of PHU concentration
in the organic phase (X;) and the water volume (X5) as well as all the interactions involving

the SDS concentration (X3). According to Eg.1, the PDI may be expressed as:

Y, = 0,24 —0,03 xX; + 0,04 X X, — 0,06 X X; X X3+ 0,07 x X, x X3 (3)
_0,0SXX1XX2XX3
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The positive coefficient of X, means that the PDI increased when the water volume ranged
from 50 to 150 mL. Inversely, due to its negative coefficient, the evolution of PHU
concentration from 1 to 5 g/L caused a PDI decrease. According to these results, the minimal

value of Y3 should be obtained with X; = +1 ([PHU] =5 g/l) and X, = -1 (Vy = 50 ml).

The significant two-factor interactions X; X3 and X,X3 are presented in Figures 2a and b,
respectively. Figure 2a shows that the effect of the water volume depended on the SDS
concentration: without SDS it was slightly negative while it appeared positive and intense at
25 mM SDS. The lowest PDI (0.12) was obtained for X; = -1 (Vy = 50 ml) and X5 = +1
([SDS] = 25.0 mM) while the highest PDI (0.36) was obtained for X, = +1 (V,, = 150 ml) and
X3 = +1 ([SDS] = 25.0 mM) (Figure 2a). The effect of the PHU concentration also depended
on the SDS concentration since without SDS it was not significant and at 25 mM SDS it
significantly decreased the PDI from 0.33 to 0.15 (Figure 2b). The lowest PDI (0.15) was
obtained for X; = +1 ([PHU] = 5 g/l) and X3 = +1 ([SDS] = 25.0 mM) while the highest PDI

(0.33) was obtained for X; = -1 ([PHU] =1 g/l) and X5 = +1 ([SDS] = 25.0 mM) (Figure 2b).

Regarding the 3-factor interaction effect (Figure 3a and 3b), results indicated that the
interaction between the concentration of PHU and the water volume depended on the SDS
concentration. The lowest PDI (0.10) was obtained for X; = +1 ([PHU] =5 g/l), Xo =-1 (Vw =
50 ml) and X3 = +1 ([SDS] = 25.0 mM) while the highest PDI (0.52) was obtained for X; = -1

([PHU] = 1 g/l), X, = +1 (V\y = 150 ml) and X5 = +1 ([SDS] = 25.0 mM).

All these results obtained from the analysis of the significant main effects and interaction
effects were consistent and evidenced that the most monodisperse size distribution should be
obtained by using a PHU concentration of 5 g/l, a water volume of 50 ml and a SDS
concentration of 25.0 mM. These conclusions are in accordance with the experimental results
since the corresponding experiment (run 6) led to a nanosuspension characterized by small
mean diameter 88 nm and PDI 0.1.

13



Analysis of the DOE results obtained for response Y, (particle mean size)
The regression model calculated for Y, was the following:

Y, =101 +12x X, — 15X X; XX, — 11 X X; X X5 + 18 X X, X X3
—17 x X; X X, X X3 4)

The regression coefficients are also displayed in Figure 4. The most significant effects were
the two-factor interactions X;X, and X,X3 as well as the three-factor interaction. The two-
way diagrams corresponding to X; X, and X,Xj3 interactions (Figures 5a and b) show that the
effect of the water volume on the nanoparticle mean size depends on the SDS and PHU
concentrations, respectively. Regarding the interaction between the water volume and SDS
concentration (Figure 5a), the lowest particle mean size (71 nm) was obtained for X; = -1 (Vy
=50 ml) and X3 = +1 ([SDS] = 25.0 mM) while the highest particle mean size (130 nm) was
obtained for X; = +1 (V,, = 150 ml) and X3 = +1 ([SDS] = 25.0 mM). Concerning the
interaction effect between the PHU concentration and the water volume (Figure 5b), the
lowest particle size (79 nm) was obtained with X; = -1 (PHU] =1 g/l) and X; = -1 (Vy = 50
ml) while the highest particle size (130 nm) was obtained with X; = -1 (PHU] =1 g/l) and X,
= +1 (Vw = 150 ml) (Figure 5b). Nevertheless, a low particle size (91 nm) was also obtained

with X; = +1 (PHU] = 5 g/l) and X, = +1 (Vi = 150 ml).

To interpret the 3-factor interaction effect, the interaction between the water volume and the
PHU concentration is represented in Figure 6 for the two studied levels of the SDS
concentration: this indicates that the interaction effect X;X, depends on the SDS amount.
Moreover, the lowest particle size (55 nm) was obtained for X; = -1 ([PHU] =1 g/l), X, =-1
(Vw =50 ml) and X3 = +1 ([SDS] = 25.0 mM) while the highest particle size (179 nm) was
obtained for X; = -1 ([PHU] =1 g/l), X; = +1 (Vy = 150 ml) and X3 = +1 ([SDS] = 25.0 mM).
These results clearly pointed out the important influence of the water volume at a low

concentration of PHU in the presence of SDS.

14



A low significance was also observed for the main effect of the water volume (X3) and the
two-factor interaction X; X3 (results not shown). The main effects of X; and X3 as well as the
interaction between the PHU concentration and SDS concentration did not significantly affect

the particle mean size.

Centre points were carried out and used as check points in order to assess the predictive

performance of the developed models (Eg. 3 and 4).

At the centre of the experimental domain (X; =0, i.e. [PHU] = 3 ¢/I, V\, = 100 ml and [SDS]
= 12.5 mM), the models predicted a nanosuspension characterized by a PDI of 0.24 and a
mean size of 101 nm, while we experimentally obtained nanoparticles with a mean size of
~94 nm and a PDI of ~0.13 (runs A to D). The corresponding residuals in absolute value were
equal to 0.11 for Y1 and 7 nm for Y2. According to the 95% confidence intervals of the
responses (Y1 + 0.05 and Y2 + 25 nm), these results indicated that only the Y2 model (Eq. 4)
may be used for prediction purpose in the whole experimental domain. Using all the repeated
runs, the fitting quality of the model was assessed by i) ANOVA results that indicated the
high significance of the model (p-value<0.05) and ii) the R?-adjusted coefficient ~0.92. Once
validated, the model was used to visualize the response surfaces [74] using the software
MODDE® (Umetrics, Sartorius Stedim Biotech). Figures 7 a, b and ¢ present the contour plot

of the response surface for Y2 at [SDS] =0, 12.5 and 25.0 mM, respectively.

In the absence of SDS, no significant evolution of the particle mean size was observed by
varying the PHU concentration and the water volume since one observed a negligible
variation between 85 nm (low PHU concentration and high water volume) and 105 nm (high

PHU concentration and low water volume) (Figure 7a).

In the presence of SDS, similar contour plots have been obtained, regardless of the SDS
concentration (Figure 7b and 7c). The lowest values of particle mean size should be obtained

with both low PHU concentration and water volume: a mean size of 75 nm and 80 nm were
15



predicted by using an SDS concentration of 25.0 mmol/l and 12.5 mmol/l, respectively. The
particle mean size was high with a low PHU concentration and a high water volume: the
model predicted a mean size of 160 nm at 25.0 mmol/l SDS and 125 nm at 12.5 mmol/l SDS.
Water volume exhibited a high effect on particle mean size when PHU concentration was
below 2.5 g/l, but its influence decreased as the PHU concentration increased. At a high PHU
concentration (5 g/l), the effect of water volume on particle mean size was negligible since the
mean size ranged between 90 and 100 nm. Comparing Figures 7b and 7c reveals that the
higher SDS concentration, the higher the influence of water volume on particle size when
PHU concentration is low: particle mean size varied from 80 and 125 nm when water volume
increased from 50 to 150 ml for a SDS concentration of 12.5 mmol/l, and from 75 to 160 nm

for a SDS concentration equal to 25.0 mmol/I.
Discussions
Influence of the amount of surfactant

We aimed to compare the size distribution of PHU NPs with and without surfactant. To the

best of our knowledge, such a study was not reported in the literature.

e Surfactant-free samples

Samples 1, 2 and 4 — prepared without SDS — displayed a unimodal but large size distribution
(Figure 8, sample 1). Although nanoparticles were monodisperse in sample 3 (PDI = 0.15, z-
ave = 87 nm), repetitions 3’ (z-ave = 88 nm, PDI = 0.20) and 3’ (z-ave = 118 nm, PDI =

0.25) followed the general trend displaying a unimodal but large size distribution.

These results indicated that nanoparticles underwent aggregation or coalescence in the
absence of surfactant. Moreover, it could be assumed that DMSO could diffuse into

nanoparticles, inducing particle swelling.
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Consequently, the presence of SDS appeared to be necessary in order to prevent particle

destabilization right after their preparation by nanoprecipitation.
e Samples with a high amount of surfactant

Samples 7 and 8 were prepared with the same volume of water and concentration of SDS but
with different concentrations of PHU. PHU concentration was 5 times higher in sample 8 than
in sample 7. Water volume and SDS concentration were at the highest level (X; = +1 = 150

ml, X3 = +1 = 25.0 mmol/l) inducing the highest quantity of SDS (m (SDS) = 1080 mg).

Whereas sample 8 exhibited a unimodal and monodisperse size distribution characterized by a
z-average and PDI values equal to 81 nm and 0.2 respectively, sample 7 displayed a
multimodal size distribution with four populations (Figure 9). The first population (A, 3 nm)
may correspond to the presence of SDS micelles[65, 66], the second and third populations (B,
28 nm and C, 190 nm) could be attributed to PHU nanoparticles and the fourth population (D,
> 2um) to PHU particle aggregates. The presence of these large aggregates was probably
caused by depletion forces applied by SDS micelles [51, 73, 74]. The higher the number of

micelles, the higher the depletion forces.

In order to evaluate the amount of SDS micelles in the samples, we determined the necessary
quantity of SDS for covering the entire surface developed by the PHU nanoparticles (no), the

amount of SDS providing the formation of the first micelle (ncmc) according to Equations 5 —

8 (Table 3):
6Xm
tot d X p (5)
A
no = (6)
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n = [SDS] x V,, )
Neme = CMC X (Vpyso + Viy) (8)

With At the total surface of the PHU nanoparticles, m the mass of PHU in the organic phase,
d the PHU nanoparticle size, p the density of PHU (1404 kg/m®), Aq the surface of PHU
nanoparticle that can be covered by one SDS molecule, Vpmso the volume of DMSO (25 ml),
CMC the critical micellar concentration of SDS in the DMSO/water mixture. The detail of
the calculations is presented in the supplementary information. The calculation of ny was
based on the hypothesis that the whole surface of the PHU nanoparticles was covered by a
monolayer of SDS. The calculation of ncumc relied on the CMC of SDS determined in
DMSO/water mixtures (1:2, 1:4 or 1:6 ratio) in the absence of PHU nanoparticles, assuming

that DMSO entirely diffused toward the dispersing medium after nanoprecipitation.

The excess of SDS available to form micelles (n*) was then determined:
n" =n— My + Nemce) ©)

With n the SDS amount involved in the nanoprecipitation process.

For samples 5, 6, A, B, C and D, n* was inferior to n¢mc, suggesting the absence of micelles
which is consistent with the DLS curves exhibiting unimodal and monodisperse size
distributions (Table 3). For samples 7 and 8, n* was superior t0 N¢me, providing the
explanation of the presence of micelles observed by DLS as well as the multimodal size
distribution and the presence of aggregates in sample 7 (Figure 9). However, with the same
value of the n* to ncmc ratio as sample 7, sample 8 displayed a unimodal and monodisperse
size distribution (PDI = 0.20, z-ave = 81 nm) and micelles were not observed. This difference

may rely on the PHU concentration which was high for sample 8 (5 g/l) and low for sample 7
@ gll).
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Influence of the amount of polymer

With Vpwmso, Vw and [SDS] fixed, the coefficient analysis of response Y; revealed that the
main effect of PHU concentration on the particle size (d) was negligible (b; = -5.50 nm <
AY,, see Figure 4). Therefore, considering Equation 5, other parameters being equal, the
increase of the PHU mass in the organic phase (m) (i.e. the increase of the PHU
concentration) induced the increase of the total surface of the nanoparticles (Asw:) (Samples 5
versus sample 6, sample 7 versus sample 8, Table 3). The higher A, the lower the quantity
of SDS available to form micelles, and the lower the concentration of micelles in the
nanosuspension. This explains the differences observed between the size distributions

displayed by samples 7 (polydisperse) and 8 (unimodal monodisperse).

At low water volume (50 ml) and high SDS concentration (25.0 mmol/l), it was found that the
adjustment of PHU concentration could lead to either the lowest PDI (0.11, with [PHU] =5
g/l) or the lowest particle size (56 nm, with [PHU] =1 g/I). At fixed water volume and SDS
concentration, the decrease of PHU concentration would lead to a more dilute regime [64] that
enables a faster solvent-to-water diffusion [11, 58] and favors a lower particle growth time
and nanoparticles with a lower size. Inversely, the increase of PHU concentration would
induce the increase of A, the decrease of the micelle concentration favoring a better particle

stability right after the nanoprecipitation, and therefore a lower PDI.
Minimal size and minimal PDI

The DOE analysis pointed out that the lowest PDI was obtained with a high PHU
concentration (5g/l), a low water volume (50 ml) and a high SDS concentration (25.0 mmol/l),
while the lowest particle size was obtained with a low PHU concentration (1 g/l), a low water
volume (50 ml) and a high SDS concentration (25.0 mmol/l) (Figure 7c) The corresponding
responses calculated from the regression models (Equations 2 and 3) were equal to Y; = 0.11

(Xy = +1, X = -1, X3 = +1) and Y, = 56 nm (X1 = -1, X, = -1, X3 = +1). These values were
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close to the experimental responses in terms of PDI (sample 5: z-ave = 55 nm, PDI = 0.15)
(Figure 10) or particle mean size (sample 6: z-ave = 88 nm, PDI = 0.10) (Figure 11), which

highlighted the good predictive performance of the model used.

Runs 5 and 6 were repeated to assess the robustness of the PHU nanoprecipitation process

(Figures 10 and 11).

The preparation of the smallest and most monodisperse PHU nanoparticles both required a
low water volume (50 ml) and a high SDS concentration (25.0 mmol/l). This configuration
corresponded to the adequate quantity of surfactant: small enough to cover the whole surface
of the nanoparticles without inducing the formation of numerous micelles. The adjustment of
the PHU concentration led either to the most monodisperse (5 g/l) or the smallest (1 g/l)
nanoparticles. A high concentration of PHU led to the formation of more numerous PHU
nanoparticles and tended to mitigate the destabilizing effect of SDS micelles. Consequently,
the resulting nanosuspension was more monodisperse. On the other hand, a decrease of PHU
concentration was accompanied by a decrease of the organic phase viscosity [64] and proto-

particle growth time[18], resulting in the production of smaller nanoparticles.

Based on theoretical calculations and nanoprecipitation experiments (using PCL, acetone and
polyvinylalcohol as a polymer, organic solvent and surfactant respectively), Lebouille et al.
suggested that the smallest nanoparticles could be obtained with an excess of surfactant [75].
This result is contradictory to those obtained for PHU nanoprecipitation.

Ageing study

Samples were stored at 24°C and submitted to DLS analyses 17, 27, 47 and 214 days after

their preparation (Table 4).

Samples A, B and C — corresponding to the centre points — appeared the more stable since

they exhibited 214 days after their preparation a PDI between 0.11 and 0.14 and no significant
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size variation. Sample 6 ([PHU] =5 g/l, Vy = 50 ml, [SDS] = 25.0 mmol/l) — exhibiting the
lowest initial PDI value (0.10) — remained stable with a PDI value remaining low (0.13) in
spite of a slight increase of particle mean size (from 88 to 113 nm) betweent=0and t = 17d.
These results suggested that a low PDI initial value should favor the stability of NP over time
in accordance with the results of Beck-Broichsitter[14] and Zhang [71]. Destabilization of
sample 5 ([PHU] = 1 g/l, V, = 50 ml, [SDS] = 25.0 mmol/l) — lowest particle size (55 nm) —
began at t = 47 d with a PDI value above 0.2. The sample was totally aggregated at t = 214 d
(PDI =0.91, dmoy = 104 nm). One can explain these results by the excess of SDS (n*) and the
low PHU concentration. These results highlighted that low particle mean size does not

guarantee nanosuspension stability over time.

The samples prepared without SDS (samples 1, 2, 3 and 4) rapidly exhibited significant size
distribution fluctuations over time leading to complete aggregation after 214 days (PDI > 0.7).
These results proved the necessary presence of SDS to delay the destabilization of the PHU
nanosuspension. Nevertheless, for high SDS concentration (25mM), the nanosuspension
stability appeared dependent on PHU concentration. Sample 7 ([PHU] = 1 g/I, V\, = 150 ml,
[SDS] = 25.0 mmol/l) was directly destabilized after its preparation, whereas the
destabilization of sample 8 ([PHU] =5 g/lI; V\, = 150 ml, [SDS] = 25.0 mmol/l) was observed
after 17 days. These results pointed out the negative effect of the micelle presence on the

nanoparticle stability.

To conclude, SDS was mandatory for delaying the destabilization of PHU nanosuspension,
but SDS concentration must be fixed according to both PHU concentration and water volume,

in agreement with the 3-factor interaction effect (b123) value (Figure 4).
Cryo-TEM observations

Some PHU nanoparticles were analyzed by cryo-TEM. Sample B ([PHU] = 3 g/l, V\, = 100

ml, [SDS] = 12.5 mmol/l) (centre point), sample 6 ([PHU] =5 g/l, V\, = 50 ml, [SDS] = 25.0
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mmol/l) (lowest PDI), sample 4 ([PHU] = 5 g/l, V,w = 150 ml, [SDS] = 0.0 mmol/l)
(surfactant-free sample) and sample 8 ([PHU] = 5 g/l, V\ = 150 ml, [SDS] = 25.0 mmol/l)
(sample prepared with high SDS concentration) were observed by cryo-TEM at various time
after their preparation (Figures 12, 13 and 14 respectively). Small spherical spots with low
contrast correspond to PHU nanoparticles (Figure 12) while small black dots with high
contrast (Figure 13) correspond to frost. Very few nanoparticles can be observed on the
images because of the very low volume of the suspension droplet deposited on the carbon film

(0.45ul) as well as very low PHU concentration (0.14 to 1.67 g/l).

Cryo-TEM observations confirmed DLS results. Beside nanoparticles with diameter between
200 and 300 nm, Figures 13a and 13b show two particles with significantly higher size: one
particle measured 1 um (Figure 13a) while another one measured 400 nm (Figure 13b) (red
circles). These two objects have a less neat outline than the other particles suggesting that
they were swollen by DMSO. Nanoparticles of sample 8 with diameter around 70 nm (Figure
14a and 14b) appear aggregated in varying size cluster (200 to 700 nm). This observation is

consistent with the DLS curve (Figure S4).

Despite the precautions taken to protect nanoparticles from the electron beam (cryo-TEM
MET method, accelerating voltage of 120 kV, condenser lenses adjusted to spot n°5), zooms
caused nanoparticle degradations, sometimes in just a few seconds (progressive bleaching
observed in Figure S3). Such examples of polymer degradation caused by the TEM electron
beam have been previously reported [76, 77]. In the case of the PHU nanoparticles, the energy
transferred by the electron beam probably broke weak chemical bindings (e.g. inter- and
intramolecular hydrogen bindings) and deteriorated the cohesion between the macromolecules

forming the nanoparticles.

Conclusion
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The preparation of PHU nanoparticle by nanoprecipitation was optimized using a full-
factorial design to point out the influence of experimental parameters on particle size
distribution. The lowest PDI (0.10) was obtained with a PHU concentration of 5 g/l, a water
volume of 50ml and an SDS concentration of 25.0 mmol/I, while the lowest particle size (55
nm) was obtained with a PHU concentration of 1 g /I, a water volume of 50ml and an SDS

concentration of 25.0 mmol/I.

These experimental results were very close to the corresponding responses calculated from
the developed regression models (Y1 = 0.11 and Y, = 56 nm), which underlines their good
predictive performance. The regression coefficient analysis allowed evidencing the more
significant parameters and pointing out the crucial interaction effects on the nanoparticle size

distribution.

The presence of SDS was mandatory to prevent PHU nanoparticles from aggregating,
provided that the quantity of SDS available to form micelles was inferior to the CMC, since

the presence of micelles destabilized the nanosuspensions.

At a fixed value of water volume and SDS concentration, PHU concentration governed the
value of the total surface developed by the nanoparticles and was crucial for the formation of
SDS micelles. The latter induced the aggregation of PHU nanoparticles through depletion
forces. A low PHU concentration corresponding to a more dilute regime in the organic phase
enabled the formation of smaller nanoparticles but may induce the presence of micelles. The
increase of PHU concentration may limit the formation of micelles in the nanoparticle

dispersing medium, and thus improve the nanosuspension stability over time.

The ageing study revealed that nanosuspensions with the lowest PDI (=~ 0.1) were stable for
more than seven months. PDI was therefore the most determining factor for nanoparticle
stability on the long term. On the contrary, samples containing either no surfactant or

numerous SDS micelles were rapidly destabilized.
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Cryo-TEM observations confirmed the DLS results. Spherical and monodisperse
nanoparticles were observed for samples offering low PDI. In absence of surfactant, the
nanoparticles appeared more polydisperse, whereas the effect of micelle depletion forces in
samples prepared with an excess of SDS was evidenced by the observation of micrometer-

sized clusters.
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Caption for figures

Figure 1. Main effects and interaction coefficients for response Y (PDI).

Figure 2. Two-way diagrams representing the interaction effects X,X3 (a) and X1 X3 (b)
for response Y; (PDI)

Figure 3. Maps of the interaction effects between X3, X;, X3 for response Y; (PDI) with
X3z =-1(a) and X3 = +1 (b) (X1 = [PHU], Xz = Vy, X3 = [SDS])).

Figure 4. Main effects and interaction coefficients for response Y, (particle size).

Figure 5. Maps of the interaction effects between X, and X3 (a), X; and X, (b), for
response Y (particle size) (X1 =[PHU], X, = V,, X3 = [SDS]).

Figure 6. Maps of the interaction effects between X, X,, X3 for response Y, (particle
size) with X3 =-1 (a) and X3 = +1 (b) (X1 = [PHU], X2 = Vy, X3 = [SDS]).

Figure 7. Contour plot of the response surface showing the effect of PHU concentration
(X1) and water volume on the particle size (Y,) at different SDS concentrations (X3)
([SDS] = 0 mmol/l (a), [SDS] = 12.5 mmol/I (b), [SDS] = 25.0 mmol/Il (c)).

Figure 8. Nanoparticle size distribution for sample 1 ([PHU] =1 g/l, V,, = 50 ml, [SDS]
= 0.0 mmol/l).

Figure 9. Nanoparticle size distribution for sample 7 ([PHU] = 1 g/I, V., = 150 ml, [SDS]
= 25.0 mmol/l).

Figure 10. Nanoparticle size distribution for samples 5 and 5’ ([PHU] =1 g/l, V, = 50 ml,
[SDS] = 25.0 mmol/l).

Figure 11. Nanoparticle size distribution for samples 6, 6’ and 6’ ([PHU] =5 g/1, V,, =50
ml, [SDS] = 25.0 mmol/l).

Figure 12. Cryo-TEM images of sample B ([PHU] = 3 g/l, V,, = 100 ml, [SDS] = 12.5
mmol/l) after 55 days (a) and sample 6 ([PHU] =5 ¢/l, V,, = 50 ml, [SDS] = 25.0
mmol/l) after 57 days (b). black arrows indicate frost dots

Figure 13. Cryo-TEM images of sample 8 ([PHU] =5 ¢/l, Vy = 150 ml, [SDS] = 25.0
mmol/l) after 57 days.
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Table 1: Full-factorial matrix and experimental results.

Coded variable Natural variable Response
Run 5 1 % | X | (PHU] | Vo | [SDS] | Yi(®DD | Y2 (@)
1 -1 -1 -1 1 50 0.0 0.28 103
2 1 -1 -1 5 50 0.0 0.27 110
3 -1 1 -1 1 150 0.0 0.15 87
Cube 4 1 1 -1 5 150 0.0 0.26 101
edges 5 -1 -1 1 1 50 25.0 0.15 55
6 1 -1 1 5 50 25.0 0.10 88
7 -1 1 1 1 150 25.0 0.52 179
8 1 1 1 5 150 25.0 0.20 81
A 0 0 0 3 100 12.5 0.12 102
Ce:tr B 0 0 0 3 100 | 125 0.13 86
points C 0 0 0 3 100 12.5 0.13 93
D 0 0 0 3 100 12.5 0.13 93
3 -1 1 -1 1 150 0.0 0.20 88
3” -1 1 -1 1 150 0.0 0.25 118
Repea 4 1 1 -1 5 150 0.0 0.28 137
ted 4” 1 1 -1 5 150 0.0 0.29 110
runs 5 -1 -1 1 1 50 25.0 0.14 55
6’ 1 -1 1 5 50 25.0 0.10 90
6” 1 -1 1 5 50 25.0 0.12 86
g/l ml mmol/l nm

Bold figures: unimodal and polydisperse (PDI > 0.2) size distributions.
Red figures: multimodal and polydisperse size distributions.
PDI<0.2 = d=z-ave ; PDI > 0.2 ® d = dumoy




Table 2: Main effects and interaction coefficients for responses Y: (PDI) and Y> (particle

size)

Effects bo b b bs b1z b1z b23 bi23
Y1 0.24 -0.03 0.04 0.00 -0.02 -0.06 0.07 -0.05
Y2 101 -6 12 0 -15 -11 18 -17




Table 3: Necessary quantity of SDS for covering the entire surface (A«) developed by the

PHU nanoparticles (no), amount of SDS providing the formation of the first micelle (neme),

excess of SDS available to form micelles (n*) for the DoE samples containing SDS

Parameter Response
Sample | mpyu Vw [SDS] d Aot Ilol Nl ncmi n*l Neme / 0*
@ (ml) M) PDI (mol) (mol) (mol) (mol)
5 25 50 25 10.15| 55 1.94 1.02x107 | 1.25%107 | 7.95x10™ | 4.45%10* 1,79
6 125 50 25 ]0.10| 88 6.07 |3.20x107° | 1.25x107% | 7.95x10* | 4.23x10* | 1,88
7 25 150 25 10.52(179 0.60 2.46x10° | 3.75x107 | 1.17x107 | 2.58x107 0,46
8 125 150 25 0.2 81 6.60 | 2.72x107° | 3.75x107 | 1.17x107 | 2.55x10° | 0,46
A 75 100 12.5 [0.12] 102 3.14 1.27x107 | 1.25%107 | 9.75x10™ | 2.62x10™ 3,72
B 75 100 12.5 [0.13| 86 3.73 1.50x107 | 1.25%107 | 9.75x10™ | 2.60x10™* 3,75
C 75 100 | 12.5 [0.13] 93 3.45 | 1.39x107 | 1.25x10° | 9.75x10* | 2.61x10* | 3,73
D 75 100 12.5 (0.13] 93 3.45 1.39x107 | 1.25%107 | 9.75x10* | 2.61x10™ 3,73
mg ml | mmol/l nm m? mol mol mol mol
Red figures: multimodal and polydisperse size distributions.

PDI<0.2 ® d=z-ave ; PDI > 0.2 = d = dmoy




Table 4: Evolution of the samples size and size distribution over time.

Run X | X2 | X3 d |[PDI| 4 |PDI| d |PDI| d |[PDI| d | PDI
nm nm nm nm nm
Age (days) 17 27 47 214
Centre points
A 3 100 [ 125 | 102 | 0.12 | 97 | 012 | 97 |0.11| 98 | 0.13 | 97 | 0.14
B 3 100 | 125 | 8 |0.13| 80 |0.12 | 81 |0.12| 80 |0.12 | 82 | 0.14
C 3 100 | 125 93 (013 | 8 |0.13| 8 |0.13| 8 |0.12| 87 | 0.13
Sample with the lowest PDI
|6 | 5 | 50| 25| 8 [010] 113013 ] 111014 | 106 [ 013 ] 103 | 0.16 |
Sample with the lowest particle size
| 5] 1 |50 25|55 |015] 59 [014] 60 [0.15] 77 [0.22] 104 | 0.91 |
Samples without surfactant
1 1 50 0O | 103 | 028 | 105 | 0.23 | 94 | 0.18 | 119 | 0.05| 262 | 1
2 5 50 0 | 110 | 027 | 97 | 017 | 99 |0.17 | 117 | 0.06 | 227 | 0.75
3 1 150 | O 87 [0.15| 602 | 0.29 | 160 | 1 183 | 0.87 | 298 | 1
4 5 150 ([ 0 | 101 | 026 | 90 | 0.12 | 144 | 0.04 | 427 | 0.03 | 259 | 0.99
Samples with an excess of surfactant
7 1 150 | 25 | 179 | 052 | 152 | 035 | 105 | 048 | 113 | 0.19 | 136 | 0.27
8 5 150 | 25 81 | 02 | 8 | 089 | 115 | 099 | 100 | 0.6 | 81 | 0.39

Bold figures: unimodal and polydisperse size distributions.
multimodal and polydisperse size distributions.
PDI<0.2 = d =z-ave ; PDI > 0.2 = d = dmoy

Red figures:
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