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Abstract

Polymer nanoparticles (NPs) loaded with drugs and/or contrast-agents have become key tools in the
advancement of nanomedicine, requiring robust technologies for their synthesis. Nanoprecipitation is
a particularly interesting technique for the assembly of loaded polymer NPs, which is well known to
proceed under kinetic control, with a strong influence of assembly conditions. On the other hand, the
nature of the used polymer also influences the outcome of nanoprecipitation. Here, we investigated
systematically the relative effects of mixing of the organic and aqueous phases and polymer chemistry
on the formation of polymer nanocarriers. For this, two mixing schemes, manual mixing and
microfluidic mixing using an impact-jet micromixer, were first evaluated, showing, respectively, mixing
times of several tens of milliseconds and a few milliseconds. Copolymers of ethyl methacrylate with
charged and hydrophilic groups and different polyesters (PLGA, PLA) were combined with a fluorescent
dye salt and tested for particle assembly using this “slow” and “fast” mixing. Our results showed that
in case of the most hydrophobic polymers the speed of mixing had no significant influence on the size
and loading of the formed NPs. In contrast, in the case of less hydrophobic polymers, faster mixing led
to smaller sized NPs with better encapsulation. The switch between mixing and polymer controlled
assembly was directly correlated to the solubility limit of the polymers in acetonitrile-water mixtures,
with a critical point for solubility limits between 15 and 20 vol% water. Our results provide simple
guidelines on how to evaluate the possible influence of polymer chemistry and mixing on formation of
loaded NPs, opening the way to fine tuning their properties and optimizing their large scale production.
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Introduction
Loaded polymer nanoparticles (NPs) are one of the corner-stones of nanomedicine.? The possibility

to encapsulate various kinds of loads, ranging from drugs to contrast agents, and to direct and/or
deliver these to nearly every part of the body, has allowed significant advances in diagnosis and
therapy. Among the different techniques developed for the synthesis of such loaded polymer NPs,
nanoprecipitation has proven to be a particular versatile and simple approach, which does not require
high amounts of energy and can easily avoid the use of hazardous solvents or stabilizers.>™® In
nanoprecipitation a solution of a polymer and the load in a water miscible organic solvent is mixed
with an aqueous phase, inducing phase separation and the formation of NPs. A very interesting feature
of nanoprecipitation is that the load is kinetically trapped inside the polymer matrix during synthesis,
which allows using processing parameters rather than drug design to optimize the encapsulation of
the load.

The kinetically controlled nature of nanoprecipitation has the consequence that the way and speed of
mixing of the two phases can strongly influence particle formation and through this size, size
distribution, and loading. In consequence, mixing parameters were strongly improved, from dropwise
addition to the use of specifically designed mixers using collision of flows or herringbone mixers. >7-°
In these cases, it has been observed that improved mixing leads in general to smaller NPs with
narrower size distributions.>® Related to this are various parameters that indirectly influence the
kinetics of particle formation. Among these are the concentration of polymer and load,*'? and the
organic solvent used.’®* While the former influences the diffusion distances, the latter influences the
limit of solubility of the polymer in the water-solvent mixture.

On the other hand, it was also observed that the nature of the polymer, notably its chemical
composition and architecture, can influence the synthesis and the properties of NPs. For example, the
relative and total length of the hydrophilic blocks in block copolymers could be used to control particle
formation.” Furthermore, charged groups on the polymers have been shown to reduce particle
size, %1618 35 was also the case with hydrophilic groups.®

In the present work, we thus wanted to evaluate the relative importance of polymer nature, i.e.
different types of backbones and side groups, and mixing on the preparation of loaded polymer NPs.
For this, we compared NPs prepared manually, corresponding to “slow mixing”, to NPs prepared using
an impact-jet mixer, which has been shown previously to yield particularly small NPs, supposedly due
to very efficient and “fast” mixing.1>% Various kinds of polymer chemistries and architectures were
then used for the preparation of NPs by these two approaches(Scheme 1): In particular, we used
methacrylate based copolymers with various amounts of hydrophobic (ethyl, EMA), charged
(carboxylic acid, sulfonate) and hydrophilic (hydroxyethyl methacrylate, HEMA) side groups; as well as

the polyesters poly(lactic acid) (PLA) and poly(D-L-lactide-co-glycolide) (PLGA), and a block copolymer
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of PLGA with polyethylenglycol (PLGA-PEG). The results were compared, on the one hand, in terms of
sizes and size distributions, which give an overall idea of the particle formation. And, on the other
hand, in terms of the photophysical properties of NPs loaded with R18/F5-TPB, the salt of a rhodamine
B derivative with a bulky hydrophobic counterion, which are sensitive to its organization inside the

NPs, and give an idea of the encapsulation process.
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Scheme 1. (A) Structures of polymers used in this study (x y, k, I, m, n stand for mole fractions). (B)
Structures of dyes and principle of manual nanoprecipitation. (C) Set-up for nanoprecipitation using
the impact-jet micromixer.

Materials and Methods

Materials

The polymers poly(D-L-lactide-co-glycolide) (PLGA, acid terminated, lactide:glycolide=50:50, Mw
24,000-38,000 g.mol?, Ref.: 719870, Lot: BCBV0402), poly(lactic acid) (PLA, acid terminated, My
10,000-18,000, Ref : 719978, Lot : STBD0490V), poly(ethylene glycol) methyl ether-block-poly(L-
lactide-co-glycolide) (PLGA-b-PEG, with PEG M, 5,000 and PLGA M, 25,000 lactide 50 mol%, glycolide
50 mol%, Ref : 799041, Lot: MKCL2095 ) were purchased from Sigma-Aldrich. For polymerization we
used ethyl methacrylate (EMA, Sigma-Aldrich, >99%, Ref. 234893), methacrylic acid (MAA, Sigma-
Aldrich, Ref. 155721), hydroxyethyl methacrylate (HEMA, Sigma-Aldrich, >99%, Ref. 477028), 3-
sulfopropyl methacrylate potassium salt (Sigma-Aldrich, Ref. 251658), and azobisisobutyronitrile

(AIBN, 98% from Fluka, recrystallized in ethanol). Monomers were typically purified over column.
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Dimethylformamide (DMF, analytical grade), methanol (MeOH, analytical grade), and acetonitrile
(analytical reagent 299.5%) were obtained from Carlo-Erba. Potassium iodate (Sigma Aldrich, 99.5%
Ref. 215929, Lot: MKCP8518), potassium iodide (AlfaAesar, 99%, Ref. A12704, Lot: 10194063), boric
acid (ThermoFisher, 99.8%, Ref. 012680.A1, Lot: P16H103), sodium hydroxide (10 M solution,
FisherScientific, Ref. J/7620C/05, Lot: 2177558), sulfuric acid (5 M solution, FisherScientific) were used
as received. R18/F5-TPB was synthesized from rhodamine B octadecyl ester perchlorate (Sigma-
Aldrich, >98.0%) and lithium tetrakis(pentafluorophenyl)borate ethyl etherate (AlfaAesar, 97%)
through ion exchange followed by purification through column chromatography as described
previously.2>?2 Phosphate buffer (20 mM, pH 7.4) was prepared from Na,HPOg4, 299% and NaH,PO,

H,0, 298% (both Sigma-Aldrich). MilliQ water was used in all experiments.

Polymer Synthesis

Ehtyl methacrylate (EMA) based copolymers with different charged or hydrophilic comonomers were
synthesized through free radical polymerization. Monomers were dissolved in DMSO and mixed at the
desired ratio in a round bottom flask. 0.01 eq. of AIBN was added, the mixture was flushed with argon
for 5 min and heated at 70 °C under inert atmosphere. The advancement of the reaction was
monitored using NMR spectroscopy. Once the conversion had reached 25%, the polymerization was
stopped by quickly lowering the temperature. Conversion was kept to relatively low values to avoid
strong variations in copolymer composition. The mixture was precipitated in methanol or
water/methanol mixtures if necessary, redissolved in acetonitrile and precipitated a second time
before drying and characterization. NMR spectra were recorded at 20 °C on a BrukerAvance |1l 400
spectrometer and were used to evaluate polymerization conversion and characterize the final
polymers.

As an example, the synthesis of PEMA-COOH-5% is given, further details can be found in the ESI:
Monomers were dissolved in DMSO at a concentration of 2 M. 50.8 mL of EMA (102 mmol, 95 eq.) and
2.67 mL of MAA (5.35 mmol, 5 eq.) solutions were placed in a 100 mL round-bottom flask. 4.49 mL of
AIBN at 40 mg/mL (1.10 mmol, 1 eq.) were added and the mixture was flushed with argon during 5
min. It was then heated at 70 °C under inert atmosphere for 30 min and an aliquot was taken and
analyzed using 'H NMR spectroscopy. The ratio between the intensities of the O-CH,- signals from the
monomer and the polymer showed 31% of conversion. The mixture was precipitated in 400 mL of a
methanol-water 9/1 mixture. The polymer was collected after centrifugation and redissolved in
acetonitrile before a second precipitation in methanol at 0°C. The obtained polymer was dried under
vacuum to give 2.60 g of white solid (overall yield 22 %). 'H NMR (400 MHz, CDCl3) & (ppm): 4.03 (m,
2H), 2.09 - 1.73 (m, 2H), 1.37 - 1.18 (m, 3H), 1.13 - 0.78 (m, 3H).



Methods

Preparation of NPs: Stock solutions of polymers were prepared at a concentration of 10 g.L? in
acetonitrile, containing 30 vol% methanol, where needed. These solutions were diluted to 2 g.L? in
acetonitrile containing 5 wt% or 30 wt% of R18/F5-TPB (relative to the polymer, for polyesters and
polymethacrylates, respectively). For manual preparation, this solution was quickly added to a 9-fold
volume excess of MilliQ water or phosphate buffer (20 mM, pH 7.4) under shaking (Thermomixer
comfort, Eppendorf, 1100 rpm at 21°C). For preparation using microfluidics, we used an impact-jet
(KM) mixer, whose structure consists of three steel plates, namely the inlet, mixing and outlet plates.?
Both inlet fluid streams are split into 3 sub-streams thanks to microchannels of 120 um. Then the
alternated 6 sub-streams converge to a single pine hole of 300 um, where they are mixed by frontal
collision. In this case, the organic solution was mixed in a ratio 1:9 with MilliQ water or phosphate
buffer (20 mM, pH 7.4), based on the flow rates, at global volume flow rates of 2, 5, or 10 mL.min?,
using two KDS Legato™ 100 Infuse Only Syringe Pumps from KD Scientific. Considering the geometry
of the mixer, these volume flow rates correspond to flow speeds of 0.77, 1.93 and 3.86 m.s*. Samples
were taken after about 30 s of stabilization at the given flow rates. The particle solutions were analyzed
directly after suitable dilution, without purification in order to better visualize the effects of
preparation conditions.

Dynamic light scattering (DLS): A Zetasizer Nano series ZSP (Malvern Instruments S.A.) was used for
size measurements at 25 °C. Each of the samples was measured 10 times with a run length of 10 s
each. The measurement position was fixed to 4.3 mm and the attenuation was adjusted automatically.
The volume average values were used, which are determined by the Zetasizer software (Malvern)
based on Mie theory. For density, viscosity, and refractive index, we used the values integrated in the
Zetasizer software for water. The actual values in mixtures containing 10 vol% of acetonitrile (the
maximum), can deviate by, respectively, 2%, 10%, and 1% for density, viscosity, and refractive

2425 which might lead to a slight error in the absolute values, but does not affect comparison

index,
between different formulations and types of preparation. Mean values represent the average over at
least three independent preparations, error bars correspond to the standard deviation over the means
from different preparations.

Transmission electron microscopy (TEM): Solutions of NPs (10 uL) were deposited onto carbon-coated
copper-rhodium electron microscopy grids following amylamine glow-discharge. They were then
treated twice for 10 s with a 2% uranyl acetate solution for staining. The obtained grids were observed
using a Tecnai F20 Twin transmission electron microscope (FEI Eindhoven Holland) operating at a

voltage of 200 kV. Images (1,024 pixels x 1,024 pixels) were recorded using a US1000 camera (Gatan)

and analyzed using the Fiji software. At least 200 particles per condition were analyzed.



Absorption and emission spectra: Absorbance spectra were measured with a Cary 5000 Scan
ultraviolet-visible spectrophotometer (Varian) between 400 and 800 nm. Fluorescence spectra were
measured using an Edinburgh FS5 spectrofluorometer equipped with a thermostated cell
compartment between 570 and 800 nm with wavelength of excitation equal to 535 nm. Alternatively,
a Tecan Plate Reader was used for quantum yield (QY) measurements. The measurements were
performed in tissue culture test plates 96f with 100 pL of sample in each well. Excitation was performed
at 535 nm. Emission spectra of the dye-loaded NPs in aqueous solution and of Rhodamine 101 in

ethanol as reference were recorded. QYs were calculated using a relative method:

2
FNp/ANP,530nmMH,0

QYnp = QY1013 (1)

r101/Ar101,530nmNELOH
where Fyp and Frio: represent the emission intensity integrated over the entire emission wavelength
range of the NP and rhodamine 101 solutions, respectively. Anp, 535 nm represents their absorbance at
the excitation wavelength. QYrio01 is the QY of rhodamine 101, which was taken to be 95%2%, and n

corresponds to the respective refractive indices of the solvents (1.33 for water and 1.36 for ethanol).

Turbidimetry: Turbidimetry measurements were performed on a Cary 5000 Scan ultraviolet-visible
spectrophotometer (Varian) at 400 nm. For this, a solution of the polymer in ACN was titrated with
MilliQ water. Polymer precipitation is detected by a drop in transmittance at 400 nm. Basically, we
measured the transmittance of polymer solutions (2 g.L?) in acetonitrile. After addition of few L of
aqueous phase and homogenization, we remeasured the transmittance. We repeated the process at
least until the transmittance decreased below 80%. The limit of solubility was taken to be the
composition of the solution before the transmittance decreased below 80%. Experiments were
performed at least in triplicate and the average values are given with the corresponding standard

deviation or step size of the titration as error.

Determination of Micromixing Times:

Mixing times were determined following a procedure established by J-M. Commenge et al.?’

Briefly, an acidic and a basic solution are mixed with a small excess of basic solution. The basic solution
contains potassium iodide and iodate. The latter reacts with acid to form |, which then reacts with
iodide to form I5". This reaction only happens in case of inhomogeneous mixing, as it is in competition
with the acid-base reaction (neutralization) that is much faster. The amount of I3 is measured by
absorbance (OD) and is correlated to the speed of micromixing (higher Is” concentration corresponds

to slower mixing).



Practically, stock solutions of potassium iodate (0.06 mol.L?), potassium iodide (0.32 mol.L?), boric
acid (0.665 mol.L?), sodium hydroxide (1 mol.L) and sulfuric acid (0.5 mol.L?) were prepared in
degassed water.

Solutions of sulfuric acid were made at 0.04 mol.L'* and 0.06 mol.L? (respectively for low and high
speed of mixing). The basic solution was prepared by adding successively solutions of boric acid,
sodium hydroxide, potassium iodide and potassium iodate to obtain a final concentration of 0.09 mol.L"
! of NaH;BO4, 0.032 mol.L? of potassium iodide and 0.006 mol.L? of potassium iodate. Both solutions
were degassed by Argon bubbling for at least 10 minutes. Mixing of the two solutions was performed

manually and using microfluidic mixing (2, 5 and 10 mL.min™}).

After mixing, the absorbance was measured at 353 nm. From this, and taking into account the used

concentrations, the segregation index Xs was calculated following procedures from the literature?’:

2(l21+[13 ]
X — Y — [H+]0 (2)
s Ysegregated 6[103 1o

6 [103]0+[H203]0
Using described models, the absorbance can be further used to estimate mixing times with the
following equation: tn =0.33(0D)[H*]™**°[KI]>*[KIO3])>#[NaOH]2[H3BOs]2. Experiments were

performed in triplicate.

CFD modeling of flows: The Ansys Fluent software was used to model the flow at various flow rates,
corresponding to the flow speeds calculated based on the mixer geometry. A geometry based on 6
converging entry channels of 120 um x 120 um width and a cylindrical outlet channel of 280 um
diameter and a length of 5 or 10 mm was used (Figure 1 and ESI Figure S1). For the latter a mesh
comprising 102 000 knots and 310 000 elements was used. A species model of acetonitrile and water
was used to simulate the mixing assuming a mutual diffusion coefficient of 1.0 10° m?2.s1.2 The ratio
of volume flow-rates of the organic to aqueous phase was set to 1:9 based on the used entry velocities.
Three different entry velocities were used for simulation corresponding to global volume flow rates of
2, 5, and 10 mL.min’. At least 100 iterations were applied for each condition. The results of the
simulations were analyzed using the Ansys Fluent software. Graphical representation of flow speeds
and mass fractions in the symmetry plane as well as in cross-sections situated 5 and 10 mm
downstream from the point of injection were created. The uniformity indices of the distribution of the
mass fractions of acetonitrile and water in the different cross-sections were established using functions
built-in in Ansys Fluent.



Results and Discussion
Mixing
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Figure 1. Simulatlon of qu:d mixing between water and acetonitrile at different flow speeds using CFD:
A) General geometry used for modelling, with indication of the considered in- and outflows and the
cross-sections analyzed. The simulation was carried out on half the geometry, using the symmetry plane
situated in the center of the channel. B) Velocity profiles along the symmetry plane for three global
volume flow rates with an acetonitrile:water volume ratio of 1:9 (represented here for the first 5 mm).
C) Mass fraction profiles of acetonitrile for cross-sections situated at 5 (top) and 10 (bottom) mm
downstream, as indicated in (A). The residence time values indicate the mean residence time of the

fluid up to the given position in the mixer. An identical color scale was used for all cross-sections going
from 0 (blue) to 20 mass% acetonitrile.
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In a first step, we aimed at quantifying as far as possible the mixing of the two fluid phases in the two
approaches we used for nanoprecipitation, namely, manual mixing and microfluidic mixing by an
impact-jet mixer. In manual mixing, the organic solution is added to a 9-fold excess of aqueous phase
using a micropipette under shaking. In the impact-jet micromixer organic and aqueous phase are
injected at a volume flow rate of 1:9 using syringe-pumps. Each inlet stream is divided into 3 sub-
streams in 120 um wide microchannels, followed by the convergence of the 6 sub-streams to a single,
300 um wide pin-hole. We selected two very different approaches to quantify mixing speeds in these
systems: Modeling using computational flow dynamics (CFD)'*?° and indirect measurements using
competitive reactions.

CFD was first used to simulate the flow in the impact-jet micromixer and through this to quantify the

achieved mixing and its dependence on flow speed. In our case, we modeled the mixing of acetonitrile



and water in the impact-jet micromixer using the ANSYS Fluent software for the three volume flow
rates. The considered geometry and obtained results are summarized in Figure 1 and Table 1 (as well
as in the ESI Figures S1 and S2) and show that, as expected, increasing the flow speed leads to improved
mixing, in particular when going from a global volume flow rate of 2 mL.min™ to 5 mL.min™. In order
to obtain a quantitative idea of the mixing time, we analyzed the so-called uniformity index (1 for
highest uniformity), used to quantify the extent of mixing, and related it to the residence time in the
mixer for the different flow rates: In the case of 5 mL.min! very good mixing (uniformity index 0.96) is
achieved after a residence time of 3 ms (Table 1). At 10 mL.min* a similar level of mixing (uniformity
index 0.95) is achieved after only 1.4 ms. In the case of 2 mL.minY, it requires > 15 ms to reach
corresponding mixing values. These results suggest that, according to CFD, mixing times at 10, 5, and

2 mL.min’, are of the order of 1 ms, 3 ms, and several tens of ms, respectively.

Table 1. Data on the quality of mixing depending on way of mixing and used flow rates, evaluated using
competitive reactions and CFD simulation.

Mixing type Flow rate Mixing time?) at 5 mm down-stream?
(mL min?) (ms) Residence time | Uniformity
(ms) index
Manual - 275
Impact-jet 2 28+4 8 0.87
5 21 3 0.96
10 <1 14 0.95

1) as obtained from the Villermaux-Dushman reaction
2) as obtained from CFD simulation

A second way to achieve a comparison of the different mixing conditions is the use of competitive
reactions, which allows relating the ratio of the obtained products to the speed of mixing.?’%3! Here,
we chose the Villermaux-Dushman reaction, in which neutralization of borate competes with the acid
catalyzed redox reaction of iodate with iodide. Our choice was motivated by the simple quantification
of product ratios through absorbance measurements and the fact that this reaction has been
previously used to characterize similar mixers.?*?”32 Again, the obtained segregation indices Xs (Xs = 0
for perfect micromixing, Xs = 1 for infinitely slow mixing) for the impact-jet mixer showed that
increasing the flow rate effectively led to better, that is, faster mixing (Figure 2). The speed of manual
mixing was of the same order of magnitude as mixing at the lowest flow rate used here (2 mL.min?).
However, at high flow-rates (5 and 10 mL.min!) mixing in the impact-jet mixer led to clearly improved
mixing, as indicated by the lower Xs values. These results were then used to estimate quantitatively
the micromixing times based on a model proposed for this reaction:?” For manual and slow microfluidic
mixing, micromixing times of tens of ms were obtained (27 £+ 5 ms and 28 + 3 ms, respectively, Table

1). For faster flow, the obtained micromixing times were of the order of a few ms (2 £ 1 ms for 5



mL.mint) or even below 1 ms (for 10 mL.min). Thus, the measured values were in good quantitative
agreement with the simulated ones (considering a uniformity index of 0.9 — 0.95, Table 1).
Furthermore, the measured values are comparable to previous evaluations, which found very fast
mixing under these conditions.?*3? Measurements in other types of impinging jet or multi-inlet-vortex
mixers also yielded mixing times in the low ms range,3!*® which is consistent with the results obtained
here.

The combined results of CFD modeling and experimental measurement of micromixing using
competitive reactions suggest that the microfluidic and manual approaches used here provide mixing
of the aqueous and organic phases on two different time scales: very fast mixing in the case of the
impact-jet mixer with mixing times on the low (<1 — 3) ms timescale and significantly slower mixing for
manual mixing using a pipette and a shaker or low flow rates, for which mixing was at least one order

of magnitude slower, resulting in mixing times of the order of tens of ms.
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Figure 2. Segregation indices Xs (Xs = O for perfect micromixing, Xs = 1 for infinitely slow mixing) as
obtained using the Villermaux-Dushman reaction for various mixing conditions either manually or using
the impact-jet mixer. Experiments were performed in triplicate and error bars give the standard
deviation.

Solubility of Polymers
The driving force of particle formation in nanoprecipitation is the insolubility of the polymer and the

load in the final mixture obtained after mixing the organic and the aqueous phase. In a second step,
we therefore determined the limit of solubility of the different polymers. For this, we used
turbidimetry experiments, in which small quantities of MilliQ-water were added to solutions of the
polymers at 2 g.L'! in organic solution (acetonitrile or acetonitrile with 10 vol% methanol for the least
hydrophobic), while measuring the transmittance. We considered that the solubility limit was reached

when the measured transmittance at 400 nm dropped below 80%. In the case of the EMA polymers
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with different percentages of charges (1 to 10%), the solubility limit was reached between 6 and 14
vol% water, as expected for copolymers with a high amount of hydrophobic monomers (Figure 3A).
Increasing the amount of methacrylic acid groups only slightly shifted the solubility limit to higher
water fractions. Sulfonate groups were more effective in increasing the solubility of the polymer,
probably due to the fact that they are entirely in their deprotonated (salt) form in MilliQ water.

Increasing the fraction of hydrophilic HEMA monomers in statistical (random) EMA/HEMA copolymers
led to a continuous (and practically linear) increase in the solubility limit, up to a water fraction of over
50 vol% for the copolymer bearing 75 mol% of HEMA monomers, in good agreement with previous
observations.?® Measurements on different polyesters showed that these had a somewhat higher
solubility, with solubility limits in the range 12 to 20 %water, than the hydrophobic methacrylates, in
particular PLA. The obtained values for the limit of solubility were in good agreement with results
obtained previously by us®! and others.® Interestingly, PLGA and the PLGA-PEG block copolymer had
very similar solubility limits, practically independent of the presence of the PEG block. Performing the

same type of experiments with the dye salt R18/F5-TPB alone using DLS yielded a solubility limit of

about 6 vol% of water.
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Figure 3. Limits of solubility of the different polymers as obtained from turbidimetry measurements by
adding MilliQ water to a 2 g L solution of the polymers in acetonitrile (containing up to 10% of
methanol). A) PEMA with different fractions of COOH and SOsH groups. B) P(EMA-HEMA) copolymers
with different EMA/HEMA ratios. C) Different polyesters. Given is the highest fraction of aqueous phase
in the mixture before the transmittance decreased below 80%. Mean values are triplicates of three
independent measurements, error bars give the standard error of the mean.

Nanoparticles from Methacrylate Polymers

To evaluate the relative influence of polymer chemistry and speed of mixing on synthesis of NPs
through nanoprecipitation, we started from methacrylate polymers having different types and
amounts of side groups and architectures. In all cases 30 wt% (relative to the polymer) of the

hydrophobic dye salt R18/F5-TPB were added to the organic phase. Microfluidic mixing using an
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impact-jet micromixer was used as “fast” mixing and manual addition using a micropipette as “slow”
mixing. On the one hand, particle size and size distribution were studied to gain a general insight into
particle formation. On the other hand, absorbance and fluorescence measurements were used to

study encapsulation of the load.
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Figure 4. Sizes from DLS (A), TEM micrographs and histograms (B), and quantum yield (C) of NPs made
from PEMA-COOH with different COOH fractions either manually or using an impact-jet mixer. NPs
contained 30 wt% dye (R18/F5TPB). Nanoprecipitation was performed in phosphate buffer. The used
flow rates were 5 mL.min except for PEMIA-COOH 1%, where 2 mL.min™ was used in order to avoid
aggregate formation. For DLS and QY mean values from three independent preparations are given.
Error bars correspond to standard error of the mean. For TEM histograms at least 200 particles were
analyzed per condition.

First, we applied this protocol to PEMA polymers bearing 1, 5, or 10 mol% of COOH groups (Figure 4).
As observed previously, the particle size decreased strongly with increasing amount of (potentially)
charged groups, going from >150 nm to <30 nm for 10 mol% COOH.3* However, for these polymers
fast mixing in the impact-jet mixer did not lead to the formation of smaller NPs than manual mixing
(Figure 4A). A closer look on the particle sizes using TEM revealed no significant differences in the
particle size distributions between particles made through fast or slower mixing (Figure 4B). A
particular case was PEMA-COOH 1%, as preparation of particles at the highest flow rates led to the
formation of aggregates, we decreased the flow rates accordingly to avoid this. The {-potential was
clearly negative for both ways of mixing, e.g. for PEMA-COOH 5% - 21 mV for manual and -27 mV for
preparation with the impact-jet micromixer (ESI Table S1). Using PEMA polymers bearing 1% of
sulfonate groups (instead of COOH groups) gave NPs with very small sizes below 10 nm (Figure 4A), as
observed previously.’ Again no significant influence of the way of mixing was observed.

We further characterized these NPs using absorbance and fluorescence spectroscopy. Absorbance
spectra (ESI Figure S3A) corresponded well to the expected absorbance of the used rhodamine dye
and did not show major differences between those prepared manually and those prepared using fast
microfluidic mixing, both in terms of intensity and shape. Indeed, the obtained absorbance values were

in good agreement with those expected based on the concentration and the extinction coefficient of
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the dye (measured 0.13, expected 0.15 for € = 106 000 M cm™ in methanol). It should be noted that
non-encapsulated R18/F5TPB dye salt has a strong tendency to aggregate, typically visible in the form
of pink deposits at the sides or at the top of the tubes and leading to a corresponding decrease of the
measured absorbance in solution.?>* Together with previous studies on encapsulation of this dye salt,
which estimated the encapsulation efficiency to be > 95% using ultracentrifugation, dialysis, and
observations on cell culture,'221% these results suggest a good encapsulation of the dye salt within the
NPs.3> Furthermore, they confirmed the correct performance of our impact-jet micromixer based
system to yield the expected mixing ratios of the components.

Fluorescence emission spectra were also in excellent agreement in terms of their shape (ESI Figure
S3B). The obtained spectra could then be used to determine the fluorescence quantum yield (QY) of
the NPs (Figure 4C), which is directly related to the aggregation state of the dyes inside the NPs. Indeed,
aggregation of dyes is known to lead to a decrease in the QY, often also seen from a relative increase
in the absorbance at the shoulder (530 nm).2! Here, QY measurements of the corresponding dye-
loaded NPs showed very similar values in the range of 60 to 75% for NPs made from PEMA polymers
bearing different amounts of COOH groups. In some cases, a slightly lower QY value for the NPs made
using the impact-jet micromixer was obtained. However, the speed of mixing did, in general, not have
a significant influence on the QY. For PEMA-SOsH 1%, we did not observe a significant influence of the
way of mixing on the QYs either, though these were with 58% somewhat lower than for the PEMA-
COOH polymers (ESI Figure S7). Together with the absorbance results, this indicates that the speed of

mixing does not have a significant influence on encapsulation of the dye salt for this series of polymers.
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Figure 5. Sizes from DLS (A), TEM micrographs and histograms (B), and quantum yield (C) of NPs made
from EMA-HEMA copolymers with different HEMA fractions either manually or using an impact-jet
mixer. NPs contained 30 wt% dye (R18/F5TPB). Nanoprecipitation was performed in MilliQ water. The
used flow rates were 10 mL.min™ except for EMA 100%, where 2 mL.min™ was used in order to avoid
aggregate formation. For DLS and QY mean values from three independent preparations are given.

Error bars correspond to standard error of the mean. For TEM histograms at least 200 particles were
analyzed per condition.
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Second, we varied the overall hydrophobicity of the polymer by using copolymers of EMA and HEMA
with varying fractions of the two monomers. As expected from previous results,’® we observed a
decrease in particle size, as well as a decrease in QY with increasing fraction of hydrophilic groups in
the polymer (Figure 5A). For HEMA contents starting from 25%, NPs prepared through fast mixing
using the impact-jet micromixer showed significantly lower sizes in DLS than those prepared manually,
e.g. for EMA/HEMA 25/75 decreasing form 62 nm for slow to 29 nm for fast mixing. TEM images
confirmed a significant shift of the particle size distribution to smaller sizes for fast compared to “slow”
mixing. Indeed, both the mean values (and modes) of the particle sizes and the sizes of the largest
particles were significantly lower for the former. The {-potential was again clearly negative in both
cases (e.g. -30 mV and -21 mV for EMA/HEMA 25/75, respectively, for manual and impact-jet mixing,
ESI Table S1). At the same time, we observed significantly higher QYs for the dye-loaded NPs prepared
through microfluidics, starting from 25% of HEMA content, e.g. from 28% for slow to 54% for fast
mixing for EMA/HEMA 25/75. Thus, mixing has a distinctive influence on particle formation in the case
of these polymers.

To understand further the influence of the mixing speed, we studied formation of NPs for two
representative polymers, PEMA-COOH 5% and P(EMA-HEMA) 50/50 at various mixing speeds (ESI
Figure S4, here with 5 wt% dye salt loading). In case of PEMA-COOH 5% a slight increase in size of the
formed NPs was observed when going from slow to fast mixing, however, the size quickly reached a
plateau. This indicated that the influence of the mixing speed is effectively weak. For P(EMA-HEMA)
50/50, a continuous decrease of particle size was observed for increasing flow and hence mixing speed

up to at least 15 ml.min™.

Nanoparticles from Polyesters
In the next step, we extended our study to biodegradable polyesters frequently used in the assembly

of NPs for biomedical applications: PLGA and PLA, as well as a PLGA-PEG block copolymer (Figure 6).
Here, the loading with R18/F5-TPB was reduced to 5 wt%, as this was shown previously to being
optimal in terms of brightness for PLGA NPs.?! The range of measured QYs for polyesters were between
approximately 70% for the highest and roughly 30% for the lowest measured QYs, and thus in a range
similar to those for methacrylate based polymers (vide supra). It should be noted, however, that the
loading was significantly lower for polyesters, which is generally connected with higher QYs, indicating
that at similar loading the QYs would be higher for methacrylate based polymers, as observed
previously.?! For PLGA and PLA, which bear terminal acid functions, NPs prepared in phosphate buffer
were smaller than those prepared in MilliQ water. This is in agreement with previous results and was

attributed to a more effective deprotonation of the acid groups in phosphate buffer, increasing the
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effective charge fraction on the polymers.t?° In the case of PLGA-PEG, which does not bear acid groups
and does not rely on charges for particle stabilization, no significant influence of the aqueous phase
was detected.

In the case of PLGA a clear influence of mixing was observed for NPs prepared in MilliQ water, as
observed previously,?® where fast mixing using the impact-jet micromixer led to a strong decrease in
the particle size from >100 nm to less than 50 nm, and to an increase in the QY from 30 to nearly 70%.
Interestingly, this effect was much less expressed in phosphate buffer, both, for the size and for the
QY. In the case of the PLGA-PEG block copolymer, NPs between 37 and 43 nm have been obtained,
whatever the conditions of assembly, indicating that mixing had no significant influence on NP
formation for this polymer. Nevertheless, PLGA-PEG based NPs made through fast mixing showed
significantly higher QYs than those prepared manually. For PLA, finally, fast microfluidic mixing gave
smaller NP sizes and higher QYs in both, MilliQ water and phosphate buffer, with the stronger effect
being observed in water. Comparison of normalized absorbance spectra of PLGA, PLGA-PEG, and PLA
based NPs prepared in MilliQ water, showed for PLGA and PLGA-PEG a small decrease in the
absorbance at the shoulder (~530 nm, relative to the maximum) for preparation using fast microfluidic

mixing (Supporting Information Figure S3 E), in good agreement with previous results on PLGA.?°
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Figure 6. Size (A) and QY (B) of NPs of PLGA, PLGA-PEG and PLA, with 5 wt% dye (R18/F5TPB) prepared
using the impact-jet mixer and manual nanoprecipitation in MilliQ water (mQ) or phosphate buffer.
Mean values for three independent preparations are given. Error bars correspond to standard error of
the mean. The flow rates for the impact-jet micromixer was set to 5 mL.min™.

Discussion
In order to differentiate the relative effects of nature of polymer (or polymer chemistry), and mixing

on the formation of loaded polymer NPs, we tested several aspects of polymer chemistry (variation of
backbone and different hydrophobic, hydrophilic, and charged side chains and their ratios) in two types
of mixing: manual mixing, resulting in a mixing time of several tens of milliseconds, and microfluidics-
based mixing using an impact-jet micromixer, which resulted in mixing times on the microsecond
timescale. We can first distinguish the polymers considering whether the size of the formed NPs
depended on mixing, or whether it is independent of the type and speed of mixing. The latter group
includes the PEMA-COOH and PEMA-SOsH polymers and PLGA (when precipitated in phosphate
buffer), and PLGA-PEG. These were the polymers having the lowest solubility limits, typically below 15

vol% of water. Among the systems, where mixing matters, we find the EMA/HEMA copolymers, PLA,
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but also PLGA when precipitated in MilliQ water. These had generally higher limits of solubility when
mixing with the aqueous phase. Overall this indicates that the most “hydrophobic” polymers are
insensitive (or less sensitive) to mixing, while mixing plays a decisive role in case of the less hydrophobic
ones.

It should also be noted, that charged groups might play an important role in reducing the influence of
mixing. Indeed, while nanoprecipitation of PLGA, which bears a terminal COOH group, was
independent of mixing in phosphate buffer, in which charged groups have been shown to have a bigger
influence'?, it became sensitive to mixing in MilliQ water (Figure 6A). Similarly, nanoprecipitation of
PEMA-COOH polymers in MilliQ water also gave smaller NPs for faster mixing (ESI Figure S5, though in
MilliQ water much larger NPs were formed in all cases). On the contrary, in the case of polymers relying
on uncharged hydrophilic PEG or HEMA groups for the stabilization of forming particles, no
dependence of the behavior on the used aqueous phase was detected: Nanoprecipitation of the block
copolymer PLGA-b-PEG was insensitive to mixing speed in both phosphate buffer and MilliQ water
(Figure 6A), while that of EMA/HEMA copolymers remained sensitive to mixing in both media (Figure
5A and ESI Figure S6). Interestingly, in case of PLGA-b-PEG the overall solubility seems to be controlled
by the hydrophobic block, while the insensitivity to mixing hints to a particular type of stabilization
achieved in the case of hydrophobic/hydrophilic block copolymers. We did not carry out a dedicated
study of the particle stability over time for the different preparation approaches. However, in all cases,
the NPs were stable over at least one week, the timescale, where experiments were typically carried
out. The influences discussed below thus include stabilization over this time scale.

These observations can be rationalized based on previous considerations on the influence of mixing
on nanoprecipitation: It is generally assumed that particle formation in nanoprecipitation becomes
sensitive to mixing, when the characteristic mixing time (tmi) is larger than a critical or threshold time
(Terit , typically system and condition dependent), while it is practically independent of mixing if Tmix <
Terit (i.€. for fast mixing).31,33:3637

At a molecular level, this has been interpreted in terms of the relative speeds of three processes:
mixing of the aqueous and organic phases, associated with the mixing time (tmi), reorganization or
collapse of the polymer chains (with characteristic time 1), and the encounter of polymer chains due
to diffusion (tai). 3¢3%39 In case of fast mixing, chain collapse is thought to be faster than the diffusional
encounter of polymer chains. In this case, deswelling and collapse of polymer chains lead to the
formation of primary particles in a diffusion controlled process with little or no influence of the actual
mixing on particle formation. On the other hand, if mixing is slow (large Tmix> Tcrit), @ gradual deswelling
and collapse of the polymer chains is expected, leading to an increase of the effective collapse time of

the chains, with T ™~ Tmix. In consequence, diffusional encounters of chains compete with their
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reorganization alongside particle formation, leading to a distinct influence of the speed of mixing on
particle formation. (More precisely the critical mixing time was supposed to be Teit > 5 T4i*°)

Here, we have shown that polymer chemistry influences the limiting water fraction leading to
precipitation. In case of the most hydrophobic polymers, addition of only a tiny amount of water (~
10%) was sufficient to reach the polymer solubility limit. We hypothesize that more hydrophobic
polymers would therefore have a lower “effective” mixing time, corresponding to the time required
for the water fraction to reach locally the solubility limit of the polymer. This lower “effective” mixing
time would then lie below the critical time, independently of the global mixing speed. In this picture,
the most hydrophobic polymers would collapse/reorganize at very low water fractions and therefore
faster than the encounter of polymer chains due to diffusion, even at “slower” global mixing, leading
to the observed decoupling of mixing and particle formation. In consequence, the speed of mixing
(over the studied range of mixing times) does not have a significant influence for these polymers.
Concerning charged groups, it has been found that particle growth is limited by the stabilization of the
particles, notably through the build-up of sufficient surface charge or steric repulsion.t’-384041 e
assume that for polymers bearing more charged groups, stabilization is more effective, further
reducing the influence of the speed of mixing.

In case of less hydrophobic polymers, e.g. the EMA/HEMA copolymers, a much higher water fraction
(>20%), and therefore more complete mixing, is required to reach the solubility limit of the polymers.
We suppose that in this case the global mixing time becomes the determining factor, and, as explained
above, particle formation becomes sensitive to mixing at slower global mixing (Tmix > Tcrit). In other
words, in case of less hydrophobic polymers and slow mixing, the diffusion of sufficient water to lead
to deswelling of the polymer could compete with diffusion of the polymers themselves, resulting in a
process, where reorganization and particle formation occur at the same time. Such a scenario has been

53641 35 observed

linked previously to the formation of larger particles with broader size distributions,
here for the EMA/HEMA copolymers.

The influence (or absence of influence) of mixing on the encapsulation of the load was monitored here
through absorbance and fluorescence measurements and notably the fluorescence QY. Decreasing QY
can be linked to increasing aggregation of the dye molecules, leading notably to the formation of dye
clusters within the polymer matrix, characterized by lower QY.?%>42 Here, in the case of the polyester
systems prepared using slower manual mixing that showed lower QY, notably PLGA and PLGA-PEG, the
relative absorbance at the shoulder (530 nm) was higher than for those prepared using fast microfluidic
mixing. Such a spectroscopic signature has been linked to increasing dye aggregation.* Our previous
results confirmed that this is also connected to smaller inter-dye distances and inhomogenities in the

dye-loaded polymer NPs,?! which all point into the direction of the formation of dye aggregates within

the NPs, though their actual size could not be measured.
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In practically all cases, the influence of mixing on the QY overlapped with the influences on particle
size. This could be explained by the fact that in case of the most hydrophobic polymers “phase
separation” of the polymer, leading to collapsed chains or primary particles occurs very rapidly. In the
following, the dye salt could then adhere, in a diffusion limited process, to these primary polymer
particles, and finally be integrated inside NPs upon aggregation of different polymer chains or primary
particles. This would be expected to lead to a minimal aggregation of dye molecules within the
particles. In case of less hydrophobic polymers, the solubility limit of the dye, which is of the order of
6 vol% of aqueous phase, can be reached significantly before the solubility limit of the polymer (>15%).
In consequence, formation of dye aggregates is favored in the early stages of precipitation, these dye
aggregates are then integrated into the NPs once the polymer reaches its solubility limit leading to its
precipitation. Slow mixing would therefore lead to a longer time during which the dye salt starts to
aggregate before the polymer starts doing so, resulting in more pronounced dye-aggregate formation,
and lower QYs. Which is consistent with previously observed lower QYs and smaller distances between
dyes in the case of NPs made from less hydrophobic polymers.?! Fast mixing would again lead more
quickly to a situation, where both, dye salt and polymer, are insoluble, leading to more homogeneous

integration of the dyes, and therefore less dye aggregation and higher QYs

Conclusions
Nanoprecipitation is a key process for the assembly of loaded polymer NPs, in particular for biomedical

applications. At the same time, it is a typical kinetically controlled process, where the process
parameters have a strong influence on the obtained particles, and where the load can be kinetically
trapped inside the NPs. On the other hand, the chemical nature of the compounds that are
nanoprecipitated also has a significant influence on the obtained NPs, their size, loading and other
properties. Within this study, we evaluated the relative influence of speed of mixing, a key processing
parameter, and the chemical nature of the used polymers, i.e. the chemistry of the main and side
chains. For this we compared two mixing approaches, “fast” microfluidic mixing using an impact-jet
micromixer (micromixing time in the range of <1 to 3 ms), and “slow” manual mixing (several tens of
ms scale), while varying hydrophobicity, backbone, presence of charged groups, and architecture of
the used polymers. Our results showed that the influence of the mixing process depends on the nature
of the polymer. In particular, formation of NPs from polymers with high hydrophobicity bearing
charged groups became practically independent of the speed of mixing, in terms of size and loading.
In this case, variations of particle size from about 20 nm to nearly 200 nm and of QYs from 30 to 75%
were observed depending nearly exclusively on the polymer chemistry, with practically no influence
of the mixing speed. On the other hand, a clear influence of the speed of mixing was observed in the

case of less hydrophobic polymers, in particular the important polyesters PLGA and PLGA, leading to
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the formation of up to three times bigger NPs with larger size distribution and up to two times lower
fluorescence QYs at slower mixing. Whether the mixing speed played a role, or not, was directly
correlated with the solubility limit of the polymers in acetonitrile-water mixtures as obtained from
simple turbidimetry measurements, with a critical point for solubility limits between 15 and 20 vol%
water. Quite simple evaluation of the polymer, experimentally or theoretically, can therefore be used
to predict its behavior during particle assembly on a quantitative basis. A quite interesting result is also
the fact that some systems show only a very small influence of mixing, as this could facilitate scale-up.
On the one hand, this could help fine tuning the size, loading and release of loaded polymer NPs and
through this their biomedical properties. On the other hand, such knowledge should facilitate
designing the production of loaded polymer NPs, which is a question with increasing importance as

various types of NPs make their way to large scale biomedical applications.

Supporting Information
Details of polymer synthesis, detailed geometry and further results for CFD simulation, absorbance

and emission spectra of dye-loaded nanoparticles, additional DLS, {-potential, and quantum vyield
measurements.
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