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Abstract
Flash nanoprecipitation (FNP) is a process that, through rapid mixing, stabilizes an insoluble low
molecular weight compound in a nano-sized, polymer-stabilized delivery vehicle. The polymeric
components are typically amphiphilic diblock copolymers (BCPs). In order to fully exploit the
potential of FNP, factors affecting particle structure, size, and stability must be understood. Here
we show that polymer type, hydrophobicity and crystallinity of the small molecule, and small
molecule loading levels all affect particle size and stability. Of the four block copolymers (BCP)
that we have studied here, poly(ethylene glycol)-b-poly(lactic-co-glycolic acid) (PEG-b-PLGA)
was most suitable for potential drug delivery applications due to its ability to give rise to stable
nanoparticles, its biocompatibility, and its degradability. We found little difference in particle size
when using PLGA block sizes over the range of 5 to 15kDa. The choice of hydrophobic small
molecule was important, as molecules with a calculated water-octanol partition coefficient (clogP)
below 6 gave rise to particles that were unstable and underwent rapid Ostwald ripening. Studies
probing the internal structure of nanoparticles were also performed. Analysis of differential
scanning calorimetry (DSC), cryogenic transmission electron microscopy (cryo-TEM), and 1H-
NMR experiments support a three-layer core-shell-corona nanoparticle structure.
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1. Introduction
Approximately 30–40% of new drug candidates have poor aqueous solubility, presenting
difficulties in developing suitable formulations..1 Nano-scale carriers show great promise for
the delivery of hydrophobic drugs and can be further designed to positively affect the
biodistribution of the encapsulated drug.2 The nanometer size range enables longer systemic
circulation by reducing renal clearance and by minimizing uptake by the reticuloendothelial
system.3 Nano-scale drug delivery systems are particularly important in cancer research due
to their ability to exploit the abnormal tumor vasculature, via the enhanced permeation and
retention (EPR) effect.4
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Most nano drug carrier systems including liposomes,5 polymer vesicles,6 and polymeric
micelles7,8 range in size from 50 to 400 nm. However, the typical drug loading capacity of
these systems is low (typically less than 10%).9,10,11 Formulations having higher drug
loading levels offer the potential for more of the drug to localize in the desired tissue,
resulting in lowered dosage to achieve the same therapeutic outcomes. In addition, more
highly loaded delivery vehicles mean that less excipient can be used.12 One way to produce
such carriers is to efficiently entrap the drug compound in kinetically stabilized
nanoparticles via the process of flash nanoprecipitation (FNP).

Flash nanoprecipitation (FNP) is a simple, scalable process using rapid micromixing to
create high supersaturation conditions leading to the precipitation and encapsulation of
hydrophobic drugs in a polymer based delivery vehicle. The process, developed by
Prud’homme and coworkers,13,14 uses either a four stream multi inlet vortex (MIV) mixer15

or a two stream confined impingement jet mixer with subsequent dilution (CIJ-D).16 In both
cases, the organic solutes (i.e. drug) and amphiphilic block copolymers (BCPs) are dissolved
in a water miscible organic solvent. Rapid (and turbulent) mixing of the organic solvent
stream with water induces supersaturation, which initiates precipitation of the dissolved
hydrophobic components. Prud’homme et al.13,14,15 proposed that the hydrophobic block of
the BCP and the hydrophobic drug are encapsulated in the core of the nanoparticle. The
hydrophilic block forms a corona, sterically stabilizing the particles by preventing further
aggregation. Accordingly, otherwise insoluble compounds can be stably dispersed in an
aqueous environment. The process of preparing nanoparticles by FNP using the MIV or the
CIJ-D mixer is illustrated in Figure 1.

Many different BCPs have been used to stabilize nanoparticles in
FNP.13,17,18, 19,20,21,22,25,27,28 have all previously been used as the stabilizing BCP in FNP.
FNP has been used to produce nanoparticles of wide variety of hydrophobic molecules:
bifenthrin,22 paclitaxel prodrugs,23,24,25 β-carotene,13,14,26,27 vitamin E,21,25 nitric oxide
prodrugs,28 hydrophobic fluorophores,21 nanophosphors,29 curcumin,30 and even sunscreen
agents.31 However, to our knowledge there has been no comprehensive study on how the
choice of BCP, solute, and their formulation conditions affect nanoparticle size and stability.
Additionally, while the method of particle formation and thus particle structure have been
hypothesized,14,15,18,22 and studied via molecular modeling,32 the internal nanoparticle
structure has not yet been elucidated.

We report here the effect of formulation parameters in FNP on nanoparticle size and
stability. The effect of type of BCP and compound as well as loading and concentration on
nanoparticle formation was determined. In addition to studying the materials used to make
nanoparticles, we have also carried electron microscopy studies aimed at achieving a better
understanding of the nanoparticle structure.

2. Experimental
2.1 Materials

β-Carotene (≥97%), betulin (≥98%), curcumin (≥80%), (triethylamine (TEA; ≥99.5 %),
octanoic acid (≥98%), silicon tetrachloride (99%), water (H2O; HPLC grade), methanol
(HPLC grade), dichloromethane (anhydrous; ≥99.8 %), and tetrahydrofuran (THF; HPLC
grade) were purchased from Aldrich. Triethoxychlorosilane (95%) was purchased from
Gelest Incorporated. Acetone was purchased as ACS grade from Fischer chemical. Acetone-
D6 (D,99.9%) and D2O (D,99.9%) were purchased from Cambridge Isotope Laboratories
Incorporated. Paclitaxel was obtained from Phytogen Life Sciences. 2,4,6-Triiodophenol
was obtained from Alfa Aesar (98% purity). Hydrocortisone was obtained from MP
Biomedical (99.6% by HPLC, USP).
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PS(10k)-b-PEG(5k) (Mw/Mn=1.05) was purchased from Polymer Source. (D,L)-Lactide [or
(rac)-lactide] was purchased from Altasorb and purified by recrystallization from toluene;
glycolide was purchased from Altasorb and was purified by recrystallization from THF.
Monomethoxy PEG (Mn = 2000 and 5000 g·mol−1, denoted mPEG(2k or 5k)-OH), PEG-
diol (HO-PEG(5k)-OH), monomethoxy diehtylene glycol, ε-caprolactone 97%, (1R)-(-)-10-
camphor sulfonic acid (98%), and 1,8-diazabicyclo[5.4.0]undec-7-ene were purchased from
Aldrich and mPEG(10k)-OH was purchased from JenKem Technology. Prior to its use in
synthesizing mPEG-containing BCPs, mPEG-OH was dried by azeotropic distillation from
toluene or by dissolution in dry dichloromethane and storage overnight on oven-dried
molecular sieves in an airtight culture tube.

2.2 Polymer synthesis
HO-PEG(5k)-b-PCL(12k) was synthesized by coupling acid chloride PCL (PCL-COCl) with
an excess of dihydroxy-terminated PEG (HO-PEG(5k)-OH). PCL-COCl was prepared from
carboxylic terminated PCL (PCL-COOH), which was synthesized by ring-opening
transesterification polymerization of ε-caprolactone using octanoic acid as the initiator and
camphor sulfonic acid as the catalyst. The BCP was then fractionated into different
molecular weights by selective precipitation from THF/methanol cosolvent.33 The Mn of
each sample was determined by 1H-NMR spectroscopic analysis.

PEG-b-PLGA was made by a controlled ring-opening copolymerization of glycolide and
lactide using mPEG-OH as the macroinitiator and 1,8-diazabicyclo[5.4.0]undec-7-ene
(DBU) as the organic catalyst, as described by Qian et al.34 PEG-b-PLA was also
synthesized as described by Qian et al.34 Both the PEG-b-PLGA and PEG-b-PLA Mns were
determined by 1H NMR spectroscopic analysis. The number average molecular weight (Mn)
of the PLGA and PLA blocks was calculated by comparison of the ratio of the integrations
of the methine and methylene signal of the lactic and glycolic resonances against the
methylene signal of the PEG backbone. The manufacturer-reported molecular weight of the
PEG was used as the reference value for deducing the relative sizes of the two blocks.

2.3 Paclitaxel Silicate Synthesis
Silicate derivatives of paclitaxel (PTX, Figure 2b) were synthesized as described by Wohl.35

Figure 2a shows the general strategy: a chlorosilane was used to derivatize one or two of the
hydroxyl groups (at C2' and C7) on PTX to form the silicate derivatives. Altering the alkyl
moiety R allows for the hydrophobicity to be tuned. PTX silicates were synthesized to
include mono-substitution at the C2’ position and a bis-silylated silicate at both the C2’ and
C7 positions. The compounds described in this study are shown in Table 3.

2.4 Particle Preparation
The following is a typical procedure for particle preparation using the MIV mixer.18 Two of
the four mixer inlets were connected to two gas tight plastic syringes (60 mL, Kendall
Monojet) via Teflon tubing (1.6 mm ID). Each syringe contained 45 mL of water and was
driven into the mixer by an infusion syringe pump (Harvard Apparatus, model 945). The
other two inlets were connected to two gas-tight glass syringes (10 mL, SGE) via Teflon
tubing. One of these contained a 5 mL THF solution with the dissolved hydrophobic small
molecule and BCP (e.g., 50 mg of each component if a 50% load level was desired), while
the other contained 5 mL of pure THF. The two glass syringes were driven by a second
infusion syringe pump (Harvard Apparatus, PHD 2000 programmable). The pumps
propelled the four streams at high velocity into the small mixing chamber (25 µL) generating
high turbulence.15 For most experiments, the flow rates were 120 mL/min for the 60 mL
plastic syringes and 13.3 mL/min for the glass syringes containing the organic solutions. The
final nanoparticle suspension was 0.1 wt% in 90:10 water:THF. Particles were also prepared
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with acetone, and similar results have been found with slightly smaller particle sizes.
However, acetone was ultimately not used due to the instability of nanoparticles prepared
with high drug loading.

The following is a typical procedure for particle preparation using the CIJ-D mixer. For the
organic stream, 25 mg of a hydrophobic small molecule and 25 mg of an amphiphilic BCP
was dissolved in 2.5 mL of an organic solvent (e.g., THF). This solution was then placed in
a 3 mL plastic syringe. A second syringe (3 mL) was loaded with 2.5 mL of deionized
water. These two syringes were attached to the two vertical openings on the CIJ-D mixer.16

A beaker containing 45.0 mL of deionized water was placed at the exit of the mixer. The
exit stream outlet was submerged in water. The two syringes were then pushed rapidly and
simultaneously by hand to inject the liquids into the CIJ-D mixer at equal rates, where the
two streams rapidly mixed. This process produced a 0.1 wt% nanoparticle suspension in a
95:5 water:THF

2.5 Nanoparticle Characterization
Nanoparticle size was determined by dynamic light scattering (DLS) using a ZetaPALS
(Brookhaven Instruments, diode laser BI-DPSS wavelength of 659 nm). For each sample, 3
separate DLS cuvettes were prepared and the hydrodynamic diameter was measured. The
reported diameter is the average of the three separate runs. All values are hydrodynamic
diameters calculated by the instrument software.

Scanning electron microscopy (SEM) was used to characterize the morphology and size of
some samples of nanoparticles following the procedure described by Zhu.18 Samples were
prepared by first filling a glass Pasteur pipette with the nanosuspension and then emptying
it, leaving small droplets inside the pipette. These were then aspirated onto a silica wafer
that had been washed with HPLC grade THF and water. After evaporation of the solvent at
room temperature, the sample was sputter coated with a 30 Å layer of platinum and imaged
using a JEOL 6500 SEM.

X-ray diffraction was used to determine the crystallinity of the small molecule encapsulated
in nanoparticles. The XRD pattern was collected on a PANalytical X' Pert Pro MPD
diffractometer equipped with a cobalt anode (45 kV, 40 mA, λ = 1.790 Å) and an X-
Celerator detector.

Transmission electron microscopy (TEM, FEI Tecnai T12) was also used to characterize the
morphology and size of some of the nanoparticles. TEM grids (Carbon Type-B, 200 copper
mesh, grid hole size of ca. 97 µm) and uranyl acetate were purchased from Ted Pella.
Approximately 5 µL of the nanoparticle suspension was placed on the TEM grid. The extra
suspension was then tapped off, leaving a thin film on the grid. A small drop of the 2 wt%
uranyl acetate solution was then placed on the TEM grid and allowed to sit for 2–3 minutes
before being wicked away from the underside of the grid with a piece of Whatman No.1
filter paper. The staining procedure was then repeated and the sample was allowed to dry
before being analyzed by TEM.

Cryogenic transmission electron microscopy (cryo-TEM) samples were prepared with a FEI
Vitrobot™ Mark III. A holey carbon grids (01881, 200 copper mesh, Ted Pella, Ltd.) were
glow discharged in a Denton DV-502A vacuum evaporator at 70mTorr to prepare a
hydrophilic surface. A 3 µL of sample was applied to the grids at 22 °C and 100% relative
humidity. After the application, the samples were plunged vitrified into liquid ethane and
vitrified.36 The samples were then viewed in a 120kV FEI Tecnai Spirit BioTWIN at −178
°C. The images were digitally recorded using a FEI Eagle™ 2k CCD camera in a low-dose
mode and processed with FEI TEM Imaging and Analysis software package.
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Differential scanning calorimetry (DSC) was performed using a TA instruments Discovery
DSC that was calibrated using high-purity indium and a heating rate of 10 °C/min. Typical
sample size was 1 mg for polymer but only 0.2 mg for some of the dry nanoparticles due to
their high electrostatic charge and low bulk density.

Diffusion oriented spectroscopy (DOSY) NMR measurements were performed on a 300
MHz Varian NMR spectrometer at ambient temperature. The 1D 1H NMR experiment was
performed first (number of transients = 16). The 90° pulse width was determined and the
1D 1H NMR experiment was repeated. Typical parameters obtained from the 1D experiment
were pulse width = 17 ms, spectral width =2007.3 Hz, transmitter offset −628.4 Hz, and gain
= 50. These were then used for the DOSY experiment. A series of spectra was then obtained
(with the diffusion time set to 0.03 s) such that the final signals decayed to approximately
10% of their original intensity. The spectra were baseline-corrected and processed using the
Varian software.

3. Results and Discussion
3.1 Choice of block copolymer

To better understand the role of the type of BCP used in FNP, we studied four relatively low
molecular weight diblock copolymers. β-Carotene, a precursor of vitamin A, was used as a
model drug in this study due to its high hydrophobicity. Previous studies have shown that
nanoparticles with only β-carotene (without any added block copolymer) can be made using
FNP.16 These particles were stable, likely due to a small negative surface charge (ξ =
−20mV), but for only a few hours. To stabilize β-carotene nanoparticles, BCP’s with four
different hydrophobic blocks, each about 10kDa in size, were used: 5k–10k PEG-b-PS, 5k–
12k PEG-b-PCL, 5k–10k PEG-b-PLA, and 5k–10k PEG-b-PLGA. In each case, an equal
mass of β-carotene and stabilizing BCP was used and particles were made using the MIV
mixer. Zeta potential (ξ) was measured for all the particles; all were negatively charged at 10
to 30 mV depending on the block copolymer. Once saline was added, |ξ| decreased to near
zero. This indicates that the nanoparticles were sterically stabilized by BCP, rather than
electrostatically stabilized. Thus, stability is defined as the particles having no noticeable
change in size (as judged by DLS measurements). The 5k–10k PEG-b-PS BCP gave rise to
particles that were stable for at least 10 days. Previous studies also report good stability
using PEG-b-PS in FNP.13,18,20,22,24 However, PEG-b-PS is non-degradable. Therefore, a
series of degradable polyesters–namely, PEG-b-PCL, PEG-b-PLA, and PEG-b-PLGA–was
also investigated for their ability to provide stable nanoparticles.

PEG-b-PCL has been widely used as a drug delivery system.37,38 However, Zhu showed
that particles made using PEG-b-PCL were stable for only a few hours in suspension with
nanoparticle morphology changing from spherical to irregular shape.18 Budijuno et al.
observed similar problems with PEG-b-PCL stabilized particles produced by FNP.29 The
likely cause of the instability is that PCL has a low glass transition temperature (Tg= −60°C)
and therefore relies on crystallization to solidify. Crystallization may not be fast enough to
prevent particle coalescence. It may also be slowed by the presence of the drug. PEG-b-PCL
appears to be a poor choice for stabilization of nanoparticles via FNP.

PLA is known to be biodegradable and biocompatible and is an amorphous polymer with a
Tg above room temperature.39,40 However, β-carotene loaded nanoparticles prepared from
PEG-b-PLA tended to show limited stability. While they appeared to be stable for at least 24
h, precipitation and aggregation occurred over longer periods of time. Moreover, when 1 wt
% of NaCl was added, the nanoparticle suspension sedimented within a few hours. These
observations as well as those of Zhu18 indicated that particles were not well stabilized by
PEG-b-PLA.,
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Although particles made by FNP are kinetically trapped far from equilibrium we expect that
thermodynamic driving forces will have an influence. Table 1 gives the glass transition
temperatures and solubility parameters in water for each of the polymer blocks (δpolymer)
used in these studies, and from these parameters the difference between each hydrophobic
block with PEG was calculated as |ΔδPEG|. A smaller |ΔδPEG| indicates a greater
compatibility with PEG.41 PLA and PEG have relatively close values for their solubility
parameters, resulting in a small value of |ΔδPEG|. As a result some PEG may be trapped with
PLA in the core of nanoparticles, leading to less surface coverage by PEG and, therefore,
less protection. In contrast to these results Prud’homme and coworkers17,25,28,42 have found
PEG-b-PLA-protected particles to be stable. However, they either dialyzed or lyophilized
and redispersed their particles to remove THF. Since we did not remove THF, PLA may
have better solubility in our water/THF medium, resulting in the lower stability that we
observed. It is also useful to note that based on its solubility parameter, β-carotene is
expected to be highly insoluble in PEG, PLA, and PLGA as can be seen in the |Δδβ|
calculations shown in Table 1.

Use of PEG-b-PLGA as the BCP resulted in spherical nanoparticles, as shown in Figure 3,
that were stable in suspension for at least 10 days. Like PLA, PLGA is also a biodegradable,
biocompatible, amorphous polymer with a Tg above room temperature. However, it has a
larger difference in solubility with PEG than PLA and a slightly higher Tg. We would
therefore expect less PEG to be trapped in the core of a PEG-b-PLGA-based nanoparticle,
resulting in higher surface coverage and greater stability.

To further compare PEG-b-PLA with PEG-b-PLGA, nanoparticles made from BCP of
varying block sizes were made using the CIJ-D mixer and equal mass of BCP and β-
carotene. When particles were negatively stained with uranyl acetate and viewed with TEM,
differences in morphology were observed as shown in Figure 3. The 5k-5k PEG-b-PLA
particles were often fused. We speculate that the PEG-b-PLA particles were partially
electrostatically stabilized. Addition of uranyl acetate neutralized the surface charge,
triggering aggregation of the PEG-b-PLA nanoparticles. The PEG-b-PLGA particles did not
exhibit this type of behavior: particles appeared to be spherical in morphology.

Polymer properties affecting the stability of β-carotene loaded nanoparticles in FNP are
summarized in Table 2. Our results suggest that the hydrophobic block of the BCP should be
amorphous, have a Tg higher than usage temperature, and a |ΔδPEG|≫0. Additionally, the
polymer should be biocompatible and biodegradable. Based on these criteria, PEG-b-PLGA
appears to have the best properties for stabilization of nanoparticles made by FNP.

Different molecular weight BCP’s of PEG-b-PLGA were employed to determine its effect
on particle size.18 Particles were made with equal mass of BCP and β-carotene in THF using
the MIV mixer. In each case, the average diameter did not show a significant change in size.
Addition of 1 wt% saline did not lead to an increase in particle size, showing that the
particles were sterically stabilized. β-Carotene particles were also made using the CIJ-D
mixer at a 50 wt% of 5k–10k or 10k–10k PEG-b-PLGA. Both were stable, 100 nm
hydrodynamic diameter particles. Therefore, PEG-b-PLGA BCP was chosen to prepare
particles for all subsequent studies.

3.2 Effect of solute solubility
The goal of FNP is to formulate hydrophobic small molecules into nano-size delivery
vehicles, preferably at high loading levels. Paclitaxel is an example of a drug whose delivery
is hindered by its hydrophobicity. Zhu made paclitaxel-loaded nanoparticles by FNP using
the two stream CIJ-D mixer and 50 wt% of 2k–10k PEG-b-PLGA as the stabilizing BCP.18

Nanoparticles in the 100–200 nm size range formed initially, but were not stable over the
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course of 24 hours. The particles underwent fast Ostwald ripening and recrystallization.
Paclitaxel is too highly hydrophobic to have significant concentration in aqueous medium,
but too hydrophilic to be efficiently encapsulated and stabilized in nanoparticle cores at 50%
loading.

Solubility therefore plays an important role in nanoparticle stability. For a given
hydrophobic compound, the solubility at a specific temperature can be decreased by 1)
decreasing the ratio of organic solvent to water, 2) choosing a relatively poor organic
solvent, or 3) chemical modification of the compound, to give rise to a more hydrophobic
derivative. We describe here examples of the last of these three approaches. Conjugation of
silicate esters to paclitaxel can be used to form a more hydrophobic derivative.35 During
administration, the paclitaxel silicate may undergo hydrolysis back to its active form in vivo.
By covalently bonding a triethylsilicate moiety to the hydroxyl groups at the C7 and C2’
positions on paclitaxel, a more hydrophobic derivative was made that could be used to make
particles that were stable in suspension over a period of several days (see Table 3). The
extent to which the hydrophobic small molecule is soluble in water, as judged by, e.g., its
logP value (below), should be a good indication of whether or not stable, highly loaded
nanoparticles can be formed by FNP.

In order to better understand the effect of drug solubility on nanoparticle stability, a variety
of hydrophobic small molecules were used in FNP, including several paclitaxel silicate
derivatives. All particles were made using equal mass of drug and PEG-b-PLGA dissolved
in THF. Particle concentration was 0.1 wt% after FNP. Their stability was then correlated to
a calculated value for clogP, the octanol-water partition coefficient. Table 3 shows the
calculated clogP values as well as whether or not particles were stable. We defined stability
here as < 20% diameter change over 1 day in 1 wt% saline. Table 3 shows that molecules
with clogP values under 6 were unstable, while those with values above 7 were stable. The
work of Prud’homme and co-workers on molecules such as bifenthrin, cinnarizine,
clozapine, and α-lipoic acid agrees with these trends.17,22 Thus, clogP gives a good
indication of whether or not a given hydrophobic molecule will make stable particles by
FNP. It is important to note, however, that drug crystallinity also has an impact on
nanoparticle stability.17

3.3 Solute concentration
We studied the effect of solute concentration in the initial organic phase on the resulting
nanoparticle size and stability. In solvent exchange precipitations, such as FNP, where a
dissolved solute is added to a large volume of non-solvent, the supersaturation (S) is given
by equation 1.

(Eq. 1)

Here, c is the total mass of the solute divided by the final solution volume and c∞ is the bulk
solubility in the final solvent mixture.48 In previous studies, Mahajan and Kirwan explored
the nucleation and growth kinetics of lovastatin at low and high supersaturations in the
absence of mixing limitations by using a grid mixer with a mixing time of 3 ms.49 They
found that the nucleation rate increased with increasing supersaturation. In addition, both the
nucleation rate and growth rate underwent a distinct transition as supersaturation was
increased. This transition corresponded to a transition from heterogeneous to homogenous
nucleation. With a high supersaturation, secondary nucleation was largely avoided and the
formation of nuclei was favored prior to significant growth. Therefore, a change in the
supersaturation should have an effect on the size of nanoparticles in FNP, i.e., with higher
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supersaturation, more nucleation sites would be generated, which should lead to the
formation of smaller nanoparticles.

In the presence of added block copolymers, the hydrophobic molecule should still likely
nucleate with itself and have a higher nucleation rate than the block copolymer. The water
soluble PEG block on the copolymer will slow the nucleation of the hydrophobic block.
After some growth of small molecule particles the copolymers will assemble on the surfaces
of the particles and arrest their growth.

To test these ideas, we examined particles made using tetramenthyl silicate, (MenO)4Si.35

Like β-carotene, (MenO)4Si is highly hydrophobic (see Table 3). (MenO)4Si was dissolved
in THF at equal mass ratio with 5k–10k PEG-b-PLGA. As shown in Figure 4, altering the
solute concentration in the organic solvent by 20 fold had no effect on the size and stability
of the (MenO)4Si loaded nanoparticles. This could be that the degree of supersaturation is so
high that nucleation is very fast regardless of the solute concentration in the feed solution.
We could not increase the concentration of (MenO)4Si further due to its maximum solubility
in THF. Decreasing nanoparticle concentration below 0.005 wt% we ran into detection
limits of DLS.

A method to decrease supersaturation is to reduce the amount of nonsolvent, i.e. water. In
order to produce stable nanoparticles with the CIJ-D mixer, a final dilution is required after
mixing (see Figure 1). Han, et al.16 showed that a 5-fold dilution was required to produce
pure β-carotene particles with diameter < 100 nm. The effect of dilution volume with
copolymer-stabilized particles has not been previously reported. Concentration in the final
suspension was therefore varied by altering the final dilution volume in FNP. Particles were
made using an equal mass ratio of β-carotene and 5k–10k PEG-b-PLGA in THF. Particles
made at 0.1 to 0.25 wt% solids were all relatively similar in size, as shown in Figure 5. At
0.35 wt% particle size increased as predicted by the simple supersaturation model, but
stability was reduced. We attempted to produce nanoparticles at a final concentration of 1 wt
% solids in the suspension, but nanoparticles grew rapidly in size and precipitated after
mixing. Therefore, controlling nanoparticle size beyond ~0.3 wt% by changing the final
dilution volume could not be realized for the materials tested.

3.4 Effect of loading on nanoparticle size
One advantage of using the FNP process to make BCP protected nanoparticles is the ability
to make particles with a high loading of the cargo of interest. The theoretical loading level is
the ratio (w/w) of the mass of the drug to that of the drug plus the BCP that was introduced
in the THF stream during FNP. To better understand how loading affects nanoparticle
stability, particles were made with varying loadings of (MenO)4Si, while the total
concentration of dissolved solute was kept constant at 0.05 wt% in the final suspension.
Particle size increased from about 75 nm with no (MenO)4Si to 200 nm at 90% (MenO)4Si
loading, as shown in Figure 6. These particles were stable for 1 week in suspension, as well
as in 1 wt% saline solution. These results also show that varying the loading levels provides
a means to control particle size. However, particles made using β-carotene at 90% loading
were not stable in a saline solution. While both molecules have similar calculated clogP
values, they differ in morphology inside the core of the nanoparticle. Figure 7 (XRD) shows
that (MenO)4Si in nanoparticles is crystalline whereas β-carotene in nanoparticles is
amorphous, which may cause poor stability of the latter.

3.5 Nanoparticle structure
While we have shown that FNP can be used to make nanoparticles from a variety of
compounds provided they are of sufficiently high hydrophobicity, the internal structure of
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the particles is not known. Improved understanding of the nanoparticle structure is
important, because it will certainly affect drug release. For example, a loaded drug may
release from the particles more quickly if the particle has a loosely packed structure with
some hydrophilic blocks incorporated into the core vs. a tightly packed core shell structure.
Therefore, we undertook studies to better understand the structure of these nanoparticles.

3.5.1 NMR studies—NMR spectroscopic techniques are one of many options that provide
insight into block copolymer self-assembly and micellization.37 Davis and coworkers have
extensively analyzed the behavior of nanoparticles fabricated from PEG-b-PLA BCPs of
various MWs via 1H NMR spectroscopy and correlated it with particle sizes obtained by
DLS.50 Briefly, they deduced that the precipitation/evaporation technique they employed
resulted in particles with a core-shell structure. They observed large PLA resonances (as
judged relative to an internal standard) for low MW polyester blocks (<3k). They interpreted
this result as significant polymer mobility at low MWs. In contrast to this finding, analogous
resonances were not observed for BCPs with a PLA block size of MW >6k. Additionally,
quantitative integration of the PEG block suggested minimal penetration of the PEG chains
into the micelle core, indicative of a solid-like PLA core.50,51

One key difference between the work in the Davis studies and FNP produced nanoparticles
is that precipitation in FNP is potentially much faster which could lead to kinetically trapped
BCP. PEG entrapment within the core, extraneous PLGA corona material, or mobile PLGA
chains within the core remain reasonable propositions. It has been shown that the physical
state of the polyester block affects drug release.52

The initial experiment was similar to the Davis study – a 5k-5k PEG-b-PLGA BCP was
dissolved in d6-acetone alone with methanol as an internal standard. D2O was progressively
titrated into the solution and the proton NMR resonances attributable to the ethylene oxide,
lactic, and glycolic repeat units were integrated. With the progressive addition of D2O, the
PLGA resonances broadened significantly during the experiment, becoming unrecognizable
at >50 vol% D2O content. In contrast, the PEG-related proton resonance remained sharp,
and its integration value remained essentially constant throughout the experiment. These
results were compared to NMR on particles formed rapidly by FNP using the same solvents
and same PEG-b-PLGA. The results were essentially the same, as shown in Table 4. After
precipitation via FNP, the PLGA resonances were broadened such that they were
indistinguishable from the baseline, whereas the PEG resonances remained well-defined and
integrated to 88.5% of the value in d6-acetone. These results are consistent with a
solubilized PEG corona and a solid-like PLGA core.

Diffusion oriented spectroscopy (DOSY) was used to provide additional insight about
whether the silicate esters were efficiently encapsulated within the BCP nanoparticles.53,54

Tetra-n-butyl silicate, a liquid silicate ester, was chosen as the model compound for these
studies because it is liquid (at ambient temperature) and exhibited distinctive 1H resonances
that were easily discernible from the BCP resonances after FNP formulation.35 Thus, the
tetra-n-butyl silicate was subjected to FNP in the CIJ-D mixer. Equal mass of PEG-b-PLGA
(5k–10k) and the silicate were dissolved in 2.5 ml d6-acetone and then flash precipitated
with 2.5 ml D2O followed by dilution in 45 ml D2O. The dispersion was then analyzed
by 1H NMR spectroscopy and compared to the resonance shifts of the silicate dissolved in a
d6-acetone solution and D2O in the same concentration and solvent ratio.35 Monomethoxy
diethylene glycol was added to both suspensions as a water soluble, small molecule standard
to allow comparison of the diffusion coefficients. The presumably BCP-encapsulated silicate
and the soluble monomethoxy diethylene glycol produced a ΔD of ~106 m2s−1 whereas a ΔD
of only ~102 m2s−1 was observed for the dissolved and simply mixed silicate. This large
difference (104 m2s−1) is consistent with incorporation of the tetraalkoxysilicate into the
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much larger (and more slowly diffusing) nanoparticles. Moreover, the fact that we can
observe the silicate protons as reasonably sharp resonances suggests that it is not embedded
in the PLGA blocks but rather resides in its own separate mobile liquid phase inside the
nanoparticle. Nor is the tetra-n-butyl silicate likely to reside in emulsion droplets based on
the ~200 nm particle size and particle stability.

Evidence for high encapsulation was also demonstrated for a silicate derivative loaded
particle. 2',7-bis(triethoxy)-PTX-Si particles were flash precipitated with an equal mass of
PEG-b-PLGA (5k–10k). Control particles were made without using any stabilizing PEG-b-
PLGA. The particles were freeze-dried following FNP and then redispersed in water.
Diethyl ether, a good solvent for the silicate but not for PEG or the BCP, was then used to
extract each of these two aqueous dispersions. The content of the ether extract was analyzed
by 1H NMR spectroscopy. Without block copolymer protection >85% of the silicate
derivative was recovered, while with PEG-b-PLGA protection the particles only lost 7% of
their silicate content even after multiple extractive washings with ether. This result also
demonstrates that > 90% of the silicate was encapsulated in the nanoparticle core.

3.5.2 Differential Scanning Calorimetry—The structure and morphology of
nanoparticles (freeze-dried, 5k–10k PEG-b-PLGA nanoparticles made using the CIJ-D
mixer) was evaluated using DSC. Typically, DSC studies of polymers utilize the “second
run” of the trace so that the measured properties are independent of the polymer’s thermal
history. In the case of the FNP-produced polymers, however, data from the “first run” are
instructive. The “first run” DSC trace of unloaded PEG-b-PLGA nanoparticles exhibited a
strong Tm of the crystalline PEG block at ca. 50 °C as shown in Figure 8. This is a depressed
melting transition temperature relative to the pure PEG homopolymer (which exhibited a Tm
of ca. 60 °C in a control experiment). This observation is consistent with incomplete phase
segregation. The Tg from the PLGA block was not obvious in the trace, but it is conceivable
that there is a weak, broad glass transition at ca. 20 °C whereas the Tg of pure PLGA is 39
°C (see Table 1). This observation is consistent with some polyether/polyester mixing.55

Recrystallization of the PEG did not occur upon cooling and the “second run” DSC trace
exhibited a single Tg. This result was reproduced when the polymer was cooled at an
exceedingly slow rate (1 °C•sec−1), consistent with a thermodynamically stable, phase-
mixed system. Based on these results, a reasonable conclusion is that the polymer blocks are
largely, but not exclusively, phase-segregated following FNP and lyophilization. This
further supports the core-shell structure of these nanoparticles.

With a basic understanding of the DSC behavior of the precipitated polymer, we turned our
attention to the analysis of a paclitaxel silicate [2’,7-bis(triethox)-PTX-Si] loaded
nanoparticle. Particles were made using an equal mass of BCP and the silicate in the CIJ-D
mixer and were lyophilized immediately after nanoprecipitation. Again, a strong, depressed
PEG Tm at ~50 °C was evident (Figure 9). Additionally, there was a broad melting point
centered at ~105 °C. This endothermic peak occurs at a lower temperature and is broader
than that for the pure PTX silicate (red curve in Figure 9) indicating an impure, crystalline
melting transition of the PTX silicate. After cooling, a single Tg was again noted during the
second heating cycle, a feature consistent with a well-mixed, silicate-loaded polymer film
(rather than nanoparticles).

3.5.3. Cryo-TEM—Cryo-TEM was employed to obtain further definition of the nanoscopic
structure of these nanoparticles. Particles were prepared using PEG-b-PLGA (5k–10k) and
2’,7-bis(triethoxy)-PTX-Si at 50 wt% loading. Figure 10 shows that the particles are
predominately spherical in nature. A subset of substantially smaller nanoparticles can also
be seen. These smaller particles are perhaps indicative of unloaded, block-copolymer only
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particles. They are of similar size to particles prepared with only PEG-b-PLGA (5k–10k)
shown in Figure 10d. The higher resolution micrographs in Figure 10b and 10c confirm the
core shell microstructure suggested by the NMR and DSC experiments described above.
Figure 10c indicates that the PTX-Si is encapsulated with the solid-like PLGA block of the
copolymer, which is in turn surrounded by the soluble corona of the hydrophilic PEG
blocks. The PEG corona is not visible here because of its low density.

4. Conclusions
Our results support a model for FNP proposed by Johnson and Prud’homme.14 When the
organic solution of the hydrophobic compound and diblock copolymer collides with water in
the turbulent impingement chamber, the solvent and water quickly mix, creating a
supersaturated solution. The hydrophobic compound nucleates and grows, but that growth is
arrested by encapsulation by the hydrophobic block of the BCP. The hydrophilic PEG block
remains in solution, where it can stabilize the nanoparticles in the resulting aqueous
dispersion. We suggest a three-layer structure in which the loaded nanoparticles consist of a
core rich in the small molecule, surrounded by a shell of PLGA and a corona of PEG.

The cryoTEM images in Figure 10 with their spherical cores are most supportive of this
model. The PEG corona is not visible as it is likely swollen with vitrified water and has low
electron density. The first run DSC results in Figure 9 also support a three-layer model. The
crystal melting peaks for both PEG and the silicate derivative indicate that they are phase
separated. Their melting peaks are depressed due to rapid precipitation and perhaps some
phase mixing. However, if the silicate were well mixed with PLGA it would likely not be
able to crystallize at all. The NMR results show that for particles made only with PEG-b-
PLGA, PEG is in the corona and PLGA is immobilized. When tetra-n-butyl silicate was
added, DOSY NMR showed that it remained liquid, indicating that the silicate was not
phase mixed with the PLGA. Extraction with diethyl ether also demonstrated nearly
complete encapsulation of 2’,7-triethoxy PTX-Si.

Our results along with those in the literature suggest the following guidelines for synthesis
of 100 nm particles with ≥50% loading of drug by FNP.

1. The small molecule candidate for FNP should have clogP < 6 and > 1% solubility
in a water miscible solvent. Acetone is an attractive water miscible solvent for
pharmaceutical applications.

2. An amphiphilic diblock copolymer is required to stabilize particles. PEG of 5000
molecular weight seems the best choice for the hydrophilic block. The hydrophobic
block should be biodegradable with a Tg > 37C and low solubility with PEG.
PLGA performed best in our studies but changing the molecular weight between 5–
15k did not affect particle size.

3. Nanoparticle formation requires intense mixing, i.e. high Reynolds number which
is defined as the ratio of inertial to viscous forces. We always used Re > 3000.
Other studies have shown that Re ≥ 3000 produces minimum particle diameter.16,56

4. At equal mass ratio of small molecule to copolymer particle size is ~100 nm
independent of total solids concentration over the range 0.005–0.3 wt%. At higher
concentrations size increased but particles became unstable.

5. It is possible to create particles loaded with 90% of highly insoluble small
molecules, clogP ~10. Size increases to 200 nm at this loading. If such insoluble
molecules are crystallizable they may be more stable at high loading.
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Figure 1.
Schematic diagram of the multi inlet vortex (MIV) mixer and the confined impingement jet
(CIJ-D)16 mixer. In either the final concentration of organic solvent is < 10%. In the MIV
mixer this is achieved by higher water flow rates and a correspondingly greater volume of
the inlet water streams. In the CIJ-D there are only two inlets, so the flow must be of equal
velocity to balance momentum. Dilution of the organic solvent is achieved by immediate
injection into excess water. Depending upon exact flow rates, the residence time inside the
mixing chamber is on the order of 10 ms.
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Figure 2.
a) Reaction scheme for the formation of silicate derivatives. Altering the nature of the alkyl
moiety R allows the hydrophobicity of the derivative to be tuned. b) Structure of paclitaxel
showing the C2’ and C7 hydroxyl groups.
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Figure 3.
TEM images of a) 5k-5k PEG-b-PLA, b) 5k–10k PEG-b-PLGA and c) 10k-10k PEG-b-
PLGA particles. All particles were made using β-carotene as the hydrophobic small
molecule at 50 wt%.
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Figure 4.
Effect of solute concentration on nanoparticle size. All particles were prepared using 5k–10k
PEG-b-PLGA and tetramenthoxysilicate [(MenO)4Si] at equal mass ratio.
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Figure 5.
Effect of final dilution on nanoparticle size (hydrodynamic diameter) and stability. All
particles were made using 5k–10k PEG-b-PLGA and β-carotene.
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Figure 6.
Effect of loading level on nanoparticle size in FNP. All particles were made using 5k–10k
PEG-b-PLGA and (MenO)4Si. The ratio of polymer to (MenO)4Si was varied while the total
solute concentration was kept constant at 0.1 wt%.
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Figure 7.
X-ray diffraction (XRD) of a) β-carotene and b) tetramenthoxysilicate ((MenO)4Si) as the
pure compound (red) vs. nanoparticles (5k–10k mPEG-b-PLGA BCP) loaded with 90 wt%
(blue) and 50 wt% (green) (MenO)4Si. The inset with expanded scale clearly shows the
(MenO)4Si remains crystalline in the 90 wt% and 50 wt% nanoparticles.
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Figure 8.
The DSC trace of the FNP-precipitated and freeze dried 5k–10k PEG-b-PLGA BCP shows a
strong PEG Tm on the “first run” (blue ) indicative of significant phase segregation of the
kinetically trapped nanoparticle. A single Tg on the “second run” (green) is characteristic of
a phase mixed state at equilibrium.
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Figure 9.
The DSC trace of the FNP-precipitated and freeze-dried nanoparticle composed of equal
mass of 2’,7-bis(triethoxy)-PTX-Si and 5k–10k PEG-b-PLGA BCP shows a strong PEG Tm
and a broad melting point attributed to a depressed melting of the PTX silicate on the “first
run” (blue) and a single Tg associated with a phase mixed film in the “second run” (green).
The pure 2’,7-bis(triethoxy)-PTX-Si (red) is overlaid on the DSC trace showing a higher Tm
and sharper melting transition.
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Figure 10.
Cryo-TEM micrographs of nanoparticles loaded with 2’,7-bis(triethoxy)-PTX silicate. a) A
low magnification image showing spherical NP’s and their size distribution. b) A higher
magnification image of a portion of that field showing core-shell features. c) An under
focused image that emphasizes the core-shell nature of one particle. d) Polymer only
particles prepared the same way but without the PTX silicate. DLS gave similar size, 30–40
nm.
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Table 1

Tg and solubility parameter, δ, of β-carotene and polymer block

Tg (°C) δpolymer or δβ
(MPa1/2)a

| ΔδPEG |
(MPa1/2)

| Δδβ | (MPa1/2)

β-carotene -- 17.8 3.6 0

PEG (5k) −60 43 21.4 0 3.6

PS (10k) 101 44 19.6 1.8 1.8

PCL (12k) −60 45 19.7 1.7 1.9

PLA (10k) 23 46 21.3 0.1 3.5

PLGA (10k) 39 5047 22.5 1.1 4.7

ΔδPEG | = | δpolymer - δPEG |, | Δδβ| = | δpolymer - δβ|

a
Hoy Solubility Parameter Calculator: http://www.compchemcons.com.
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Table 2

Properties of the polymer affecting stability in flash nanoprecipitation.

Hydrophobic Block PS PCL PLA PLGA

Noncrystallizable Y N Y Y

Tg>Troom Y N Y Y

| ΔδPEG |≫ 0 Y Y N Y

Stable Y N N Y

Biodegradable N Y Y Y
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Table 3

cLogP values of various hydrophobic compounds and stability of nanoparticles loaded with those agents.

Molecule clogPa Stable

hydrocortisone 1.62 N

curcumin 3.40 N

triiodophenol 4.82 N

paclitaxel 4.95 N

tetra-n-butyl silicate 5.92 Y

betulin 6.28 N

2'-triethoxy-PTX-Si 6.56 Y

2'-tri-i-propoxy-PTX-Si 7.65 Y

2',7-bis(triethoxy)-PTX-Si 7.81 Y

2'-di-t-butoxyethoxy-PTX-Si 8.69 Y

2',7-bis(tri-i-propoxy)-PTX-Si 9.21 Y

β-carotene 9.84 Y

tetramenthoxysilane 10.05 Y

2'-trioctyloxy-PTX-Si 10.19 Y

2'-trimenthoxy-PTX-Si 10.24 Y

2’,7-bis(trioctyloxy)-PTX-Si 10.99 Y

a
cLogP as calculated by molinspiration [www.molinspiration.com].
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Table 4

Relative intensities of 1H NMR resonances for various portions of the backbone of a PEG-b-PLGA BCP
(5k-5k) measured in d6-acetone containing increasing amounts of D2O.

Method of NMR
sample

preparation

% D2Oa PEG backbone
integration (%)b

glycolyl
integration (%)b

lactyl
integration (%)b

Ac 0 100 100 100

A 20 99.5 82.1 96.1

A 33 98.9 65.9d 92.8d

A 50 95.7 17.9d 48.8d

A 75 99.6 n.o.e n.o.

A 90 94.2 n.o n.o.

Bf 0 100 100 100

B 90 88.5 n.o. n.o.

a
Volume of D2O as a percent of the total volume of solvent (D2O and d6-acetone).

b
Methanol was used as an internal standard and is miscible at all solvent compositions. The integrated intensity of the resonances for each portion

of the BCP backbone was measured vs. that of CH3OH and divided by the value observed for the same resonance in the initial homogeneous

solution of 100% d6-acetone.

c
Method A: slow addition of each new increment of the anti-solvent (water).

d
These resonances were very broad.

e
n.o. = not observed.

f
Method B: prepared by FNP (CIJ-D mixer).
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