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Abstract: Polymeric nanoparticles’ drug delivery systems represent a promising platform for targeted
controlled release since they are capable of improving the bioavailability and tissue localization
of drugs compared to traditional means of administration. Investigation of key parameters of
nanoparticle preparation and their impact on performance, such as size, drug loading, and sustained
release, is critical to understanding the synthesis parameters surrounding a given nanoparticle
formulation. This comprehensive and systematic study reports for the first time and focuses on
the development and characterization of formoterol polymeric nanoparticles that have potential
application in a variety of acute and chronic diseases. Nanoparticles were prepared by a variety of
solvent emulsion methods with varying modifications to the polymer and emulsion system with
the aim of increasing drug loading and tuning particle size for renal localization and drug delivery.
Maximal drug loading was achieved by amine modification of polyethylene glycol (PEG) conjugated
to the poly(lactic-co-glycolic acid) (PLGA) backbone. The resulting formoterol PEGylated PLGA
polymeric nanoparticles were successfully lyophilized without compromising size distribution by
using either sucrose or trehalose as cryoprotectants. The physicochemical characteristics of the
nanoparticles were examined comprehensively, including surface morphology, solid-state transitions,
crystallinity, and residual water content. In vitro formoterol drug release characteristics from the
PEGylated PLGA polymeric nanoparticles were also investigated as a function of both polymer and
emulsion parameter selection, and release kinetics modeling was successfully applied.

Keywords: nanoparticle; solid-state characterization; in vitro; drug release kinetics modeling; PEGy-
lation; PLGA diblock copolymer; biodegradable; biocompatible; amine; emulsion; polyvinyl alcohol
(PVA); Pluronic triblock copolymer; trehalose; sucrose

1. Introduction

Developments in the formulation and application of nanotechnology have advanced
the administration of drugs to different organs for a wide array of diseases. Compared
to carrier-independent conventional dosage forms, drug nanoparticles possess many key
advantages. Nanoparticle drug delivery allows for improved solubility and stability of the
drug, sustained drug release, improved patient compliance, and targeted delivery that can
increase the therapeutic index of medicines [1–3].

Polymer-based particles are frequently studied and used as drug carriers in a wide
variety of therapeutic applications since controlling their synthesis enables their physico-
chemical properties and drug release properties to be customized [4]. Thus, size distribu-
tion or side-chain composition of the polymer can be modified to improve nanoparticle
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performance. Among various polymers, the most widely used are aliphatic polyesters
such as poly(lactic-co-glycolic acid) (PLGA) due to this particular polyester’s favorable
biodegradation characteristics and biocompatibility, and its success in FDA-approved sus-
tained release injectable marketed pharmaceutical products [5]. Advances in the design of
these particles has improved stability and circulation through PEGylation [6–8], biospecific
targeting [9–12], and improved drug loading [2,13].

Formoterol fumarate dihydrate, a long-acting β2 agonist (LABA), is a United States
Food and Drug Administration (FDA)-approved agent for the treatment of asthma and
obstructive pulmonary disease via inhalation. More recently, formoterol fumarate dihy-
drate has shown promise in treating mitochondrial dysfunction, which occurs in a variety
of acute and chronic injuries [14–21]. Given that the β2-adrenergic receptor is ubiquitously
expressed, systemic delivery of formoterol risks potentially toxic side effects, particularly
due to acute cardiovascular effects such as tachycardia and hypotension [22–25], as well
as long-term cardiac remodeling [26–29]. Polymeric nanoparticles targeting the renal
proximal tubules have shown promise at avoiding potential systemic toxicity using the
FDA-approved diblock copolymer poly(lactic-co-glycolic) acid (PLGA) conjugated with
FDA-approved polyethylene glycol (PEG) [10,30–32]. Thus, combining the potential renal
targeting of polymeric nanoparticles with the mitochondrial biogenic and renoprotective
effects of formoterol is likely to allow for enhanced biogenic effects and potentially im-
proved recovery following renal injury while minimizing toxicity. In a proof-of-concept
study, our laboratory has recently shown an ability to successfully deliver formoterol to
the kidneys, providing renal drug targeting and sustained renal mitochondrial biogenesis
while reducing the effect of the drug on the heart [33]. The purpose of this comprehen-
sive and systematic study was to improve upon the previously synthesized nanoparticles,
which were limited by formoterol drug loading and rapid release, by modifying the route
of nanoparticle synthesis and through an evaluation of polymer modifications. Addi-
tionally, this study will characterize the physicochemical properties of the nanoparticles,
quantify sustained release behavior, correlate the physicochemical properties with the
sustained drug release properties, and mathematically model drug release with known
mechanistic drug release models. To the authors’ knowledge, this is the first study to report
these findings.

2. Materials and Methods
2.1. Materials

Formoterol fumarate dihydrate [C19H24N2O4·0.5C4H4O4·H2O; 420.46 g/mol; 99.8%
pure] was purchased from APAC Pharmaceuticals (Columbia, MD, USA). Poly(ethylene
glycol) methyl ether-block-poly(lactide-co-glycolide) (PLGA-PEG), lactide:glycolide ratio
50:50, PLGA average Mn 55,000 g/mol, 30,000 g/mol, and 15,000 g/mol; PEG average
Mn 5000 g/mol was purchased from Sigma-Aldrich (St. Louis, MO, USA). Poly(lactide-
co-glycolide) methyl ether block- poly(ethylene glycol)-amine (PLGA-PEG-HN2) PLGA
average Mn 20,000 g/mol, PEG average Mn 5000 g/mol and poly(lactide-co-glycolide)
methyl ether block- poly(ethylene glycol)-carboxylic acid (PLGA-PEG-COOH) PLGA aver-
age Mn 20,000 g/mol, and PEG average Mn 5000 g/mol were purchased from Nanosoft
Polymers (Winston-Salem, NC, USA). Acetic acid (HPLC grade) was purchased from
ThermoFisher (Waltham, MA, USA). Ethanol (99.9% purity, HPLC grade), hydrochloric
acid 1 N (ACS grade), sodium hydroxide 1 N (ACS grade), poly(vinyl alcohol) (PVA)
(molecular weight 89,000–98,000 g/mol, >99% hydrolyzed, reagent grade), Pluronic F127™
(molecular weight~12,600 g/mol, reagent grade), sodium choate hydrate (>99% purity),
sodium deoxycholate (>99% purity) potassium phosphate monobasic (>99% purity), potas-
sium phosphate dibasic (>98% purity), formic acid (97.5–98.5% purity), d-mannitol (ACS
grade), and sucrose (99.5% purity) were purchased from Sigma-Aldrich (St. Louis, MO,
USA). (+)-Trehalose dihydrate (387.32 g/mol) was purchased from Acros Organics (Fair
Lawn, NJ, USA). Choloroform (ACS grade), anhydrous acetonitrile (LCMS grade), and
methanol (LCMS grade) were purchased from Spectrum Chemical Mfg. Corp. (Gardena,
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CA, USA). 0.45 µm polyvinylidene fluoride (PVDF) and 0.45 µm polytetrafluoroethylene
(PTFE) membrane filters were purchased from MilliporeSigma (Burlington, MA, USA).

2.2. Methods
2.2.1. Solubility of Formoterol Fumarate Dihydrate in Aqueous and Organic Media

The solubility of formoterol fumarate dihydrate (APAC Pharmaceuticals, Columbia,
MD, USA) was determined in various common aqueous and organic media to determine
their suitability for use in the preparation of nanoparticles. The excess of formoterol fu-
marate dihydrate was added to a known volume of solvent. For variable pH samples,
solution pH was adjusted with either hydrochloric acid or sodium hydroxide solutions
(1 M Sigma-Aldrich, St. Louis, MO, USA). Vials were rotated gently for 24 h at 25 ◦C,
as previously described [34]. Test solutions were filtered using 0.45 µm PVDF or PTFE
membrane filters (MilliporeSigma, Burlington, MA, USA) for aqueous and organic sol-
vents, respectively. Quantitative analysis of formoterol content was determined by high
performance liquid chromatography (HPLC), as previously described [35]. Briefly, a C18-
column (4.6 mm × 250 mm length, 5 µm pore size) (Phenomenex, Torrance, CA, USA)
mobile phase consisting of methanol (Spectrum Chemical MFG Corp., Gardena, CA, USA)
and 50 mM phosphoric acid (Sigma-Aldrich, St. Louis, MO, USA) buffer with 1% acetic
acid (ThermoFisher, Waltham, MA, USA) at a ratio of 65:35, 1.0 mL/min flow rate and a
column temperature of 40 ◦C was used to quantify formoterol content.

2.2.2. Preparation of Polymeric Nanoparticles

Nanoparticles were prepared by either single or double emulsion methods. For
nanoparticles prepared by oil-in-water single emulsion, the polymer was dissolved in
chloroform and formoterol fumarate dihydrate were dissolved in methanol before being
added to the polymer solution. This was then emulsified in an aqueous solution of 3% PVA
(Sigma-Aldrich, St. Louis, MO, USA) using a microtip probe sonicator (Qsonica, Newton,
CT, USA) at 60 Watt of energy output for 3 min over ice and the organic solvent allowed to
evaporate with stirring (700 rpm) at room temperature for at least 8 h. For nanoparticles
prepared by water-in-oil-in-water double emulsion, formoterol fumarate dihydrate was
dissolved in aqueous media before being added to a solution of polymer in chloroform
(Spectrum Chemical Mfg. Corp., Gardena, CA, USA) at a 1:2 aqueous:organic ratio. An
initial emulsion was formed by sonicating at 60 Watt using a microtip probe sonicator for
30 s before being added to a 3% PVA solution and sonicated again. The organic solvent
was then allowed to evaporate with stirring at room temperature. For all nanoparticle
syntheses, the particles were collected by centrifugation at 15,000 relative centrifugal force
(rcf) and washed three times with distilled ultrapure water (18.2 MΩ.cm) (Milli-Q Plus,
MilliporeSigma, Burlington, MA, USA). The samples were lyophilized at −80 ◦C under a
vacuum < 0.133 mmHg (FreeZone 4.5 L, Labconco, Kansas City, MO, USA) with or without
cryoprotectant and stored at −20 ◦C until use.

2.2.3. Effect of Polymeric Nanoparticle Synthesis Parameters on Formoterol Drug Loading

To determine drug loading, nanoparticles were dissolved in an acetonitrile solution
and analyzed by HPLC method reported above. Drug loading was calculated, as previously
reported [36], using Equation (1):

DL (%) =
the amount of formoterol assayed

the total amount of nanoparticles in the preparation
× 100 (1)

2.2.4. Effect of Polymeric Nanoparticle Synthesis Parameters on Particle Size

Nanoparticle size was determined immediately following washing. For the evalua-
tion of the lyophilized particles, approximately 1 mg of nanoparticle was suspended in
ultrapure water and centrifuged for 10 min at 15,000 rcf to remove the cryoprotectant.
Nanoparticles were suspended at a concentration of ~1 mg/mL with ultrapure water, and
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hydrodynamic particle size was determined by photon correlation spectroscopy using the
Zetasizer Nano ZS (Malvern Instruments Ltd., Malvern, UK) under previously reported
conditions [37]. The suspended nanoparticles were evaluated using a scattering angle of
173◦ at a temperature of 25 ◦C in triplicate with a minimum of 10 measurements taken
per replicate.

2.2.5. Impact of Nanoparticle Synthesis Parameters on Zeta Potential

Nanoparticle zeta potential (ζ) measurements were carried out in 0.1× normal saline
solution at 25 ◦C and pH 7.2. The mean ζ was determined using the Zetasizer Nano ZS
(Malvern Instruments Ltd., Malvern, UK) phase analysis light scattering technique.

2.2.6. Impact of Nanoparticle Synthesis Parameters on In Vitro Drug Release

Nanoparticles prepared as described above were dispersed in 10 mL of phosphate
buffered saline (PBS) (pH 7.4) and incubated at 37 ◦C with gentle stirring, as previously
described [38]. At determined intervals, an aliquot was taken and centrifuged at 15,000 rcf
for 10 min. The supernatant was extracted and replaced with an equal volume of fresh
PBS in order to maintain sink conditions. Formoterol content was chemically analyzed and
quantified by HPLC, as described above. Modeling of formoterol in vitro drug release was
carried out for three kinetic models, namely, the zero-order, first-order, and Korsmeyer–
Peppas models. Zero-order kinetics were fitted to Equation (2):

Qt − Q0 = k0t (2)

where Qt is the amount of drug released after time t, Q0 is the initial amount of drug in
solution, and k0 is the zero-order rate constant. First-order kinetics were fit to Equation (3):

ln Qt = ln Q0 − k1t (3)

where Qt is the amount of drug released after time t, Q0 is the initial amount of drug
in solution, and k1 is the first-order rate constant. Finally, release kinetics were fit to the
Korsmeyer–Peppas model, Equation (4):

Qt = ktn (4)

where Qt is the amount of drug released after time t, k is the rate constant, and n is the
diffusion exponent for drug release. Nanoparticle release was determined in triplicated
(n = 3) for each preparation. Data were plotted using Prism 9.0 (GraphPad® Software, San
Diego, CA, USA).

2.2.7. Characterization of Nanoparticle Surface Morphology

Nanoparticle size and surface morphology was visualized using SEM (FEI Inspect S
SEM, FEI Company, Hillsboro, OR, USA). Powders were deposited on double-sided carbon
conductive adhesive tabs (Ted-Pella, Inc., Redding, CA, USA) attached to aluminum SEM
stubs (Ted-Pella, Inc., Redding, CA, USA) and sputter-coated (Anatech Hummer 6.2, Union
City, CA, USA) with gold for 90 s under argon plasma as previously reported [39].

2.2.8. X-Ray Powder Diffraction (XRPD)

The crystallinity of PLGA-PEG-NH2, formoterol fumarate dihydrate, sucrose, tre-
halose, and lyophilized nanoparticles with and without cryoprotectant were examined
using XRPD. The diffraction patterns of the samples were collected at room temperature
scanning between 5.0◦ and 70.0◦ (2θ) at a rate of 2.00◦ per minute using a Philips PANa-
lytical X’Pert PRO MPD (Malvern Panalytical, Malvern, UK) equipped with copper X-ray
source (Kα radiation with λ = 1.5406 Å). The samples were loaded onto zero background
single crystal silicon holders, as previously reported [37,39].
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2.2.9. Thermal Analysis of Lyophilized Nanoparticles

Thermal analysis was performed by differential scanning calorimetry (DSC) and
cross-polarized hot stage microscopy (HSM). DSC analysis was conducted as previously
reported [40,41]. Thermal analysis and phase transition measurements for raw formoterol
fumarate dihydrate, raw PLGA-PEG-NH2 (20,000 MW PLGA, 5000 MW PEG), raw sucrose,
raw trehalose, and lyophilized PLGA-PEG-NH2 used with or without either sucrose or
trehalose as a cryoprotectant were studied. Thermograms were acquired using the TA
Q1000 differential scanning calorimeter with RSC090 colling accessory (TA Instruments,
New Castle, DE, USA). A mass of between 1 and 5 mg of sample was weighed into anodized
aluminum hermetic pans (TA Instruments) with an empty pan used as a reference. DSC
measurements were performed at a heating rate of 10 ◦C/min from 0 to 350 ◦C. Ultrapure
nitrogen gas was used as the purging gas at a rate of 50 mL/min. Analysis of thermograms
was conducted using TA Universal Analysis (TA Instruments). All measurements were
carried out in triplicate.

Solid-state phase transitions of the lyophilized nanoparticles were observed using
cross-polarized light HSM similarly to previously reported [39]. Microscopy was conducted
using a Leica DMLP cross-polarized microscope (Leica Mircosystems, Wetzlar, Germany)
equipped with a Mettler FP 80 central processor and FP82 hot stage (Mettler Toldeo,
Columbus, OH, USA). Lyophilized particles were mounted on a microscope slide and
heated at a rate of 10 ◦C/min from 25 ◦C to 300 ◦C. The images were digitally captured using
a Nikon Coolpix 8800 digital camera (Nikon, Tokyo, Japan) under 100× total magnification.

2.2.10. Residual Water Content Analysis by Karl Fischer Titration

The residual water content of lyophilized nanoparticles was quantified by Karl Fis-
cher titration (KFT) colorimetric assay using a TitroLine® 7500 trace titrator (SI Analytics,
Mainz, Germany). Around 3–7 mg of the sample was dissolved in 5 mL AQUA STAR
anhydrous acetonitrile and injected into the titration cell. The measured moisture content
was expressed in percentage as the result of the KFT. All measurements were completed
in triplicate.

2.2.11. Statistical Analysis

Comparison of the difference between three groups was performed by one-way
analysis of variance (ANOVA) with Tukey’s post hoc test for comparisons (Prism 9.0,
GraphPad Software, San Diego, CA, USA). In all cases, the p values of 0.05 or less were
considered significant.

3. Results
3.1. Solubility of Formoterol Fumarate Dihydrate in Aqueous and Organic Media

The solubility of formoterol and its salt formoterol fumarate dihydrate has previously
been described in water and some organic media; however, the solvents for which published
literature exists are those most commonly used in inhalation drug development, such as
various ionic and ethanol solutions, not the organic solvents most commonly used in the
preparation of polymeric nanoparticles. The solubility of the fumarate salt of formoterol has
a water solubility of 1.16 ± 0.02 mg/mL at 25 ◦C. Solubility is increased with the increasing
volume fraction of low molecular weight alcohols such as ethanol and methanol (Figure 1A).
Similar to previously reported studies, formoterol fumarate dihydrate likely forms a less
soluble solvate with ethanol at volume fractions greater than 50% and sees a subsequent
reduction in solubility with increasing cosolvent fraction. Similar solvent formation was
not seen in water–methanol mixtures; however, this has been previously reported under
different experimental conditions. Formoterol fumarate dihydrate sees increasing solubility
in highly basic or acidic conditions (Figure 1B) as formoterol fumarate dihydrate contains
both acidic and basic pKa(s) of around 8.6 and 9.8, respectively. Solubility of formoterol
fumarate dihydrate in common non-ionic surfactants polyvinyl alcohol (PVA) and Pluronic®

F127 remains unchanged at concentrations ranging from 0.1% to 5% in aqueous solution.
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Solubilization is increased, however, in a concentration-dependent manner above the critical
micelle concentration of sodium cholate (12 mM or 0.52%), an ionic surfactant (Figure 1C).
Solubility in the common organic solvents dichloromethane (DCM), chloroform, acetonitrile,
and acetate are also reported (Table 1), with acetone having the greatest solubility of
0.063 ± 0.004 mg/mL.
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Figure 1. Solubility of formoterol determined in (A) ethanol and methanol, (B) water at various pH,
and (C) aqueous solutions of various surfactants at 25 ◦C and gentle shaking for 24 h. Data presented
are mean (n = 3) ± s.d.

Table 1. Solubility of formoterol in various organic solvents. DCM; dichloromethane, ACN; acetoni-
trile. Data are presented as the mean (n = 3) ± s.d.

Solvent Formoterol Solubility (mg/mL)

DCM 0.001 ± 0.0004

Chloroform 0.002 ± 0.001

ACN 0.005 ± 0.001

Acetone 0.051 ± 0.004

3.2. Effect of Polymeric Nanoparticle Synthesis Parameters on Formoterol Drug Loading

Achieving significant drug loading of formoterol in PLGA nanoparticles is compli-
cated by the low solubility in organic media, such as DCM and acetonitrile, where PLGA is
freely soluble, compared to low molecular weight alcohols such as methanol, where PLGA
and PLGA conjugates are practically insoluble. Drug loading of formoterol in PLGA-PEG
nanoparticles prepared by single emulsion is improved with increasing PLGA molecular
weight (35 mg/mL PLGA-PEG held constant), from 0.04% to 0.17% (Figure 2A), and in-
creasing PLGA-PEG concentration (using 55,000 MW PLGA-PEG), up to 0.63% (Figure 2B).
This was the maximum drug loading achievable by a single emulsion solvent evapora-
tion method. While the higher molecular weight polymer (55,000 MW PLGA) achieved
increased drug loading, the increases in drug loading are offset by increased nanoparticle
size (data not shown) and reportedly increased degradation time in vivo [3–5], which
could potentially lead to accumulation and toxicity. For these reasons, 20,000 MW PLGA
polymers were selected for further study.
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Figure 2. Formoterol drug loading of nanoparticles (A) prepared by single emulsion with increasing
PLGA molecular weight, (B) prepared by single emulsion with increasing PLGA concentration,
(C) prepared by double emulsion with modified PEG groups, (D) prepared by double emulsion
with alterations to inner aqueous phase surfactant (E) structures of sodium cholate and sodium
deoxycholate. PVA; 1% polyvinyl alcohol, NaCho; 12 mM sodium cholate, NaDOChol; 10 mM
sodium deoxycholate. * indicates significance (p < 0.05). All data are presented as mean (n = 3) ± s.d.

Formoterol loading is further enhanced by changing from a single to double emulsion
method and modification of the PEG terminus. Nanoparticles were prepared by water-in-
oil-in-water double emulsion using PLGA-PEG, carboxylic acid modified PEG, or amine-
modified PEG. PLGA-PEG-COOH reduced drug loading compared to methyl terminated
PEG from 0.15% to 0.01%, whereas PLGA-PEG-NH2 significantly increased drug loading
to 1.39% (Figure 2C).

Interaction between the formoterol and the inner aqueous surfactant was evaluated
using 10 mg/mL 20,000 MW PLGA-PEG-NH2 and either 1% PVA, 12 mM sodium cholate
or 10 mM sodium deoxycholate as the inner phase. The use of 10 mM sodium deoxycholate
was required as stable nanoparticles did not form using 12 mM sodium deoxycholate. The
use of the nonionic homopolymer surfactant PVA as the inner phase showed increased
(0.22%) drug loading compared to their equivalent single emulsion prepared particles
(Figure 2D). However, the use of the ionic surfactant sodium cholate showed a significant
increase in drug loading, up to 1.66%. This increase in loading is completely nullified
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by the use of 10 mM sodium deoxycholate, which differs from sodium cholate by only
the 7α-hydroxyl group (structures Figure 2E), suggesting this interaction is critical to the
improved loading seen by sodium cholate.

3.3. Effect of Polymeric Nanoparticle Synthesis Parameters on Particle Size

The impact of sonication and PGLA concentration on particle size was evaluated with the
goal of achieving particles with median hydrodynamic diameters between 300 and 500 nm.
Sonication time was the first parameter to be evaluated for double emulsion-prepared
particles (10 mg/mL PLGA-PEG-NH2, 10 mM sodium cholate inner phase), increasing
the secondary sonication from 30 to 600 s. Initially, there was a precipitous decrease in
median diameter, from over 500 nm to 292 nm with 90 s of sonication. Further increases in
sonication time resulted in no significant change in particle size (Figure 3A).
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Figure 3. Median hydrodynamic diameter determined by zetasizer for nanoparticles prepared
by double emulsion with (A) increasing 60 W ultrasonication time and (B) increasing polymer
concentration in the organic phase. All data are presented as mean (n = 3) ± s.d.

The impact of polymer concentration was additionally determined at concentrations
of PLGA-PEG-NH2 ranging from 10 to 100 mg/mL. All particles were prepared by double-
emulsion, used 12 mM sodium cholate as an inner phase, and were sonicated for 180 s
during preparation of the secondary emulsion. Particle size proved to be extremely sensitive
to increasing PLGA concentration, with particle size increasing proportionally to the
increase in polymer (Figure 3B).

The impact of lyophilization was assessed following purification of the nanoparti-
cles. To determine the impact of cryoprotectant selection and concentration on primary
particle size, 1 mL of double-emulsion (12 mM sodium cholate inner phase, 180 s son-
ication) prepared PLGA-PEG-NH2 nanoparticles at a concentration of 10 mg/mL were
lyophilized in either 2.5%, 5%, or 10% of either sucrose, trehalose, or d-mannitol for 72 h.
Resuspended nanoparticles lyophilized with mannitol as the cryoprotectant showed sig-
nificantly increased particle size, over 1 µm (Figure 4). Conversely, both sucrose and
trehalose cryoprotectants demonstrated decreased particle size growth post lyophilization
with increasing cryoprotectant concentration, with sucrose performing slightly better than
trehalose at all concentrations. For further characterization studies using nanoparticles
lyophilized with cryoprotectants, 5% cryoprotectant concentration was used.
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3.4. Impact of Nanoparticle Synthesis Parameters on Zeta Potential

Nanoparticle zeta potential following washing was determined in 0.1× normal saline
at 25 ◦C and neutral pH. Nanoparticle zeta potential was most strongly influenced by
modification of PEG group (Figure 5). Methyl-endcapped PEG had a zeta potential
of −0.792 ± 0.284 mV, whereas amine modified PEG had a positive zeta potential of
14.133 ± 0.404 mV and carboxylic acid modified PEG had a negative zeta potential of
−34.87 ± 0.945 mV.
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3.5. Impact of Nanoparticle Synthesis Parameters on Drug Release

Formoterol release is significantly altered by the method of synthesis. Single and
double emulsion solvent evaporation methods were assessed using 50 mg/mL 55,000 MW
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PLGA-PEG, 180 s sonication time and using 1% PVA as the inner aqueous phase. Release
was measured out to 1 week (144 h) in PBS at 37 ◦C with constant stirring. Nanoparticles
prepared by single emulsion showed significant burst release, with 80 and 90% of their
entrapped drug released within the first 3 and 24 h, respectively. Comparatively, nanoparti-
cles prepared by double emulsion demonstrated a slower initial phase of release, with 3-h
release at 17% and 24-h release between 60 and 70% (Figure 6A). Analysis of the release
kinetics showed non-fickian/anomalous diffusion (n > 0.43) for single emulsion-prepared
nanoparticles and quasi-fickian diffusion for (n < 0.43) for double emulsion-prepared
nanoparticles (Table 2).
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Table 2. Nanoparticle release kinetics modeling. o/w; oil-in-water single emulsion w/o/w; water-in-
oil-in-water double emulsion, PVA; nanoparticles prepared by double emulsion using 1% PVA inner
phase, NaCholate; nanoparticles prepared by double emulsion using 12 mM sodium cholate inner
phase, NaDOCholate; nanoparticles prepared by double emulsion using 10 mM sodium deoxycholate
inner phase, 10/20/50 mg/mL; nanoparticles prepared by double emulsion using 10/20/50 mg/mL
of polymer in the organic phase. All data are presented as the mean of (n = 3) release profiles.

Zero Order First Order Korsmeyer-Peppas

R2 R2 R2 n

o/w 0.33 0.94 0.88 0.56

w/o/w 0.77 0.97 0.97 0.34

PVA 0.65 0.89 0.94 0.23

NaCholate 0.75 0.86 0.94 0.27

NaDOCholate 0.49 0.81 0.84 0.17

10 mg/mL 0.75 0.86 0.94 0.27

20 mg/mL 0.85 0.96 0.97 0.40

50 mg/mL 0.92 0.96 0.98 0.42

Modification of the inner phase surfactant also impacted the initial release. Nanopar-
ticle were prepared using 10 mg/mL 20,000 MW PLGA-PEG-NH2 and by varying the
inner phase between 1% PVA, 12 mM sodium cholate or 10 mM sodium deoxycholate. The
PVA and sodium cholate-prepared particles showed slight differences in 3-h burse release
(45 and 38%, respectively) and both were significantly lower than the sodium deoxycholate-
prepared particles, which showed 65% drug release by 3-h (Figure 6B). Analysis of release
kinetics showed no significant difference in release exponent between PVA and sodium
cholate inner phases; however, there was a significant (p < 0.05) difference between those
and sodium deoxycholate (Table 2). These differences were less apparent during the sus-
tained release phase (time > 24 h). Finally, increasing concentration of PLGA-PEG-NH2
during nanoparticle synthesis using 12 mM sodium cholate as the inner phase resulted
in a decreased percentage of formoterol released within the first 3 h and increased rate of
release beyond 24 h (Figure 6C). Increasing polymer concentration resulted in increasing
the release exponent towards fickian (n = 0.43) release (Table 2).

3.6. Characterization of Nanoparticle Surface Morphology

The surface characteristics of nanoparticles prepared by double emulsion were as-
sessed. Nanoparticles of PLGA-PEG with sodium cholate inner phase showed a high degree
of surface roughness and size irregularity as well as a tendency to agglomerate (Figure 7A).
Nanoparticles prepared by double-emulsion with PLGA-PEG-COOH and PLGA-PEG-NH2
with sodium cholate inner phase were similarly sized, producing spherical particles that
did not form aggregates and had smooth surface features (Figure 7B,C).
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Figure 7. Scanning electron micrographs taken of double emulsion prepared nanoparticles of
(A) PLGA-PEG, (B) PLGA-PEG-COOH, (C) PLGA-PEG-NH2.

3.7. X-ray Powder Diffraction (XRPD)

X-ray diffractograms of nanoparticle raw materials (PLGA-PEG-NH2, formoterol
fumarate dihydrate and cryoprotectants) as well as lyophilized nanoparticles with and
without cryoprotection were obtained (Figure 8). The diffraction pattern of raw materials
formoterol fumarate dihydrate, sucrose, and trehalose showed multiple sharp peaks across
the scanned range, indicating long range molecular order consistent with crystallinity
(Figure 8A). Raw polymer samples and all lyophilized-prepared nanoparticles did not
contain any sharp crystalline peaks (Figure 8A,B).
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3.8. Thermal Analysis of Lyophilized Nanoparticles

Thermal analysis of nanoparticle components formoterol fumarate dihydrate, PLGA-
PEG- NH2, sucrose and trehalose as well as lyophilized nanoparticles with or without
cryoprotectants are summarized in (Table 3).
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Table 3. Differential scanning calorimetry (DSC) thermal analysis. Tg; glass transition temperature.
Data presented are mean (n = 3) ± s.d.
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Table 3. Cont.
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For formoterol fumarate dihydrate, there was a bimodal endotherm with an initial
peak of 104 ◦C and a main peak of 130 ◦C. Above 150 ◦C, thermal decomposition was
seen in the form of a jagged baseline (Figure 9A). For PLGA-PEG-NH2 polymer, there
was a clear glass transition peak (Tg) from 1–43 ◦C combined with an endotherm at
48 ◦C and a broad decomposition starting at 250 ◦C (Figure 9B). Raw sucrose showed
a sharp endotherm at 189 ◦C, followed by a broad decomposition endotherm at 220 ◦C
(Figure 9C). Trehalose dihydrate showed a sharp endotherm at 95 ◦C, followed by a broad
endotherm at 193 ◦C, followed by decomposition (Figure 9D). PLGA-PEG-NH2 particles
lyophilized without cryoprotectant showed slightly decreased Tg of 35–36 ◦C compared to
the raw polymer and a similar first endotherm at 44 ◦C, followed by a broad endotherm
starting from 82 ◦C and peaking at 112 ◦C (Figure 9E). Nanoparticles lyophilized with
5% sucrose as a cryoprotectant showed an increased Tg and first endotherm comparted
to the raw polymer, 50–54 ◦C and 57 ◦C, respectively. Additionally, the broad endotherm
at 96 ◦C transitioned into an exothermic peak at 148 ◦C, followed by an endotherm at
184 ◦C and secondary endotherm at 222 ◦C leading to decomposition (Figure 9F). Finally,
nanoparticles lyophilized with trehalose as a cryoprotectant had a similar Tg to the raw
polymer, 43–46 ◦C followed by a broad endotherm starting from 58 ◦C and peaking at
86 ◦C. No other endotherms were detected until decomposition started above 250 ◦C.

Lyophilized nanoparticles were also evaluated by cross-polarized HSM. All three
particles (lyophilized without cryoprotectant, with sucrose cryoprotectant and with tre-
halose cryoprotectant) were dark and lacked birefringence at 25 ◦C and 37 ◦C. At 60 ◦C, the
cryoprotectant free particles began melting, a process that continued until melting was fully
completed at 130 ◦C (Figure 10A). Both formulations lyophilized with cryoprotectants did
not have observable melts until closer to 100 ◦C (Figure 10B,C). Nanoparticles lyophilized
with sucrose exhibited a liquid crystal transition, as noted by the marked diffuse birefrin-
gence at 130 ◦C (Figure 10B). Both lyophilates had completely melted by 160 ◦C and there
were no observable transitions after that temperature.
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Figure 9. Differential scanning calorimetry thermograms of (A) formoterol fumarate dihydrate,
(B) PLGA-PEG-NH2 (C) Sucrose, (D) Trehalose, (E) PLGA-PEG-NH2 nanoparticles lyophilized with-
out cryoprotectant, (F) nanoparticles lyophilized with 5% sucrose cryoprotectant, (G) nanoparticles
lyophilized with 5% trehalose cryoprotectant.
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Figure 10. Representative hot stage microscopy images for (A) PLGA-PEG-NH2 nanoparticles
lyophilized without cryoprotectant, (B) nanoparticles lyophilized with 5% sucrose cryoprotectant,
(C) nanoparticles lyophilized with 5% trehalose cryoprotectant.

3.9. Water Content Analysis by Karl Fischer Titration

Water content was determined for double emulsion-prepared lyophilates with and
without cryoprotection (Table 4). For lyophilates of PLGA-PEG without cryoprotection,
water content was 1.38 ± 0.20%. Comparatively, amine modification of the PEG group
increased water content to 2.20 ± 0.61%. Lyophilization with 5% of either sucrose or
trehalose resulted in significantly (p < 0.05) reduced water content, 0.78 ± 0.17% and
0.80 ± 0.19%, respectively.
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Table 4. Residual water content of lyophilized nanoparticles with and without cryoprotectants.
* indicates significantly different from other groups (p < 0.05) Data are presented as the mean (n = 3).

Nanoparticle Water% (w/w)

PLGA-PEG (no cryoprotectant) 1.38 ± 0.20

PLGA-PEG-NH2 (no cryoprotectant) 2.20 ± 0.61

PLGA-PEG-NH2 (sucrose) 0.78 ± 0.17 *

PLGA-PEG-NH2 (trehalose) 0.80 ± 0.19 *

4. Discussion

Formoterol fumarate dihydrate is an FDA-approved long-acting beta-2 adrenergic ago-
nist that has been approved for the treatment of asthma and chronic obstructive pulmonary
disease [42,43] and has shown promise in treating mitochondrial dysfunction in a variety of
diseases [14–16,18,20,21]. As a raw material it exists as a crystalline powder that has been re-
ported to be slightly soluble in water, soluble and sparingly soluble in methanol and ethanol,
respectively, and practically insoluble in acetone and diethyl ether. The objective of this
study was to develop a method of entrapping formoterol within a polymeric nanoparticle
300–500 nm in diameter for sustained drug release. Initially, an evaluation of the solubility
of formoterol fumarate dihydrate (FFD) was required to determine optimal nanoparticle
preparation, given FFD is only slightly soluble in water (1.16 ± 0.02 mg/mL) (Figure 1),
which is in good agreement with the published literature [41]. Ethanol/Methanol and water
mixtures show exponentially increasing solubilities of FFD with increasing alcohol content
(Figure 1A). However, above 50% volume fraction of ethanol there is a decrease in solubility
likely through the formation of an ehtanolate, which has been described previously [41].
Solubility in common organics used in nanoparticle syntheses was also established as low,
with FFD being practically insoluble in dichloromethane (DCM), chloroform, acetonitrile,
and acetone (Table 1). Solubility in nonionic surfactants including the homopolymer PVA
and the triblock copolymer Pluronic F127 was unchanged; however, it increased signif-
icantly with the addition of ionic surfactant sodium cholate, with solubility increasing
above the critical micelle concentration (12 mM or 0.5%) (Figure 1C). Given the apparent
amphiphilic nature of FFD, both single (oil-in-water) and double (water-in-oil-in-water)
methods of nanoparticle synthesis were evaluated.

Achieving significant drug loading by single emulsion solvent evaporation methods
was challenging. Due to the low solubility of FFD in the common solvents DCM and
chloroform, methanol, selected due to the decreased likelihood of forming solvates with for-
moterol, was added to allow sufficient FFD concentrations in the organic phase. Increased
drug loading was observed with increased molecular weight of PLGA as well as increasing
PLGA-PEG concentration in the organic phase (Figure 2A,B), both of which are in agree-
ment with previously reported trends in loading of hydrophobic drugs [44–46]. Increasing
PLGA concentration had a measured impact on nanoparticle size as well, with increasing
polymer concentration resulting in increasing median hydrodynamic diameter (Figure 3B),
which has also been previously reported for single emulsion prepared nanoparticles [46,47].

Sonication time was additionally optimized, with median particle diameter being
reduced with increasing sonication time up to 90 s, and no significant change in median
diameter with additional sonication time (Figure 3A).

Single emulsion nanoparticles were prepared; however, they exhibited significant
burst release (Figure 6A), with over 90% of the entrapped drug being released within
the first 24 h. This, along with first-order release kinetics (Table 2), suggests that in the
PLGA-PEG single emulsion-prepared particles, the formoterol was not well entrapped
within the polymer matrix but rather resided predominantly on the PLGA-PEG surface
and the formoterol release was primarily diffusion limited.

In an effort to improve drug loading and the slow release of formoterol, a double
emulsion solvent evaporation method of preparing nanoparticles was evaluated along with
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modifications to the polymer. By modifying the PEG group with either terminal acidic or
amine residues. Nanoparticles prepared using 10 mg/mL polymer and a 1% PVA inner
phase were compared and showed significantly improved (p < 0.05) drug loading with
the amine modified polymer compared to both methyl and acidic residue terminated PEG.
This was potentially due to the amine residues on the surface and microdomains, described
by Rabanel et al. (2014) [48], within the polymer matrix interacting with formoterol
and preventing its diffusion out of the organic phase as the polymer hardened. The
modifications to the PEG surface moieties also had the effect of modifying the zeta potential
of the prepared particles, with amine terminated PEG particles having a more positive
zeta potential and carboxylic acid-terminated PEG particles having a more negative zeta
potential (Figure 5). The impact of greater (more non-zero) surface potential is likely greater
physical stability in suspension as the particles with higher surface charges are less likely
to form agglomerates [49–51].

Further modification to the double emulsion method by modifying the inner phase
was accomplished by exchanging the 1% PVA for a 0.5% solution of sodium cholate, which
significantly increased drug loading (Figure 2D). The increase in loading is not likely due
to any increased viscosity of the sodium cholate solution, which has a literature value
(0.90–0.91 mPa s [52]) of approximately half that of a 1% PVA solution (1.6–2.5 mPa s [53])
at 25 ◦C. The improved drug loading was completely ameliorated when the sodium cholate
was switched for sodium deoxycholate at the same concentration. The 7α-hydroxyl group
of sodium cholate, critical in forming a hydrophilic axis in sodium cholate secondary
structures [54,55], was not present in the sodium deoxycholate (Figure 2E), suggesting
that interactions with this hydrophilic moiety were responsible for the increased loading.
The addition of sodium cholate also appears to slow formoterol release. Nanoparticles
prepared with sodium cholate have a significantly (p < 0.05) slower release than those
made with sodium deoxycholate (Figure 6B, Table 2). However, there was no significant
difference between particles prepared with either 0.5% sodium cholate or 1% PVA inner
phases. Lastly, there was no significant impact on drug release kinetics from increasing
amine-terminated PEG polymer concentration in double emulsion-prepared nanoparticles
(Figure 6C). However, there is a clear trend between increasing Fickian release character
and increasing polymer concentration, with n trending towards 0.43 (Table 2). Differences
in drug loading, especially between single and double emulsion-prepared particles, would
also impact release kinetics as greater concentration gradients would directly impact
diffusion limited release mechanisms.

Selecting a suitable means of lyophilization is a critical and often overlooked aspect of
nanoparticle synthesis methods, as the changes in solid state physicochemical properties
can have significant impacts on particle size, stability, and drug release [56–58]. In this
study, we assessed the impact of increasing concentrations of three cryoprotectants: sucrose,
trehalose, and mannitol. Mannitol had a significantly detrimental impact on primary
particle size, with median hydrodynamic diameter increasing ~1 µm over the range tested
(Figure 4). Sucrose and trehalose cryoprotectants were much improved, with changes in
nanoparticle size decreasing with increased cryoprotectant. Both sucrose and trehalose saw
less than 30 nm increases in particle size at 5% cryoprotectant (Figure 4).

The impact of nanoparticle synthesis and lyophilization is apparent on powder anal-
ysis. With raw FFD, bound water is initially removed in an endotherm preceding the
main melting endotherm at 130 ◦C (Figure 9A), which is in good agreement with the litera-
ture [41]. This melting is not apparent in any of the prepared nanoparticles (Figure 9E–G),
potentially due to formoterol being in an amorphous state [40,41]. This is further supported
by the lack of sharp peaks in the XRPD patterns (Figure 8) of the lyophilized nanoparticles,
which indicates no long-range molecular order and is consistent with an amorphous par-
ticle. Comparing the glass transition temperatures (Tg) of raw PLGA-PEG-NH2 polymer
to that of lyophilized nanoparticles without cryoprotectant shows a ~6 ◦C decrease in Tg,
which is potentially due to greater adsorbed water in the lyophilized particles (Table 4).
Cryoprotection with either sucrose or trehalose showed no significant change in polymer
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glass transition (Figure 9F,G) and resulted in higher initial endotherm, which is attributed to
the melting of PEG groups, and is visible in HSM micrographs (Figure 10). Cryoprotection
of nanoparticles with sucrose results in an exotherm not present in the raw sucrose, a recrys-
tallization peak at 148 ◦C (Figure 9F), which is confirmed by birefringency above 130 ◦C
in HSM micrographs (Figure 10B), as has been previously described following sucrose
lyophilization [59,60]. Lyophilization of nanoparticles with trehalose produces no simi-
lar amorphous-to-crystalline transition, only a broad melting endotherm between 60 and
120 ◦C (Figures 9G and 10C). Increased adsorbed water and decreased Tg, as indicated in
nanoparticles lyophilized without cryoprotection, could negatively impact the solid-state
stability of nanoparticles as well as impact the drug release [61–65], further reinforcing the
importance of cryoprotection when lyophilizing nanoparticles. In these experiments, as
stated in the Methods section, the prepared and lyophilized nanoparticles are stored at
−20 ◦C until use. Under these conditions, it is highly unlikely that chemical degradation of
the formoterol or polymer would occur. Additionally, the lowered molecular mobility of
the polymer and entrapped drug at these temperatures makes spontaneous release of the
drug highly unlikely as well.

5. Conclusions

This comprehensive and systematic study focused on the design, development, charac-
terization, and in vitro drug release of PEGylated PLGA polymeric nanoparticles containing
formoterol drug for sustained release drug delivery applications. Initial formoterol drug
loading, nanoparticle size, and in vitro drug release kinetics of the polymeric nanoparticles
were improved upon by modification of synthesis parameters such as polymer molecular
weight, polymer concentration, PEG modification, surfactant selection, and sonication
time. These changes resulted in significantly improved drug loading and sustained release
over the course of 7 days. Solid state characterization of the nanoparticles lyophilates has
also been reported and shows the importance of cryoprotectant selection in preserving
nanoparticle characteristics.
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