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Preface to ”Nanomedicine Formulations Based on

PLGA Nanoparticles for Diagnosis, Monitoring and

Treatment of Disease: From Bench to Bedside”

Nanomedicine is among the most promising emerging fields that can provide innovative and

radical solutions to unmet needs in pharmaceutical formulation development. Encapsulation of

active pharmaceutical ingredients within nano-size carriers offers several benefits, namely, protection

of the therapeutic agents from degradation, their increased solubility and bioavailability, improved

pharmacokinetics, reduced toxicity, enhanced therapeutic efficacy, decreased drug immunogenicity,

targeted delivery, and simultaneous imaging and treatment options with a single system.

Poly(lactide-co-glycolide) (PLGA) is one of the most commonly used polymers in nanomedicine

formulations due to its excellent biocompatibility, tunable degradation characteristics, and high

versatility. Furthermore, PLGA is approved by the European Medicines Agency (EMA) and the

Food and Drug Administration (FDA) for use in pharmaceutical products. Nanomedicines based on

PLGA nanoparticles can offer tremendous opportunities in the diagnosis, monitoring, and treatment

of various diseases.

This Special Issue aims to focus on the bench-to-bedside development of PLGA nanoparticles

including (but not limited to) design, development, physicochemical characterization, scale-up

production, efficacy and safety assessment, and biodistribution studies of these nanomedicine

formulations.

Oya Tagit

Editor
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Effect of Solvents, Stabilizers and the Concentration of
Stabilizers on the Physical Properties of
Poly(D,L-lactide-co-glycolide) Nanoparticles: Encapsulation,
In Vitro Release of Indomethacin and Cytotoxicity
against HepG2-Cell

Musaed Alkholief 1, Mohd Abul Kalam 1 , Md Khalid Anwer 2 and Aws Alshamsan 1,*

1 Nanobiotechnology Unit, Department of Pharmaceutics, College of Pharmacy, King Saud University,
P.O. Box 2457, Riyadh 11451, Saudi Arabia; malkholief@ksu.edu.sa (M.A.); makalam@ksu.edu.sa (M.A.K.)

2 Department of Pharmaceutics, College of Pharmacy, Prince Sattam Bin Abdulaziz University,
Al-Kharj 11942, Saudi Arabia; m.anwer@psau.edu.sa

* Correspondence: aalshamsan@ksu.edu.sa

Abstract: A biocompatible, biodegradable and FDA-approved polymer [Poly lactic-co-glycolic acid
(PLGA)] was used to prepare the nanoparticles (NPs) to observe the effect of solvents, stabilizers
and their concentrations on the physical properties of the PLGA-NPs, following the encapsulation
and in vitro release of Indomethacin (IND). PLGA-NPs were prepared by the single-emulsion sol-
vent evaporation technique using dichloromethane (DCM)/chloroform as the organic phase with
Polyvinyl-alcohol (PVA)/Polyvinylpyrrolidone (PVP) as stabilizers to encapsulate IND. The effects of
different proportions of PVA/PVP with DCM/chloroform on the physiochemical properties (particle
size, the polydispersity index, the zeta potential by Malvern Zetasizer and morphology by SEM)
of the NPs were investigated. DSC was used to check the physical state, the possible complex-
ation of PLGA with stabilizer(s) and the crystallinity of the encapsulated drug. Stabilizers at all
concentrations produced spherical, regular-shaped, smooth-surfaced discrete NPs. Average size of
273.2–563.9 nm was obtained when PVA (stabilizer) with DCM, whereas it ranged from 317.6 to
588.1 nm with chloroform. The particle size was 273.2–563.9 nm when PVP was the stabilizer with
DCM, while it was 381.4–466.6 nm with chloroform. The zeta potentials of PVA-stabilized NPs were
low and negative (−0.62 mV) while they were comparatively higher and positive for PVP-stabilized
NPs (+17.73 mV). Finally, drug-loaded optimal NPs were composed of PLGA (40 mg) and IND
(4 mg) in 1 mL DCM/chloroform with PVA/PVP (1–3%), which resulted in sufficient encapsulation
(54.94–74.86%) and drug loading (4.99–6.81%). No endothermic peak of PVA/PVP appeared in the
optimized formulation, which indicated the amorphous state of IND in the core of the PLGA-NPs.
The in vitro release study indicated a sustained release of IND (32.83–52.16%) from the PLGA-NPs
till 72 h and primarily followed the Higuchi matrix release kinetics followed by Korsmeyer–Peppas
models. The cell proliferation assay clearly established that the organic solvents used to prepare
PLGA-NPs had evaporated. The PLGA-NPs did not show any particular toxicity in the HepG2 cells
within the dose range of IND (250–500 µg/mL) and at an equivalent concentration of PLGA-NPs
(3571.4–7142.7 µg/mL). The cytotoxicity of the hepatotoxic drug (IND) was reduced by its encapsula-
tion into PLGA-NPs. The outcomes of this investigation could be implemented to prepare PLGA-NPs
of acceptable properties for the encapsulation of low/high molecular weight drugs. It would be
useful for further in vitro and in vivo applications to use this delivery system.

Keywords: PLGA; Indomethacin; nanoparticles; solvents; stabilizers; morphology; particle-size;
encapsulation; drug release; cytotoxicity
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1. Introduction

Natural and synthetic polymers have been extensively used by researchers for drug
delivery applications for decades [1–5]. Natural polymers (e.g., bovine serum albumin)
have fallen out of favor due to impurity and cost effectiveness issues [6,7]. Synthetic
polymers (e.g., poly D,L-Lactide-co-glycolic Acid, PLGA), on the other hand, have become
more preferable to formulation scientists as drug delivery carriers, due to their superior
biodegradability and biocompatibility properties [8,9]. A wide variety of synthetic poly-
mers have been studied, with PLGA being one of the most used. PLGA is biocompatible
and biodegradable, and has been explored in many drug delivery applications, such as
controlled delivery carriers for peptide, proteins, antigens, genes, vaccines, growth fac-
tors and many other macromolecular therapeutics [8,10–19]. The frequent application of
PLGA for drug delivery is due to its attractive mechanical and handling properties [20]. In
addition, researchers prefer using PLGA because it has been approved by World Health
Organization and Food Drug Administration (FDA) for human use since 1989 [5,7,9,21–24].

PLGA-NPs can be synthesized using different techniques, including emulsion solvent
evaporation or diffusion, solvent displacement, salting-out, nanoprecipitation and many
other techniques [8,25–29]. Of these methods, the single (o/w) or double (w/o/w) emulsion
solvent evaporation are the oldest and most extensively used techniques to encapsulate the
hydrophilic and hydrophobic drugs into the PLGA-based micro- or nanoparticles [6,9,22].
In this method, PLGA and Indomethacin (IND) are dissolved in organic solvent (chloro-
form/dichloromethane/ethyl acetate/acetone etc.) and then emulsified by the stabilizer
present in the aqueous phase via homogenization followed by sonication [28]. The nano-
droplets obtained are further treated by evaporating the organic solvent(s) before purifying
and collecting the PLGA-NPs by washing with purified water (ultracentrifugation) for
its further characterization [21,25]. The morphological and physical/physicochemical
characteristics (particle size, its distribution, physical and stability, release profile of the
encapsulated drug, etc.) of the NPs can be greatly influenced by the formulation parame-
ters [30,31]. The above characteristics of PLGA-NPs might change by changing the type of
organic solvent(s) used to solubilize the polymer and the type of emulsifier/stabilizer, and
their respective concentrations. Other factors that play a role include the mechanical forces
(such as homogenization/probe-sonication, magnetic stirring rate, etc.) used to emulsify
the mixture of organic and solvents, and the duration for the complete evaporation of the
organic solvent [27,30].

Indomethacin (IND) is a nonsteroidal anti-inflammatory drug (NSAID) used to relieve
fever, pain, swelling and stiffness of joints in moderate to severe arthritic conditions
such as rheumatoid, osteo and gouty arthritis or spondylitis. It is also used for other
purposes including in the shoulder pain affected by tendinitis or bursitis. It acts by the
reversible inhibition of cyclooxygenase enzymes (COX-I and COX-II), also known as
prostaglandin-endoperoxide synthase. The COX-1 catalyzes the synthesis of prostaglandins
and thromboxane, while COX-2 is articulated in response to inflammation and injury.
Thus, the antipyretic, analgesic and anti-inflammatory actions of IND take place as a
result of decreased prostaglandin synthesis. Unlike other NSAIDs, IND also inhibits the
enzyme phospholipase-A2 (causes the release of arachidonic acid from phospholipids).
The antipyretic effect of IND might be due to its action on the hypothalamus causing
vasodilation, increased peripheral blood flow and thus the dissipation of heat [32]. The
poor aqueous solubility of IND (0.937 mg/L at 25 ◦C) leads to poor bioavailability [33].
Thus, taking high doses of IND is needed for some conditions. High doses of this drug for
prolonged use may cause intestinal bleeding and increase the risk of stroke or fatal heart
attack or myocardial infarction [34]. The encapsulation of IND into nanoparticulate drug
carriers is needed to improve its bioavailability and reduce its dose and dosing frequency.

In the present study, we investigated the effect of different formulation parameters on
the physiochemical properties of the PLGA-NPs. We prepared four batches of PLGA-NPs
using two different organic solvents, namely chloroform and dichloromethane (DCM), with
two commonly used stabilizers, namely Polyvinyl alcohol (PVA) and Polyvinylpyrrolidone
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(PVP) and studied their influence on the particle size, its distribution and their morpho-
logical characteristics. We also investigated the effects of different concentrations and
viscosities of the aqueous solution of the stabilizers on the PLGA-NPs. In addition, we uti-
lized differential scanning calorimetry to check any polymer–stabilizer or drug interactions
and the crystallinity of the encapsulated drug. To our knowledge, most of the literature has
focused on the release behavior of the payload from the PLGA-NPs system. Thus, here we
synthesized drug-loaded PLGA-NPs by the single emulsion solvent evaporation technique
using IND as a model lipophilic drug. The physicochemical properties including the drug
encapsulation, its loading and in vitro drug release and release kinetics were investigated
in detail. Moreover, the toxicity of PLGA-NPs (with and without IND) was examined by
performing the cytotoxicity using HepG2 cells.

2. Materials and Methods

2.1. Materials

Poly (D,L-lactic-co-glycolic acid) (50:50) with molecular weight 40,000–75,000 and
Polyvinylpyrrolidone (PVP; Av. Mw ~ 55,000) were purchased from Sigma Aldrich Co.
(St. Louis, MO, USA). Indomethacin (IND) was procured from Winlab, UK. Polyvinyl
alcohol (PVA) with 17,200 Mw was purchased from AVONCHEM Ltd. (Macclesfield,
Cheshire, UK). Dichloromethane (DCM) and chloroform were purchased from PANREAC
QUIMICA SA, (Barcelona, Spain) and MERK (Darmstadt, Germany), respectively. Purified
water was obtained through Milli-Q water purifier (Millipore, France) system.

2.2. Chromatographic Analysis of Indomethacin

The reverse phase (RP) HPLC-UV method was used for the analysis of IND at 241 nm
wavelength [35–37]. “The HPLC system (Waters®, Model-1500-series controller, Milford,
MA, USA) equipped with UV-detector (Waters®, Model-2489, dual absorbance detector,
USA), binary pump (Waters®, Model-1525, USA), automated sampling system (Waters®,
Model-2707 Autosampler, USA). The system was run by “Breeze software” (Breeze™ HPLC
Systems From Waters Corporation, Milford, MA, USA). A C18 analytical column (Macherey-
Nagel 150 × 4.6 mm, 5 µm) was used at room temperature. The chromatography was
performed by isocratic elution of the mobile phase composed of 75:25, v/v of Acetonitrile
and Milli-Q® water (the pH of water was adjusted to 3.2 by Ortho-Phosphoric acid). The
flow rate was 1 mL/min and the volume of injection was 30 µL. Total run time was 5 min
and retention time (Rt) for IND was 3.5 min. The calibration curve was constructed in the
concentration range 0.1, 0.2, 0.4, 0.8, 1.6, 2.5, 5.0 and 10 µgmL−1. The straight-line equation
obtained was y = 150,383x − 6548.7 with a correlation coefficient (R2) of 0.9991.

2.3. Preparation of PLGA Nanoparticles

The PLGA-NPs were prepared by the single emulsion solvent evaporation technique.
Here, the PLGA-NPs were prepared using the oil-in-water (o/w) single emulsion solvent
evaporation technique [38]. In brief, 40 mg of PLGA (50:50; Mol. Wt. of 40–75 kDa)
and 4 mg of IND were dissolved into 1 mL of the organic phase consisting of either
chloroform or dichloromethane (DCM). These organic phases were then emulsified after
the addition of 5 mL of varying concentrations of (1%, 3%, 6% or 9%, w/v) of polyvinyl
alcohol (PVA) or polyvinyl pyrrolidone (PVP) by pulse sonication using a probe sonicator
at 40% power for 40 s (4 cycles, 10 s each) using a probe sonicator (Sonics & Materials,
Inc., Newtown, PA, USA) on an ice bath. The organic solvent was evaporated by magnetic
stirring at 800 rpm at room temperature for overnight to obtain the suspension of NPs. The
suspended PLGA-NPs were purified after washing with Milli-Q® water to remove the extra
stabilizers and collected by ultracentrifugation at 15,000 rpm for 30 min at 4 ◦C (Preparative
ultracentrifuge, WX-series by Hitachi Koki, Hitachinaka, Japan). Finally, the drug-loaded
PLGA-NPs were also prepared by the same procedure, where 4 mg of IND was dissolved
into the organic phase containing PLGA. The washing process was performed three times
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for the purification and collection of PLGA-NPs. The obtained NPs were then dispersed in
10 mL of Milli-Q water, freeze-dried and were stored at −80 ◦C [39] for further experiments.

2.4. Particle Size and Zeta Potential Measurement

The hydrodynamic diameter (mean particle size), size distribution and zeta potential of
the developed PLGA-NPs were checked by Dynamic Light Scattering (DLS) measurement
by Zetasizer Nano-Series (Nano-ZS, Malvern Instruments Limited, Worcestershire, UK) as
per the reported methods [28,40]. Before starting the measurements, the suspensions of the
NPs were suitably diluted with Milli-Q® water (Millipore, France). For zeta potential, by
considering the dielectric constant of the dispersant (i.e., 78.5 for water), the electrophoretic
mobility was calculated at 25 ◦C by the software. The electrophoretic values were utilized
to estimate the zeta potential by the software DTS V-4.1 (Malvern, Worcestershire, UK)
installed in the system. All the measurements were performed in triplicate.

2.5. Morphological Characterization of PLGA-NPs

The shape and surface morphology of the PLGA-NPs was observed and determined
by micrographs of the NPs obtained by Scanning Electron Microscopy (SEM) (Zeiss EVO
LS10; Cambridge, UK) using the gold sputter technique. The freeze-dried PLGA-NPs were
coated with gold using an ion-sputter (Q150R Sputter unit) from Quorum Technologies Ltd.
(East Sussex, UK) in an argon atmosphere at 20 mA for 1 min. Observation and imaging
was completed at 10 to 20 kV accelerating voltage and 8.5 mm of working distance. The
magnification for the SEM images was kept at around 10 to 15 KX [28].

2.6. FTIR Spectral Analysis

Attenuated total reflectance (ATR) FTIR spectrum of solid samples (of pure drug
(IND), PLGA 50:50, Empty PLGA-NPs and IND-loaded PLGA-NPs-5) were recorded using
Bruker ALPHA spectrometer (Bruker Optics, Rosenheim, Germany). The spectrometer was
equipped with a diamond prism with single bounce reflection ATR accessory. A thin layer
of the solid sample was kept over the ATR accessory and the spectra were recorded from
4000–450 cm−1 wavenumber range using OPUS software (V-7.8), Bruker Optics, Rosenheim,
Germany.

2.7. Viscosity Evaluation of the Surfactant Solutions

Viscosity study of the different concentrations of the stabilizers (PVA and PVP) was
conducted to explore if there was a direct or indirect relationship between the viscosity and
the characterization parameters [41]. The viscosity of the stabilizer solutions was evaluated
by “Brookfield Viscometer (Brookfield Engineering Laboratories, Middleboro, MA, USA)”
following as reported [42,43]. The viscosities (Pa.s) were determined at different shear rates
(300–500 s−1 for PVA and 360–460 for PVP s−1) at 25 ± 1 ◦C temperature.

2.8. Encapsulation Efficiency and Drug-Loading Capacity

For the determination of the encapsulation efficiency (%EE) drug loading (%DL),
10 mg of drug-loaded PLGA-NPs were dispersed in 5 mL of Milli-Q water. The dispersion
was centrifuged at 13,500 rpm at 10 ◦C for 15 min (PRISM-R, Labnet International Inc.,
Edison, NJ, USA). The supernatant was removed and the sediments of PLGA-NPs (pre-
cipitant) were washed by Milli-Q water in triplicate with 2 min of vortexing. Thereafter,
10 mL 1:1 (v/v) mixture of CHCl3 and DCM (to dissolve the PLGA and solubilize the IND)
was added in the precipitant or pellet and vortexed. For complete extraction of the drug
(Indomethacin, IND) from NPs, the mixture was subjected to ultrasonication (Model-3510,
Branson Ultrasonic Corporation) for 20 min. The resulting suspension was further cen-
trifuged for 10 min at 13,500 rpm. The supernatant was collected and the concentration of
the drug was analyzed by the reported HPLC-UV method at 241 nm wavelength [35–37].
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The %EE and %DL were calculated in triplicate according to the following equations
(Equations (1) and (2)).

%EE =

(

Amount of IND in NPs precipitant (mg)
Initial amount of IND added (mg)

)

× 100 (1)

%DL =

(

Amount of IND in NPs precipitant (mg)
Total mount of NPs (mg)

)

× 100 (2)

2.9. In Vitro Release and Kinetics Study

Based on the physicochemical features, two formulations from each batch were se-
lected for the comparative in vitro release profile of IND from different PLGA-NPs. The
in vitro release of IND from the selected and optimized PLGA-NPs was performed in in
triplicate by the dialysis tubing method [44–46]. Phosphate buffer saline (PBS, pH 7.4) with
0.25% (w/v) of sodium lauryl sulphate (SLS) was used as the release media. An in vitro
release study was also performed using dilute HCl solution (pH 1.2) with 0.25% (w/v)
of SLS as release medium. A total of 10 mg of freeze-dried drug-loaded NPs was put in
1 mL of PBS mixed by vortexing and transferred into dialysis tubing. Both the ends of
the dialysis tubing were tied and put into 100 mL capacity beakers containing 50 mL of
the release medium. Beakers were placed in a shaking water bath (100 opm) where the
temperature of water bath was maintained at 37 ± 0.5 ◦C. At stipulated time points 1 mL
of the sample was taken out from each beaker and centrifuged at 13,500 rpm for 10 min.
The supernatants was collected and 30 µL of each was injected into the HPLC-UV system
for the analysis of released drug [37]. The cumulative amount drug released (%DR) was
calculated by the following equation (Equation (3)), where DF stands for dilution factor.

%DR =
Conc. (µg/mL)× DF × Volume of release medium (mL)

Initial amount of IND in NPs (µg)
× 100 (3)

To check the kinetics and mechanism of IND release from the PLGA-NPs, the in vitro
release data were fitted into different kinetic models [47,48]. The applied kinetic models
include the zero-order (%DR versus time, Equation (4)), first-order (Log %D remaining
versus time, Equation (5)), Higuchi matrix (%DR versus square root of time, Equation (6)),
Korsmeyer–Peppas (Log fraction DR versus Log time, Equation (7)) and Hixson–Crowell
(cube root of %D remaining in the polymeric matrix versus time, Equation (8)). From the
values of slopes and co-efficient of correlation (R2) of kinetic plots obtained in different
model equations, the release/diffusion-exponent (n-value) was calculated. The determi-
nation of n-values could provide an idea about the mechanism of drug release from the
NPs [36,49,50].

At = k0t (4)

LogA0 − LogAt = k1t/2.303 (5)

At = kHM

√
t (6)

At = kKP tn (7)
3
√

A0 − 3
√

At = kHCt (8)

In the above equations, At is the amount of released IND at time ‘t’, A0 is the initial
amount of IND in the PLGA-NPs. The expression ‘k’ is the rate constants (k0 for zero-order,
k1 for first order, kHM for Higuchi matrix, kKP for Korsmeyer–Peppas, and KHC for the
Hixson–Crowell model). The n-value in the Korsmeyer–Peppas equation is known as the
diffusion or release exponent.

2.10. Differential Scanning Calorimetry (DSC)

The analysis of the physical state and possible complexation of the PLGA with the
used stabilizers as well as the crystallinity of the encapsulated drug (IND) was checked
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through the differential scanning calorimetry technique through a DSC-8000 (Perkin Elmer
Instruments, Shelton, WA, USA) at the heating rate of 10 ◦C per min. Around 4–5 mg of
PLGA-NPs was weighed and put in aluminum pans and the lids were crimped. The pans
were hermetically sealed and placed in the sample cell of the calibrated DSC instrument
to check the melting temperature of the materials [40,51]. Both the reference and sample
cells were continuously purged with N2 gas at the rate of 20 mL per min. The results
were analyzed by the software Pyris™ (Version-11, PerkinElmer Inc., Houston, TX, USA)
attached to the system. The thermal behavior of the materials used in the PLGA-NPs was
examined at 10 ◦C per min of heating rate within 20 to 240 ◦C temperature range.

2.11. Stability of IND-Loaded PLGA-NPs

A short-term stability on drug-loaded freeze-dried PLGA-NPs (IND-PLGA-NPs-5) was
performed [28,52,53]. The drug-loaded NPs (10 mg) were crammed into glass containers
and stored at 4 ± 0.5 ◦C, 30 ± 1 ◦C (as per the Saudi Arabian climatic zone (IVa)) and
37 ± 1 ◦C for 1-month. The alteration in the particle size, polydispersity index, zeta
potential, encapsulation efficiency (%EE) and drug-loading capacity (%DL) with storage
time was determined at the 15th and 30th day to recognize the stability of the NPs. All the
measurements were performed in triplicate.

2.12. In Vitro Cytotoxicity Studies

2.12.1. Maintenance and Growth of Cell Line

The human hepatic cancer cell (HepG2) lines were cultured under CO2 (5%) at 37 ◦C
using Dulbecco’s Modified Eagle’s Medium (DMEM), procured from UFC Biotech, Riyadh,
Saudi Arabia). The media were accompanied with 1% mixture of “Penicillin-Streptomycin”
(Thermo Fischer Scientific, Waltham, MA, USA), 10% Fetal Bovine Serum (FBS) and 1%
L-Glutamine obtained from Alpha Chemika, Maharashtra, India and BioWest, Riverside,
MO, USA, respectively, while the MTT was obtained from “Sigma Aldrich”, St. Louis,
MO, USA.

2.12.2. MTT Assay

The in vitro cytotoxic activities of the free drug (IND solution) and the IND-loaded
PLGA-NPs were investigated as compared to the empty PLGA-NPs-5 using HepG2 cells
by assessing their viability through an MTT assay [54]. The cell cultures in the phase of
exponential growth were “Trypsinized” and diluted in DMEM to obtain a total cell count of
5 × 105 cells/mL. The suspension of cells were then transferred into flat-bottomed 96 well
microplate in 100 µL medium and left overnight to attach. The medium was changed
with 100 µL of fresh medium containing IND, IND-loaded NPs and empty PLGA-NPs-5
using the equivalent amount of NPs to obtain IND concentrations (5–1000 µg/mL) in the
same media as the solvent. An equivalent amount of empty NPs was also used. The
free IND was dissolved in DMSO and diluted with the media, keeping the concentration
of DMSO not more than 1%, (v/v). Three wells were used as a negative control for cell
viability, where only cells (without treatment) were suspended in the FBS free DMEM. Each
product dilution was evaluated in triplicate. After 24 h, 48 h and 72 h of incubation, the
cell suspensions were removed and the wells were washed with PBS. Then, 20 µL of MTT
solution (at 5 mg/mL concentration in PBS) and 80 µL of the medium was added and
incubated at 37 ◦C for 4 h. Subsequently, the culture fluid (containing media and MTT)
was discarded leaving the precipitate of formazan crystals. The crystals were dissolved
in 100 µL mixture (99.4 mL/0.6 mL/10 g) of DMSO, acetic acid and sodium lauryl sulfate
at room temperature for 10–15 min. The microplates were observed and absorbance was
measured at 570 nm using spectrophotometric microplate reader (Synergy HT, BioTek Inst.,
Winooski, VT, USA). The results were normalized as compared to the absorbance obtained
for viable control cells (by considering as 100%) and expressed as plots of cells viability
versus log concentration of IND. The IC50 values were determined for the employed
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cells against each product including the empty NPs using GraphPad Prism 5, San Diego,
CA, USA.

2.13. Statistical Analysis

All the experiments were performed in triplicate (n = 3). The data were expressed
as mean with standard deviation (SD). Data were analyzed and compared by the Paired
t-test using GraphPad Prism 5, USA. The p-value, less than (p < 0.05) was considered as
statistically significant.

3. Results and Discussion

3.1. Preparation of PLGA-NPs

For the preparation of NPs, we used PLGA as the main polymer mixed with either PVP
or PVA, while either chloroform or DCM were used as the organic solvents. We employed
the single emulsion solvent evaporation method which is helpful in optimizing the design
of the NPs (size, morphology and surface properties) making them better candidates for
drug delivery applications. In this method, the emulsification of the two phases and the
stabilization (droplet protection) of the NPs are prime factors, which are greatly influenced
by the type of stabilizers used and their quantity. PVA and PVP were chosen as stabilizers
because they facilitate the formulation of smaller PLGA-NPs with a spherical shape and
a narrow granulometric distribution even at higher concentrations, in addition to their
ability to prevent the coalescence of particles to aggregate [55–58]. Although PVP-stabilized
PLGA-NPs have shown similar features to PVA-stabilized NPs in terms of the encapsulation
and loading of low molecular weight drugs [59], under similar conditions PVP-stabilized
PLGA-NPs had higher efficiencies compared to PVA-stabilized NPs for the encapsulation
and loading of proteins [59–61]. As for the type of organic solvents used, chloroform and
DCM are the most commonly used to prepare the PLGA-NPs by the emulsification solvent
evaporation method. However, reports have indicated that other solvents can be used,
but mostly in combination, such as DCM-acetone that is used to dissolve rifampicin and
DCM-acetone-ethanol used to dissolve Estradiol valerate [62]. Additionally, propylene
carbonate has been utilized to reduce the toxic effect of benzyl alcohol to encapsulate
estrogen into PLGA-NPs [57,58]. The solvent evaporation process during the preparation
of PLGA-NPs is a critical step to encapsulate the drug(s) as it decreases the diffusion of
drug(s) to the external aqueous phase, in addition to obtaining smaller particles [63,64]. The
chloroform and DCM as organic solvents for PLGA are easily evaporated in a short duration
even at a reduced pressure (vacuum rotational evaporator) or with magnetic stirring at
normal atmospheric pressure [55,63]. The smaller particles are obtained due to the higher
solvent-front kinetic energy that leads to the higher rate of diffusion of the organic phase
at the interface and a higher rate of droplet dispersion, which results in smaller NPs [63].
Solvent evaporation causes a volume reduction in the dispersion phase which subsequently
increases the density and viscosity of the dispersed NPs. This phenomenon prevents the
coalescence and agglomeration of the NPs during the evaporation of organic solvents [64].

Using the proper preparation technique, such as single emulsion or double emulsion,
is critical as the chosen method affects the physicochemical properties of NPs and the
drug-loading capacity [65,66]. For example, the encapsulation and loading of lipophilic
agents through the single emulsion technique supports the formation of smaller NPs
than that of the double emulsion technique [17,67,68]. The employed emulsion solvent
evaporation technique, also called the ultrasonication solvent evaporation technique, was
first introduced by Vanderhoff et al. and has become a very popular method for the
synthesis of polymer-based nanoparticles [7,62,65,69]. The process parameters in this
technique, such as the volume of the aqueous phase containing stabilizer/emulsifier,
magnetic stirring, homogenization speed and drug/PLGA ratio (in the case of drug-loaded
NPs) can easily be controlled and optimized to obtain the NPs with an improved surface
morphology and the desired size distribution [55,65]. This method has been used frequently
to encapsulate low and high molecular weight drugs [27,28,70–72]. Moreover, smaller NPs
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could be obtained using a small quantity of PLGA and a large volume of a stabilizer-
containing aqueous phase at a high homogenization speed while larger particles can be
obtained at higher PLGA concentrations [55,56]. A high amount of polymer caused an
increased viscosity of the internal phase, leading to its insufficient and non-homogenous
dispersion into the aqueous phase during emulsification and resulting in larger NPs [55].

3.2. Effect of Formulation Factors on Particle Size and Zeta Potential

The PLGA-NPs prepared by the single emulsion solvent evaporation method produced
particles with an average size in the range of 273–563 nm when PVA was used as the
stabilizer and DCM was used as the organic solvent, whereas it was in the range of
317–588 nm when chloroform was used as the solvent. As for PVP, the mean particle size
was in the range of 287–684 nm when DCM was used as the solvent, while it was in the
range of 381–466 nm when chloroform was the solvent (Table 1).

Table 1. PLGA-NPs prepared by the single-emulsion solvent evaporation technique.

Formulations Organic Solvents * Type of Stabilizer,
Its Concentration *

Mean ± SD *, n = 3

Particle Size (nm)
Polydispersity

Index
Zeta-Potential

(mV)

Batch 1

PLGA-NPs-1 CHCl3 PVA (1%, w/v) 328.1 ± 24.4 0.096 ± 0.079 −1.90 ± 0.91
PLGA-NPs-2 CHCl3 PVA (3%, w/v) 345.2 ± 8.3 0.061 ± 0.036 −1.12 ± 0.06
PLGA-NPs-3 CHCl3 PVA (6%, w/v) 588.1 ± 23.9 0.096 ± 0.028 −0.74 ± 0.12
PLGA-NPs-4 CHCl3 PVA (9%, w/v) 317.6 ± 2.7 0.285 ± 0.088 −0.68 ± 0.11

Batch 2

PLGA-NPs-5 DCM PVA (1%, w/v) 273.2 ± 3.3 0.087 ± 0.064 −0.92 ± 0.21
PLGA-NPs-6 DCM PVA (3%, w/v) 406.3 ± 8.5 0.213 ± 0.044 −0.89 ± 0.28
PLGA-NPs-7 DCM PVA (6%, w/v) 554.4 ± 23.8 0.239 ± 0.045 −0.76 ± 0.06
PLGA-NPs-8 DCM PVA (9%, w/v) 563.9 ± 54.4 0.170 ± 0.015 −0.62 ± 0.58

Batch 3

PLGA-NPs-9 CHCl3 PVP (1%, w/v) 456.9 ± 61.4 0.152 ± 0.069 17.73 ± 3.45
PLGA-NPs-10 CHCl3 PVP (3%, w/v) 448.8 ± 22.4 0.142 ± 0.035 14.05 ± 2.05
PLGA-NPs-11 CHCl3 PVP (6%, w/v) 466.6 ± 90.5 0.256 ± 0.181 3.86 ± 1.26
PLGA-NPs-12 CHCl3 PVP (9%, w/v) 381.4 ± 83.5 0.255 ± 0.179 2.67 ± 1.41

Batch 4

PLGA-NPs-13 DCM PVP (1%, w/v) 287.8 ± 12.0 0.035 ± 0.029 10.24 ± 3.93
PLGA-NPs-14 DCM PVP (3%, w/v) 566.9 ± 64.1 0.268 ± 0.042 5.82 ± 2.65
PLGA-NPs-15 DCM PVP (6%, w/v) 609.3 ± 26.9 0.512 ± 0.055 5.37 ± 1.06
PLGA-NPs-16 DCM PVP (9%, w/v) 684.2 ± 43.1 0.846 ± 0.016 4.91 ± 2.37

* PVA = Polyvinyl alcohol; PVP = Polyvinyl pyrrolidone; CHCl3 = Chloroform; DCM = Dichloromethane;
SD = Standard deviation.

Overall, the results of the particle size measurement indicate that PLGA-NPs prepared
using PVA as stabilizer were smaller compared to PVP when DCM was used to solubilize
the PLGA, with an exception at 1% PVP. This might be attributed to the good stabilizing
property of PVP at this concentration (having optimum viscosity) with DCM. At the varying
concentrations of PVA (1%, 3%, 6% and 9%, w/v) and using DCM as the organic solvent
by keeping the other formulations factors constant (such as volume of solvents, stirring
speed, amount of PLGA), an increase in the size of the NPs was found from 273–563 nm
(Table 1). Similarly, an increase in particle size was observed from 317–588 nm as the
concentration of PVA was increased and chloroform was used as the organic solvent.
Contrary to this observation, the particle size was smallest (317 nm) at the highest (9%,
w/v) concentration of PVA when chloroform was used, which might be due to the strong
anchoring of the hydrophobic segment of PVA with the matrix of PLGA which remained
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closely associated with polymer surface [73]. The mechanistic effect of stabilizers on the
size of PLGA-NPs might be due to the interpenetration of PVA/PVP and PLGA molecules
during the formation of NPs [74,75]. These stabilizers might develop a uniform coating
network throughout the surface of PLGA, where PVA cannot shield completely the negative
surface charge (due to –COOH functional groups of PLGA) as compared to PVP. Thus, PVA
caused a weak negative zeta potential [15], while PVP showed a relatively high positive zeta
potential. In spite of the weak zeta potential, the PLGA-NPs were stabilized by the varying
layers of PVA/PVP which surrounded the NPs by mechanism of steric hindrance [76].

The particle size and zeta potential distributions of the four NPs prepared with 1%
stabilizers are represented in Figure 1. The values of polydispersity index and zeta potential
are also summarized in Table 1. The zeta potentials of the NPs prepared with PVA showed
low negatively charged surfaces, while most of the NPs prepared with PVP were found to
have comparatively higher and positive surface charges. To check the effect of stabilizer
on surface charges, the zeta potentials of 1% PVA and PVP solutions were also checked.
The PVA solution showed slightly negative (−2.26 ± 0.49 mV) zeta potentials while it was
positive (+5.06 ± 1.58 mV) for the PVP solution. Thus, we could state that the positive
zeta potential of PVP solution might be the reason for the slightly higher zeta potentials of
the PLGA-NPs developed using PVP as the stabilizer. The low polydispersity values in
all cases of NPs (except in the cases where 6% and 9% PVP, which were 0.512 and 0.846,
respectively) indicated the unimodal distribution of the particles in the dispersion medium.

–

–

Figure 1. Particle size and zeta potential distribution curves of PLGA-NPs prepared with: (A) 1%
PVA and chloroform; (B) 1% PVA and DCM (C) 1% PVP with chloroform (D) 1% PVP with DCM and
(E–H) are their zeta potentials, respectively.
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As for the type of organic solvent, we observed that using DCM as the organic phase
resulted in comparatively good-sized particles as compared to chloroform when NPs
were prepared with the PVA at 1%, 3%, 6% and 9%, w/v concentrations. DCM produced
uniform and smaller PLGA-NPs than chloroform (stabilized by PVA) which might be
due to the comparatively low solubility/miscibility of DCM with water. On the other
hand, when chloroform was used as an organic phase, it produced larger NPs. This
contrasts with the previous work, where they reported that relatively smaller NPs were
produced when they employed vitamin-E-TPGS as the stabilizer [22,27,40,77]. This can
be explained by the degree of stabilization that occurs either from the stabilizer itself, or
other formulation parameters (concentration of PLGA in organic phase, speed of magnetic
stirring and homogenization and sonication power, etc.) [55,57,58]. While PLGA-NPs with
larger particles sizes are generally unwanted, they still might have an advantage in cases
where the high amount of lipophilic drugs (relative to the amount of PLGA) need to be
encapsulated as compared to smaller particles (subject to the solubility of the stabilizer in
aqueous phase and its miscibility with the organic phase). However, this should be pursued
carefully as the release kinetics of the encapsulated drug(s) may be influenced [22,78,79].
Although both organic solvents have limited solubility in water, the higher solubility of
chloroform in the aqueous phase as compared to DCM [80] facilitates its rapid diffusion
from oil droplets towards the outer aqueous phase during the emulsification process, which
causes the rapid precipitation of PLGA, consequently obstructing the formation of smaller
sized NPs [15].

Overall, PLGA-NPs prepared by the single emulsion solvent evaporation technique
produced smaller NPs with a smooth surface and reliable properties when the most com-
monly used stabilizer (PVA) was employed, even at higher concentrations with DCM as
the organic solvent, which is in agreement with previous reports [81,82].

3.3. Effect of the Two Stabilizers on the Morphology of PLGA-NPs

The effect of PVA and PVP at different concentrations on the morphology of PLGA-
NPs was observed in two different organic solvents, chloroform and DCM. An obvious
effect in the morphological structure of the NPs was found, which can be observed in
most of the SEM images as shown in the Figures 2 and 3. At lower concentrations (1%
and 3%, w/v) of PVA, NPs obtained had a spherical and regular shape with a smooth
surface (Figure 2A,B, respectively) with no aggregation. This confirmed the relevance and
suitability of the selected formulation parameters to prepare the PLGA-NPs. At higher
concentrations (6% and 9%, w/v) of PVA, however, NPs tended to aggregate and form
irregular shapes (Figure 2C,D, respectively). These aggregates might have been formed due
to residual stabilizers, which in turn increase the viscosity of the aqueous phase, requiring
extra washing of the NPs during ultracentrifugation [76]. Likewise, we observed a similar
outcome when PVP was used as a stabilizer. At 1% and 3% w/v concentrations of PVP,
we obtained NPs that had a smooth surface and spherical, regular shapes (Figure 3A,B,
respectively). Whereas, the aggregated–irregular-shaped particles were found with higher
concentrations (6% and 9%, w/v) of PVP (Figure 3C,D, respectively). On the other hand,
when DCM was used as an organic solvent, the prepared PLGA-NPs with either PVA or
PVP as stabilizer produced regular spherical-shaped NPs with smooth surfaces at all the
four concentrations employed (Figures 4 and 5). It is noteworthy that the population of NPs
were very low but discrete and spherical at all concentrations of PVA with equal amounts
of PLGA, which might be due to the strong emulsifying property of PVA even at low
concentrations and its good surface stabilizing feature towards PLGA-NPs. The presence of
PVA at the interface prevented the coalescence of nano-droplets and the aggregation of NPs,
which might be due to reduction in the overall energy of the two phases by PVA [57,83]. This
might be attributed to the high HLB value of PVA (>18) than that of PVP (14 to 16) [77,84]
and might be due to the low viscosity of PVP as compared to PVA, even at the same
concentrations of the two stabilizers. Overall, employing DCM as an organic solvent seems
to produce more regular and spherical nanoparticles compared to chloroform, which is
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advantageous in terms of the shelf-stability of the PLGA-NPs due to the narrow, uniform
and unimodal granulometric distribution of the particles [55–58]. Based on these results,
NPs prepared with 1% of either PVA or PVP were used for further analysis.

–

 

Figure 2. SEM images of the PLGA-NPs prepared with chloroform as organic solvent with different
concentrations of PVA in the aqueous phase. (A) 1%, w/v PVA; (B) 3%, w/v PVA; (C) 6%, w/v PVA and
(D) 9%, w/v PVA.

 

Figure 3. SEM images of the PLGA-NPs prepared with chloroform as organic solvent with different
concentrations of PVP in the aqueous phase. (A) 1%, w/v PVP; (B) 3%, w/v PVP; (C) 6%, w/v PVP and
(D) 9%, w/v PVP.
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Figure 4. SEM images of the PLGA-NPs prepared with DCM as organic solvent with different
concentrations of PVA in the aqueous phase. (A) 1%, w/v PVA; (B) 3%, w/v PVA; (C) 6%, w/v PVA and
(D) 9%, w/v PVA.
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Figure 5. SEM images of the PLGA-NPs prepared with DCM as organic solvent with different
concentrations of PVP in the aqueous phase. (A) 1%, w/v PVP; (B) 3%, w/v PVP; (C) 6%, w/v PVP and
(D) 9%, w/v PVP.

3.4. Fourier Transform Infrared (FTIR) Analysis

The FTIR spectra were recorded to investigate the possible interaction (if any) between
PLGA and IND during the encapsulation of IND into the PLGA-NPs. The FTIR spectra of
PLGA, IND, empty PLGA-NPs and IND-PLGA-NPs-5 are presented in Figure 6.
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Figure 6. FT-IR spectra of pure IND (A), PLGA (B), empty PLGA-NPs (C) and IND-loaded PLGA-
NPs-5 (D).
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The sample of pure IND demonstrated the characteristic bands at 1585 cm−1 (aromatic
C=C stretching and 1680 cm−1 (carboxyl stretching). The C–Cl stretching at 831 cm−1,
C-O stretching ether at 1219 cm−1 and 1066 cm−1. Low intensity peaks at 2123 cm−1

and 2230 cm−1 wavenumbers were possibly indicate the O–H (carboxy) stretching [85].
From pure PLGA the band at 1933 cm−1 was the characteristic peak of –C=O– stretching
of aliphatic polyesters and also at 2030 cm−1 and 2124 cm−1 C=O bond stretching was
observed. Moreover, the peaks at 727 cm−1 and 846 cm−1 were due to the C-H bending
(vib). The IR scan of empty PLGA-NPs demonstrated characteristic bands at 1089 cm−1

and 1176 cm−1 which were due to the C-O stretching (ether) and peak at 1755 cm−1 was
due to the aromatic C=C stretching. A less intense band appeared at 2023 cm−1 might be
due to the –C=O– stretching of aliphatic polyesters (characteristic of PLGA) [86–88]. The
IND-loaded PLGA-NPs has shown a prominent IR band at 2139 cm−1 (–C=O– stretching
of aliphatic polyesters and a less prominent band at 2014 cm−1, are characteristic bands
for PLGA). The characteristic bands of IND did not appear in the drug-loaded NPs-5,
which might suggest the proper encapsulation of IND into core of the NPs. Moreover,
from this IR spectral analysis, it was concluded that IND was compatible with the PLGA
(main excipient) used to prepare the NPs. However, the broadening and less intense bands
appeared in the IR spectrum of IND-PLGA-NPs-5, also suggesting the absence of a chemical
interaction between the drug (IND) and the polymer (PLGA).

3.5. Viscosity-Shear Rate Relationship of Different Concentrations of PVA and PVP

In this study, the viscosity versus concentration relationship for PVA and PVP solutions
at four different concentrations (1%, 3%, 6% and 9%, w/v) of each formulation, was
investigated using Milli-Q water as the solvent [89,90]. An increment in the viscosity
of aqueous solutions was noticed which was proportional to the concentration of the
stabilizers (Figure 7). The concentration dependence on the viscosity was more pronounced
in the case of PVA (Figure 7A) as compared to PVP (Figure 7B) at the same concentrations
of both the stabilizer. Each solution showed pseudoplastic behavior, which was due to the
concentration dependency of PVA and PVP.

of PVA and PVP

 

−1

–

Figure 7. Relationship between viscosity and shear rate in the aqueous solutions of PVA (A) and
PVP (B).

The viscosity (Pa.s) of each solution was higher at the low shear rate (s−1) and the vis-
cosity of aqueous solutions of PVA and PVP increased with increasing their concentrations,
exceptionally in case of 3% PVA as compared to 1% PVA. This might be due to the fact that
viscosity is highly time and temperature-dependent. The decreased viscosity of 3% PVA
solution might be attributed to the unwanted delayed processing in viscosity determination,
also the temperature of the solution might be increased [91]. Here, we observed that the
viscosity of the PVA–aqueous solutions decreased less rapidly with increasing the shear rate
compared to PVP solutions. This indicated that PVA solutions were more viscous than the
PVP solutions at same concentrations. Although these are well known phenomena, in this
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study we tried to correlate the effect of viscosity of the stabilizers on the size and morphol-
ogy of PLGA-NPs. The measurements of viscosity of polymer(s) manifests the molecular
interactions between the polymer (here, PVA and PVP) and the solvents, and from this the
degree or magnitude of the interaction could be predicted [41,92]. The relatively smaller
sized PLGA-NPs were obtained at lower concentrations of PVA and PVP which may have
resulted from the low viscous solution of the stabilizers. Due to the low viscosity of the
aqueous phase, their good interaction with the PLGA in organic phase led to the stress-free
formation of PLGA-NPs during the organic solvent evaporation [15]. Viscosity of PVP
aqueous solutions exhibited Newtonian flow at low shear-rate and lower concentrations,
and shear-thinning at high shear-rate and higher concentrations (Figure 7B). The findings
related to the effect of shear rate on the viscosity of aqueous solutions of stabilizer could be
useful in understanding their effect in the development of PLGA-NPs [93,94].

3.6. Loading of Drug (IND) and In Vitro Release

Considering the facts of the above findings about the empty PLGA-NPs, a few drug-
loaded formulations were developed to encapsulate a model lipophilic drug (indomethacin,
IND). Where, PVA/PVP (1% and 3% w/v), PLGA (40 mg) and IND (4 mg), DCM and CHCl3
were used as organic solvent(s) to dissolve the polymer and the drug. The developed
formulations were further characterized.

3.6.1. Encapsulation Efficiency and Drug Loading Capacity

The encapsulation efficiencies and drug loading capacities of the selected PLGA-NPs
of the four batches (Batch-1 to Batch-4) are summarized in Table 2. The physicochemical
properties indicated the acceptable size of PLGA-NPs, good polydispersity with high
encapsulation of IND at 1% PVA (stabilizer) and DCM as organic solvent. The mean size of
PLGA-NPs-5, polydispersity and zeta-potential were 275.4 ± 8.5 nm, −0.157 ± 0.044 and
−1.13 ± 0.29 mV respectively, with 72.96 ± 4.59% encapsulation, 6.63 ± 0.41% drug loading
and highest amount (52.16 ± 3.83%) of cumulative drug release at 72 h as compared to
other formulations. Although the highest encapsulation and drug loading (74.86 ± 4.78%
and 6.81 ± 0.45%) was found with PLGA-NPs-6 (3% PVA and DCM) but the cumulative
release was poor (37.88 ± 2.11%). Similarly, the size of PLGA-NPs-13 (286.9 ± 13.2 nm)
was comparable to PLGA-NPs-5 and slightly high positive surface charge (10.4 ± 3.94
mV) but other parameters including the drug release were not sufficiently good. Overall,
at similar preparation conditions the PLGA-NPs-5 showed satisfactory physiochemical
characteristics; thus, it was assumed as the best one amongst the eight optimized PLGA-NPs
of the four batches.
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Table 2. Physicochemical characteristics of some selected formulations after the encapsulation of Indomethacin (IND). Data are presented as Mean ± SD, n = 3.

Formulations

Mean ± SD, n = 3

Particle Size
(nm)

Polydispersity
Index

Zeta Potential
(mV)

Encapsulation
Efficiency (%)

Drug Loading
(%)

Cumulative Drug Release
(%) at pH 7.4

Cumulative Drug Release
(%) at pH 1.2

At 12 h At 72 h At 12 h At 72 h

PVA Group formulations

Batch-1
1%, PVA with CHCl3 (PLGA-NPs-1) 331.8 ± 8.4 0.174 ± 0.035 −2.89 ± 0.95 68.74 ± 5.47 6.24 ± 0.51 16.46 ± 0.63 43.94 ± 2.43 41.28 ± 3.09 42. 16 ± 2.49
3%, PVA with CHCl3 (PLGA-NPs-2) 547.4 ± 10.3 0.288 ± 0.078 −0.81 ± 0.14 69.59 ± 6.15 6.32 ± 0.56 13.09 ± 0.78 32.83 ± 1.76 30.38 ± 2.01 32.89 ± 3.88

Batch-2
1%, PVA with DCM (PLGA-NPs-5) 275.4 ± 8.5 0.157 ± 0.048 −1.13 ± 0.29 72.96 ± 4.59 6.63 ± 0.42 18.82 ± 1.38 52.16 ± 3.83 31.70 ± 2.03 40.06 ± 1.32
3%, PVA with DCM (PLGA-NPs-6) 410.9 ± 11.3 0.205 ± 0.061 −1.14 ± 0.58 74.86 ± 4.78 6.81 ± 0.45 14.58 ± 0.81 37.88 ± 2.11 37.04 ± 1.07 39. 17 ± 1.49

PVP Group formulations

Batch-3
1%, PVP with CHCl3 (PLGA-NPs-9) 439.3 ± 15.1 0.179 ± 0.033 16.1 ± 3.5 54.94 ± 6.34 4.99 ± 0.58 15.76 ± 0.86 39.90 ± 2.28 34.05 ± 1.27 38.14 ± 1.83

3%, PVP with CHCl3 (PLGA-NPs-10) 379.5 ± 10.5 0.177 ± 0.065 15.5 ± 2.6 58.91 ± 4.84 5.36 ± 0.44 16.83 ± 0.95 43.64 ± 2.53 26.46 ± 2.28 32.48 ± 2.12
Batch-4

1%, PVP with DCM (PLGA-NPs-13) 286.9 ± 13.2 0.066 ± 0.002 10.4 ± 3.94 63.33 ± 6.77 5.76 ± 0.62 19.42 ± 3.47 48.07 ± 2.47 33.13 ± 1.18 35.81 ± 2.08
3%, PVP with DCM (PLGA-NPs-14) 569.6 ± 15.6 0.276 ± 0.055 7.6 ± 2.37 65.37 ± 5.36 5.94 ± 0.49 19.05 ± 1.08 51.68 ± 2.99 39.89 ± 1.86 43.01 ± 1.17
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3.6.2. In Vitro Drug Release and Release Kinetics

A sustained release of IND from all the optimized PLGA-NPs was found at pH 7.4,
as shown in Figure 8). The in vitro release profiles of IND from the selected formulations
of the four batches (PLGA-NPs-1 with 1% PVA and PLGA-NPs-2 with 3% PVA from
Batch-1, PLGA-NPs-5 with 1% PVA and PLGA-NPs-6 with 3% PVA (Figure 8A) from
Batch-2, PLGA-NPs-9 with 1% PVP and PLGA-NPs-10 with 3% PVP from Batch-3 and
PLGA-NPs-13 with 1% PVP and PLGA-NPs-14 with 3% PVP from Batch-4 (Figure 8B)
were summarized in Table 2. For the comparative release assessment, two time points, i.e.,
12 h and 72 h were chosen for all the formulations. The cumulative release of the drug
from PVA group PLGA-NPs at 12 h were almost same without any significant difference
(p < 0.05), a highest amount 52.16 ± 3.83% of drug was released from PLGA-NPs-5 (1%
PVA), which was significantly (p < 0.05) higher from the rest of the three formulations of
PVA group. The use of DCM as an organic solvent to prepare this formulation provided a
good encapsulation of IND which might have resulted in its higher and sustained release
in PBS with 0.25% SLS.

 

–

Figure 8. In vitro release profiles of IND from different PLGA-NPs in PBS (pH 7.4). Prepared with
different concentrations of stabilizers, (A) PVA and (B) PVP.

At 12 h, the release of IND from PVP group formulations prepared with CHCl3 were
almost same (15–16%) with no significant difference (p < 0.05), while a slightly improved
release (19.4%) was found with the formulations prepared with DCM. However, the highest
amount 51.6% of drug was released from PLGA-NPs-14 (3% PVP), which was slightly
higher from the rest of the three formulations of PVP group. The higher concentration of
PVP (3%, w/v), provided better stabilization to this formulation, which might be the reason
for improved and sustained release of IND in the selected release medium.

The in vitro release profiles of IND in acidic conditions (pH 1.2) from the selected
PVA group and PVP group formulations of the four batches are illustrated in Figure 9A,
B, respectively, while the cumulative amount of the drug released at 12 h and 72 h is also
summarized in Table 2. The highest amount (42.16%) of drug was released at 72 h from
PLGA-NPs-1 (1% PVA with CHCl3), slightly less amount (40.06%) was released from PLGA-
NPs-5 (1% PVA with DCM) and 39.2% was from PLGA-NPs-6 (3%PVA with DCM) which
were significantly (p < 0.05) higher from the PLGA-NPs-2 (3%PVA with CHCl3) of PVA
group formulations. Similarly, for PVP group formulations, the highest amount (43.16%) of
drug was released at 72 h from PLGA-NPs-41 (3% PVP with DCM), slightly less (38.14%)
was released from PLGA-NPs-9 (1% PVP with CHCl3) and an almost equivalent amount
(32.5% and 35.81%) was released from PLGA-NPs-10 and PLGA-NPs-13, respectively.
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Moreover, the degradation mechanism of PLGA at pH 7.4 takes place “inside
out” and at acidic pH it occ “ ”

Figure 9. In vitro release profiles of IND from different PLGA-NPs in acidic pH (1.2). Prepared with
different concentrations of stabilizers, (A) PVA and (B) PVP.

Overall, the cumulative amount of drug released from most of the PVA and PVP group
PLGA-NPs in acidic release medium followed a biphasic release pattern as illustrated in
Figure 9A,B. Initially, a burst release was found from all the formulations followed by a
sustained release of the drug, while a sustained release pattern was observed through-
out the experiment performed at pH 7.4. Around 21.3–33.9% and 21.4–28.01% of drugs
were released within 6 h from PVA and PVP group formulations, respectively. At 12 h,
30.38–41.27% and 26.46–39.89% drugs were release from PVA and PVP group formulations,
respectively, while a maximum 42.01% (from PVA group) and 42.61% (from PVP group)
were released in 48 h. After 12 h, clearly the prolonged and sustained drug release occurred
till 72 h. An initial burst release might be beneficial for the use of IND in terms of acute
inflammatory conditions, as it would assist the quick achievement of the therapeutic level,
followed by a sustained release to maintain the therapeutic concentration of IND. The
initial burst release of a drug might be due to loosely bound or surface-adsorbed drugs
and the fast dissolution of IND in an acidic environment (pH 1.2). Secondly the sustained
release could be due to the diffusion of the drug across the PLGA matrix, following the
drug dissolution and polymer erosion.

The release of the drug at 12 h was very high at an acidic pH as compared to pH
7.4 as shown in Table 2. The release of the drug at acidic and basic conditions are almost
equal from PLGA-NPs-1, PLGA-NPs-2 and PLGA-NPs-6 at 72 h study. While from other
formulations the drug release was comparatively higher at pH 7.4 at 72 h, which could
be attributed to high drug release during the initial hours at acidic condition, might
saturated the release even after maintaining the sink condition. Thus, further release from
the formulation could not have occurred, so the release in acidic condition was low in
some formulations. Moreover, the degradation mechanism of PLGA at pH 7.4 takes place
“inside-out” and at acidic pH it occurs as “outside-in”. At pH 7.4, in some PLGA-NPs
the pore formation and surface pitting might occurred. Whereas, at an acidic pH the
PLGA-NPs maintained their smooth surfaces during the process of polymer degradation
and rupturing. The rupturing of the PLGA-NPs was accredited to the crystallization of
the oligomeric degradation of PLGA due to its low solubility at acidic pH. Moreover,
Zolnik and Burgess [95], reported that the degradation of PLGA taken place in an extra
homogeneous pattern at acidic pH as compared to pH 7.4. This might be the result of
entire NPs experienced a close-to-uniform pH at acidic condition. However, at pH 7.4,
the local micro environmental pH within the PLGA-NPs was varied significantly due to
accumulation of acid oligomers. Thus, a heterogeneous degradation resulted in the random
creation of pores within PLGA-NPs degraded at pH 7.4 which was not occurred during
their degradation acidic pH.
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The sustained release of IND from the PLGA-NPs was obtained from initial to 72 h,
when PBS (pH 7.4) with 0.25% (v/v) SLS was used as release medium. Thus, only the
release data obtained from this experiment was subjected to different kinetic models to
check the mechanism of drug release from PLGA-NPs. The plots obtained in the applied
models were represented in the supplementary data (Figures S1–S4). The calculated values
of kinetic parameters including the rate constants of different reactions (k0 for zero-order,
k1 for first order, kHM for Higuchi-Matrix, kKP for Korsmeyer–Peppas and KHC for Hixson-
Crowell models) were summarized in Table 3. Based on the best fit model with highest
correlation coefficient (R2) value, it was found that the selected NPs from the four batches
primarily followed the Higuchi matrix release model, indicating the diffusion-controlled
drug release from the PLGA-NPs, which was further substantiated by the mathematical
calculation of the release-exponents (Table 3). The Higuchi-Matrix mathematical model
in this investigation recommended that the initial drug concentration in the PLGA-NPs
was much higher as compared to the solubilization of PLGA, even after uninterrupted
maintenance of the sink condition throughout the experiment. Moreover, the diffusion of
drug (IND) remained persistent and the swelling of polymer-matrix of the NPs was not
significant, which was also suggested in some previous reports [49,96].

Table 3. Fitting of the in vitro release data in different release kinetic models.

Formulations

Release Kinetic Models

Zero Order First Order Higuchi Matrix Korsmeyer–Peppas Hixon–Crowell

R2 *k0

(10−2)
n-

Value
R2 *k1

(10−1)
n-

Value
R2 *kHM

(10−2)
n-

Value
R2 *kKP

(10−1)
n-

Value
R2 *kHC

(10−0)
n-

Value

PLGA-NPs-1 0.966 1.66 0.0024 0.985 9.31 0.0014 0.998 4.64 0.2366 0.996 1.78 0.2461 0.979 1.38 0.0009
PLGA-NPs-2 0.964 1.28 0.0018 0.979 9.35 0.0009 0.999 3.54 0.0173 0.998 1.35 0.2412 0.974 1.39 0.0006
PLGA-NPs-5 0.968 1.85 0.0029 0.989 9.28 0.0018 0.997 5.26 0.0282 0.994 2.08 0.2563 0.984 1.44 0.0012
PLGA-NPs-6 0.965 1.44 0.0021 0.982 9.33 0.0012 0.999 4.02 0.0203 0.998 1.58 0.2462 0.976 1.42 0.0008
PLGA-NPs-9 0.963 1.43 0.0022 0.982 9.33 0.0013 0.998 4.12 0.0216 0.997 1.65 0.2579 0.976 1.27 0.0009
PLGA-NPs-10 0.964 1.58 0.0024 0.984 9.32 0.0014 0.841 4.51 0.0236 0.998 1.81 0.2562 0.978 1.30 0.0009
PLGA-NPs-13 0.936 1.81 0.0077 0.958 9.29 0.0058 0.991 5.07 0.0822 0.990 2.01 0.0947 0.951 1.34 0.0037
PLGA-NPs-14 0.967 1.76 0.0029 0.959 9.30 0.0022 0.997 5.11 0.0284 0.994 2.02 0.2649 0.983 1.36 0.0012

*k = Rate constants (k0 for zero-order, k1 for first-order, kHM for Higuchi-Matrix, kKP for Korsmeyer-Peppas and
KHC for Hixson-Crowell model) and n-value = Diffusion exponent.

Apart from the Higuchi-Matrix model, the second-best fit model was the Korsmeyer–
Peppas with second highest R2-values (Table 3). Where, linearity in the release curves
of IND till 72 h (Log fraction drug released versus log time) with the higher R2 values
were found (Supplementary Data, Figures S1–S4). This also indicated the sustained release
feature of the PLGA-NPs. The diffusion-exponent values were fallen between 0 and 0.5
for all the formulations of four batches (Table 3), indicated a Fickian diffusion mechanism
of IND release. Among the applied release kinetic models, for all the PLGA-NPs from
the four batches, the Higuchi-matrix model was appeared as the best fitted one followed
by Korsmeyer–Peppas model. This model described the progressive loss of PLGA-NPs
with time which was due to polymer erosion, and the release of IND from PLGA-NPs was
occurred due to the diffusion of release medium into the matrix of PLGA. Concurrently,
swelling and erosion of polymer matrix occurred, which might be the reason of sustained
release of the encapsulated IND in the present investigation, which was also reported in
previous report [97].

For the preferred PLGA-NPs-5, the R2 and n values were 0.999 and 0.0282 (Higuchi
matrix model); 0.994 and 0.2563 (Korsmeyer–Peppas model) as shown in Table 3. In
both the model, though the n-values were lower than 0.5, yet, these values still indicated
the diffusion-controlled release mechanism for IND from the PLGA-NPs [49,98]. As, the
n-values were <0.45 in the present case of IND-loaded spherical PLGA-NPs, a Fickian-
diffusion release mechanism was directed [97,99]. The non-linear curve fitting of in vitro
release data obtained for PLGA-NPs-5, using the Higuchi matrix model (primarily) and
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Korsmeyer–Peppas model (secondary), shows that the release constant (k, indicating the
rate of drug release) was directly proportional to the diffusion exponent. Therefore, the
drug release was depended on the structural and physical properties of the IND and the
PLGA-matrix. The highest values of “k” (kHP, 2.08 × 10−1 and kHM, 5.26 × 10−2 h−1) were
found with PLGA-NPs-5 (Table 3). These findings were in agreement with the previous
reports for the release of vancomycin from chitosan-alginate microparticles [100] and from
the microporous calcium phosphate ceramics [101].

3.7. DSC Analysis

Differential Scanning Calorimetry was conducted on the optimized lyophilized NPs
(PLGA-NPs-5) to determine any possible complexation of the polymer (PLGA) with the
stabilizers (PVA and PVP), and to check the crystallinity of the encapsulated model drug
(IND). The overlay scans of DSC were represented in Figure 10. A sharp endothermic
peak at 157 ◦C for IND was appeared as shown in Figure 10A, indicates the crystalline
characteristic of the drug. The reported melting point of indomethacin is 158 ◦C, a slight
variation in the melting temperature indicated the purity of the drug. The endothermic
peaks of PLGA (Figure 10B), PVA (Figure 10C) and PVP (Figure 10D) appeared at 60 ◦C,
202 ◦C and 152 ◦C respectively. The peak of IND was almost diminished in the PLGA-NPs
suggesting that the drug was encapsulated into the core of the NPs. The appearance of a
very low intensity melting peak (at around 158 ◦C) in case of PLGA-NPs-5 (Figure 10E),
might be due to the presence of surface adsorbed drug in the crystalline state.

–

“ ” −1 −2 −1

 

Figure 10. Overlay DSC thermograms of Indomethacin. Indomethacin, IND alone (A); PLGA alone
(B); PVA alone (C); PVP alone (D) and PLGA-NPs-5 from Batch-2 (E).

Although, no endothermic peak of stabilizer was noticed in the DSC scan of the
lyophilized PLGA-NPs, indicating that the stabilizer was completely washed out during
the purification steps by ultracentrifugation or the traces of the stabilizer (if remained), was
not in the crystalline state. Furthermore, non-appearance of any new peaks throughout the
scanning of the NPs, indicating the good compatibility among all the excipients used to
develop the NPs.
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3.8. Stability Studies

The results of the stability study (Table 4) indicate that the freeze-dried PLGA-NPs-5
were stable at different temperatures for 1 month. Almost no changes in the mentioned
characteristic parameters for the PLGA-NPs were found stored at 4 ◦C. A slight variation
in particle sizes were noted in the samples store at 37 ◦C, and such changes were non-
significant. No obvious change in the particle size was associated with the stabilizer’s
protection effect on the PLGA-NPs shell, which was also reported in the previous short
term stability on drug loaded PLGA-NPs [28,52].

Table 4. Storage stability of IND-loaded PLGA-NPs (IND-PLGA-NPs-5). Results are represented as
mean ± SD of triple measurements.

Characterization Parameters
Storage Time (Days)

Initial (0 Day) At 15th Day At 30th Day

At 4 ◦C

Particle Size (nm) 275.4 ± 8.5 275.8 ± 8.67 276.9 ± 7.81
Polydispersity-index 0.157 ± 0.048 0.158 ± 0.051 0.163 ± 0.054
Zeta-Potential (mV) −1.13 ± 0.29 −1.12 ± 0.27 −1.11 ± 0.28

Encapsulation efficiency (%) 72.96 ± 4.59 72.54 ± 4.51 71.02 ± 4.63
Drug loading (%) 6.63 ± 0.42 6.50 ± 0.43 6.46 ± 0.45

At 30 ◦C

Particle Size (nm) 275.4 ± 8.5 277.2 ± 8.65 279.0 ± 8.81
Polydispersity-index 0.157 ± 0.048 0.158 ± 0.049 0.159 ± 0.047
Zeta-Potential (mV) −1.13 ± 0.29 −1.12 ± 0.27 −1.11 ± 0.31

Encapsulation efficiency (%) 72.96 ± 4.59 71.87 ± 4.54 71.0 ± 4.64
Drug loading (%) 6.63 ± 0.42 6.53 ± 0.41 6.46 ± 0.42

At 37 ◦C

Particle Size (nm) 275.4 ± 8.5 277.8 ± 9.36 279.8 ± 6.95
Polydispersity-index 0.157 ± 0.048 0.159 ± 0.049 0.161 ± 0.048
Zeta-Potential (mV) −1.13 ± 0.29 −1.12 ± 0.28 −1.11 ± 0.29

Encapsulation efficiency (%) 72.96 ± 4.59 71.38 ± 4.72 70.28 ± 4.22
Drug loading (%) 6.63 ± 0.42 6.44 ± 0.39 6.42 ± 0.41

3.9. Cytotoxicity Study by MTT Assay

Drug encapsulation into PLGA-NPs provides a good solution to minimize the potential
toxicity while retaining the therapeutic efficacy of numerous loaded drugs including
chemotherapeutics, analgesics and NSAIDs [102]. Here, we sought to encapsulate IND into
PLGA-NPs to reduce the toxicities associated with its free delivery and due to the organic
solvents used in its preparation, by evaluating the cell survival rate during MTT assay. The
cytotoxicity of IND, empty PLGA-NPs and IND-loaded NPs as well as PLGA-only were
evaluated after an incubation with the HepG2 cells for 24 h, 48 h and 72 h. The results for
IC50 were represented in Figure 11, which indicated a decrease in the cell viabilities with
increasing concentrations of the tests.
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Figure 11. Cytotoxicity after 24 h, 48 h and 72 h of incubation in HepG2 cells: pure IND (A);
empty-PLGA-NPs (B) and IND-PLGA-NPs-5 (C) with IC50 values (µg/mL).

The histograms of the percentage cell viability against varying concentrations of IND
and the NPs were represented in Figure 12. As shown in Figure 12, cell proliferation
of IND was examined at 5–1000 µg/mL concentrations, where the observed IC50 were
242.4, 129.9 and 80.06 µg/mL at 24 h, 48 h and 72 h, respectively. A report of Xiong et al.,
2013, indicated that the PLGA-NPs was not significantly toxic up to 300 µg/mL against
RAW264.7 and BEAS-2B cells [103]. Likewise, in the present investigation, we found that
the IND-loaded PLGA-NPs-5, has shown increased cell viability at an equivalent drug
concentration (5–1000 µg/mL) and the observed IC50 were 430.5, 372.2 and 260.9 µg/mL at
24 h, 48 h and 72 h, respectively. Moreover, the cell proliferation assay conducted using
empty-PLGA-NPs at equivalent concentration of IND (i.e., the amount of empty-PLGA-
NPs those containing the same amount of IND in the drug-loaded NPs) has shown IC50
values of 1096, 605.2 and 410.9 µg/mL at 24 h, 48 h and 72 h, respectively. Thus, even at
these high concentrations of PLGA, the cells were viable at IC50 of 410.9 µg/mL when the
duration of treatment was prolonged (72 h). This might be due to the time-dependent effect
of PLGA-NPs on the cytotoxicity.

The MTT assay results clearly demonstrating the reduction in toxicity of IND by 66%
in case of formulation (IND-PLGANPs) and empty PLGA-NPs with IC50 of 7142.7 µg/mL.
Thus, we can assume that even at this very high concentration of PLGA (empty PLGA-
NPs/IND-PLGA-NPs-5), the product was non-toxic as even at these high concentrations
of PLGA, the cells were viable and the IC50 was significantly reduced as the duration of
treatment was prolonged (i.e., 410.9 µg/mL at 72 h), indicating the time-dependent effect
of PLGA-NPs on the cytotoxicity.

At high concentrations the PLGA-NPs was toxic, this might be associated with the
physicochemical properties including the particle size, zeta-potential and selective targeting
of the PLGA-NPs. These play an important role in terms of its efficacy in biological systems.
In previous reports, it was found that the increasing the particle sizes, the IC50 of cytotoxicity
was also increased, which suggests that small sized NPs encouraged higher cytotoxicity at
low IC50 values [104,105]. The cytotoxicity results show that PLGA-NPs induced an anti-
proliferative effect at an average particle size of 189 nm, while in the present investigation
the size of the tested NPs was 275.4 nm, this might be one reason for its toxic nature at some
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concentrations. Even though our formulations did not exhibit any potential toxicity of the
PLGA-NPs against HepG2 cells, might be due to its non-targeting and high zeta-potential
properties [103–105].

 

–

–

Figure 12. Histograms of the percentage cell viability of HepG2 after 24 h, 48 h and 72 h of incubation
with varying concentrations (5–1000 µg/mL) of pure IND (A) and its equivalent concentration of
empty-PLGA-NPs (B) and IND-loaded PLGA-NPs (C). Data were presented as the mean of three
independent experiments with error bars as standard deviation (SD).

The HepG2 are liver-derived human cell lines those display abundant parenchymal cell
functions containing the metabolism of polycyclic aromatic hydrocarbons. The observed
proliferation rate of HepG2 (i.e., doubling time) was measured, and it was found that these
cells were doubled after 48.95 h at 5 × 105 cells/well, cell density of HepG2 cells. The
highest live cells were observed at 72 h, and these results were similar to Miura et al., 1999,
who seeded 4 × 105 cells/well in 6-well plates, and they believed that this was a more
appropriate cell number for 6-well plates [106]. The doubling time of HepG2 cells was
48.95 h in the present investigation, which was consistent with other studies, where the
doubling time of HepG2 was around 2.05 days (49.2 h) [107–109]. The growth rate at 24 h,
48 h, and 72 h were 53%, 52%, and 49%, respectively, and there was no major change in the
growth rate with cell viability of more than 94.27% at 72 h. Thereby, no significant change
in doubling time was found.

Overall, the PLGA-NPs in the present investigation did not show any particular
toxicity at most of the concentrations and could not influence the normal growth of HepG2
cells within the IND dose range (250–500 µg/mL) and at equivalent amount of PLGA-
NPs (3571.4–7142.7 µg/mL). Conclusively, an ideal size, zeta-potential, dose, duration of
treatment and targeting ability of PLGA-NPs to deliver the encapsulated drugs at desired
site are essential to develop an efficient and safe drug carrier.
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A significantly (p < 0.05) high IC50 value for the PLGA-NPs indicated that the FDA-
approved polymer used to prepare the NPs was non-toxic. The above findings also indi-
cated that the complete evaporation of the organic solvent (DCM) used to prepare the NPs.
Moreoverthe cytotoxicity of hepatotoxic drug (IND) can be reduced by its encapsulation
into PLGA-NPs, which was in agreement with previous reports [102,110].

4. Conclusions

We have acknowledged some process variables that are decisive to obtain proper
sized, uniformly distributed PLGA-NPs with a smooth surface and a solid dense structure
discrete. This study has shed light on the influence of preparation condition on physic-
ochemical properties of PLGA-NPs, following the single-emulsion solvent-evaporation
method to prepare the NPs. The PVA at lower concentrations was proved to be a good
stabilizer to obtain an optimized PLGA-NPs with excellent size and surface properties,
when DCM was used as organic solvent to dissolve the polymer. Controlling the particle
size and morphology of the NPs may have a potential impact in tailoring the drug delivery
applications of such nano-carriers. The developed and characterized PLGA-based NPs
as controlled delivery system in the present investigation was stable and would have
good potential applications for the loading of hydrophilic and poorly soluble lipophilic
therapeutic agents. A short-term storage physical stability indicated that the optimized
PLGA-NPs was stable at different temperatures for 30 days. A prolonged release of the
IND from the optimized NPs suggested the sustained and controlled release property
of PLGA. A significantly (p < 0.05) high IC50 value for the NPs during the cytotoxicity
study, indicated that the developed PLGA-NPs was non-toxic. Moreover, the adverse effect
associated with the cytotoxic drugs such as IND (a hepatotoxic drug) could be overcome
by their encapsulation into the PLGA-NPs. Nonetheless, further studies are needed to
substantiate the current outcomes, which we are currently conducting in our lab that may
further extend the utility of PLGA-NPs.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/pharmaceutics14040870/s1, Figure S1: Different kinetic model
plots for PLGA-NPs-1 (prepared with 1%, w/v PVA as stabilizer and CHCl3 as organic solvent) (A)
and PLGA-NPs-2 (prepared with 3%, w/v PVA as stabilizer and CHCl3 as organic solvent (B); Figure
S2: Different kinetic model plots for PLGA-NPs-5 (prepared with 1%, w/v PVA as stabilizer and
DCM as organic solvent) (A) and PLGA-NPs-6 (prepared with 3%, w/v PVA as stabilizer and DCM
as organic solvent (B); Figure S3: Different kinetic model plots for PLGA-NPs-9 (prepared with
1%, w/v PVP as stabilizer and CHCl3 as organic solvent) (A) and PLGA-NPs-10 (prepared with 3%,
w/v PVP as stabilizer and CHCl3 as organic solvent (B); Figure S4: Different kinetic model plots
for PLGA-NPs-13 (prepared with 1%, w/v PVP as stabilizer and DCM as organic solvent) (A) and
PLGA-NPs-14 (prepared with 3%, w/v PVP as stabilizer and DCM as organic solvent (B).

Author Contributions: Conceptualization, M.A.K.; Formal analysis, M.A.; Funding acquisition,
A.A.; Investigation, M.A.K.; Methodology, M.A., M.A.K. and M.K.A.; Project administration, A.A.;
Resources, M.A., M.A.K. and M.K.A.; Software, M.A.K.; Supervision, A.A.; Validation, M.A.; Visual-
ization, M.A.; Writing—original draft, M.A.K. and M.K.A.; Writing—review and editing, M.A. and
A.A. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: The authors are very grateful to the Deanship of Scientific Research and Re-
search Centre, College of Pharmacy, King Saud University, Riyadh, Saudi Arabia for their funding
and support.

24



Pharmaceutics 2022, 14, 870

Conflicts of Interest: The authors declare no any conflict of interest.

References

1. Patra, J.K.; Das, G.; Fraceto, L.F.; Campos, E.V.R.; del Pilar Rodriguez-Torres, M.; Acosta-Torres, L.S.; Diaz-Torres, L.A.; Grillo, R.;
Swamy, M.K.; Sharma, S.; et al. Nano based drug delivery systems: Recent developmentsi and future prospects. J. Nanobiotechnol.

2018, 16, 71. [CrossRef] [PubMed]
2. Sung, Y.K.; Kim, S.W. Recent advances in polymeric drug delivery systems. Biomater. Res. 2020, 24, 12. [CrossRef] [PubMed]
3. Wu, Q.-X.; Lin, D.-Q.; Yao, S.-J. Design of Chitosan and Its Water Soluble Derivatives-Based Drug Carriers with Polyelectrolyte

Complexes. Mar. Drugs 2014, 12, 6236–6253. [CrossRef] [PubMed]
4. Martinho, N.; Damgé, C.; Reis, C.P. Recent Advances in Drug Delivery Systems. J. Biomater. Nanobiotechnol. 2011, 2, 510–526.

[CrossRef]
5. Dinarvand, R.; Sepehri, N.; Manouchehri, S.; Rouhani, H.; Atyabi, F. Polylactide-co-glycolide nanoparticles for controlled delivery

of anticancer agents. Int. J. Nanomed. 2011, 6, 877–895. [CrossRef]
6. Astete, C.E.; Sabliov, C.M. Synthesis and characterization of PLGA nanoparticles. J. Biomater. Sci. Polym. Ed. 2006, 17, 247–289.

[CrossRef]
7. Jain, R.A. The manufacturing techniques of various drug loaded biodegradable poly(lactide-co-glycolide) (PLGA) devices.

Biomaterials 2000, 21, 2475–2490. [CrossRef]
8. Makadia, H.K.; Siegel, S.J. Poly lactic-co-glycolic acid (PLGA) As biodegradable controlled drug delivery carrier. Polymers 2011, 3,

1377–1397. [CrossRef]
9. Tulla-Puche, J.; Albericio, F. Polymers and drug delivery systems. Curr. Drug Deliv. 2012, 9, 367–394. [CrossRef]
10. Fathi-Achachelouei, M.; Keskin, D.; Bat, E.; Vrana, N.E.; Tezcaner, A. Dual growth factor delivery using PLGA nanoparticles in

silk fibroin/PEGDMA hydrogels for articular cartilage tissue engineering. J. Biomed. Mater. Res. Part B Appl. Biomater. 2020, 108,
2041–2062. [CrossRef]

11. Gu, P.; Wusiman, A.; Zhang, Y.; Liu, Z.; Bo, R.; Hu, Y.; Liu, J.; Wang, D. Rational Design of PLGA Nanoparticle Vaccine Delivery
Systems To Improve Immune Responses. Mol. Pharm. 2019, 16, 5000–5012. [CrossRef] [PubMed]

12. Liang, G.F.; Zhu, Y.L.; Sun, B.; Hu, F.H.; Tian, T.; Li, S.C.; Xiao, Z.D. PLGA-based gene delivering nanoparticle enhance suppression
effect of miRNA in HePG2 cells. Nanoscale Res. Lett. 2011, 6, 447. [CrossRef] [PubMed]

13. Ramezani, M.; Ebrahimian, M.; Hashemi, M. Current Strategies in the Modification of PLGA-based Gene Delivery System. Curr.

Med. Chem. 2017, 24, 728–739. [CrossRef]
14. Petrizzo, A.; Conte, C.; Tagliamonte, M.; Napolitano, M.; Bifulco, K.; Carriero, V.; De Stradis, A.; Tornesello, M.L.; Buonaguro,

F.M.; Quaglia, F.; et al. Functional characterization of biodegradable nanoparticles as antigen delivery system. J. Exp. Clin. Cancer

Res. 2015, 34, 114. [CrossRef]
15. Cegnar, M.; Kos, J.; Kristl, J. Cystatin incorporated in poly(lactide-co-glycolide) nanoparticles: Development and fundamental

studies on preservation of its activity. Eur. J. Pharm. Sci. 2004, 22, 357–364. [CrossRef]
16. Bisht, R.; Rupenthal, I.D. PLGA nanoparticles for intravitreal peptide delivery: Statistical optimization, characterization and

toxicity evaluation. Pharm. Dev. Technol. 2018, 23, 324–333. [CrossRef]
17. Mundargi, R.C.; Babu, V.R.; Rangaswamy, V.; Patel, P.; Aminabhavi, T.M. Nano/micro technologies for delivering macromolecular

therapeutics using poly(d,l-lactide-co-glycolide) and its derivatives. J. Control. Release 2008, 125, 193–209. [CrossRef]
18. Anderson, J.M.; Shive, M.S. Biodegradation and biocompatibility of PLA and PLGA microspheres. Adv. Drug Deliv. Rev. 1997, 28,

5–24. [CrossRef]
19. Freitas, S.; Merkle, H.P.; Gander, B. Microencapsulation by solvent extraction/evaporation: Reviewing the state of the art of

microsphere preparation process technology. J. Control. Release 2005, 102, 313–332. [CrossRef]
20. Martins, C.; Sousa, F.; Araújo, F.; Sarmento, B. Functionalizing PLGA and PLGA Derivatives for Drug Delivery and Tissue

Regeneration Applications. Adv. Health Mater. 2018, 7, 1701035. [CrossRef]
21. Bala, I.; Hariharan, S.; Kumar, M.N.V.R. PLGA Nanoparticles in Drug Delivery: The State of the Art. Crit. Rev. Ther. Drug Carr.

Syst. 2004, 21, 387–422. [CrossRef] [PubMed]
22. McCall, R.L.; Sirianni, R.W. PLGA nanoparticles formed by single- or double-emulsion with vitamin E-TPGS. J. Vis. Exp. 2013, 82,

e51015. [CrossRef] [PubMed]
23. Park, K.; Skidmore, S.; Hadar, J.; Garner, J.; Park, H.; Otte, A.; Soh, B.K.; Yoon, G.; Yu, D.; Yun, Y.; et al. Injectable, long-acting PLGA

formulations: Analyzing PLGA and understanding microparticle formation. J. Control. Release 2019, 304, 125–134. [CrossRef]
[PubMed]
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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

31



Pharmaceutics 2022, 14, 638

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].

34



Pharmaceutics 2022, 14, 638

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.

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).

α

 

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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−
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Figure 4. Median hydrodynamic diameter determined by zetasizer for PLGA-PEG-NH2 nanoparticles
prepared by double emulsion using eitherer 

−
−

mannitol,mannitol, trehalose, 

−
−

trehalose, oror sucrose 

−
−

sucrose as cryoprotectants.
All data are presented as mean (n = 3) ± s.d.

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.

−
−

Figure 5. Zeta potential measurements of nanoparticles prepared with various PEG modifications
immediately following synthesis after resuspension in 0.1× normal saline solution at 25 ◦C and pH
7.2.

−
−

7.2. PLGA-PEG-COOH, PLGA-PEG-COOH,

−
−

7.2. PLGA-PEG-COOH, PLGA-PEG,

−
−

GA-PEG, PLGA-PEG-NHPLGA-PEG-NH2. All data are presented as
mean (n = 3) ± s.d.

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).

Figure 6. Cumulative formoterol release from nanoparticles at 37 ◦C and constant stirring (A)
oil-in-water single emulsionsion water-in-oil-in-water double emulsion (B) nanoparticles prepared
by double emulsion withon with 1% PVA inner phase,A inner phase, 12 mM sodium cholate inner phase,phase, 
10 mM sodium deoxycholate inner phase (C) nanoparticles prepared by double emulsion usingsion using 

10 mg/mL,10 mg/mL, 20 mg/mL,L, 50 mg/mL PLGA-PEG-NH2. Inserts of the first 10 h are included
for (B,C). All data are presented as the mean of (n = 3) ± s.d.
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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).

Figure 8. XRPD diffractograms (A) formoterol fumarate dihydrate (orange), PLGA-PEG-NH2 (red),
sucrose (green), and trehalose (blue) and (B) nanoparticles lyophilized without cryoprotectant (red),
nanoparticles lyophilized with either sucrose (green) or trehalose (blue) cryoprotectants. Black is the
blank background.

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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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.

 
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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Abstract: Heart failure (HF) causes decreased brain perfusion in older adults, and increased brain
and systemic inflammation increases the risk of cognitive impairment and Alzheimer’s disease (AD).
Glycosylated Ang-(1-7) MasR agonists (PNA5) has shown improved bioavailability, stability, and
brain penetration compared to Ang-(1-7) native peptide. Despite promising results and numerous
potential applications, clinical applications of PNA5 glycopeptide are limited by its short half-
life, and frequent injections are required to ensure adequate treatment for cognitive impairment.
Therefore, sustained-release injectable formulations of PNA5 glycopeptide are needed to improve
its bioavailability, protect the peptide from degradation, and provide sustained drug release over
a prolonged time to reduce injection administration frequency. Two types of poly(D,L-lactic-co-
glycolic acid) (PLGA) were used in the synthesis to produce nanoparticles (≈0.769–0.35 µm) and
microparticles (≈3.7–2.4 µm) loaded with PNA5 (ester and acid-end capped). Comprehensive
physicochemical characterization including scanning electron microscopy, thermal analysis, molecular
fingerprinting spectroscopy, particle sizing, drug loading, encapsulation efficiency, and in vitro drug
release were conducted. The data shows that despite the differences in the size of the particles,
sustained release of PNA5 was successfully achieved using PLGA R503H polymer with high drug
loading (% DL) and high encapsulation efficiency (% EE) of >8% and >40%, respectively. While
using the ester-end PLGA, NPs showed poor sustained release as after 72 h, nearly 100% of the
peptide was released. Also, lower % EE and % DL values were observed (10.8 and 3.4, respectively).
This is the first systematic and comprehensive study to report on the successful design, particle
synthesis, physicochemical characterization, and in vitro glycopeptide drug release of PNA5 in PLGA
nanoparticles and microparticles.

Keywords: PNA5 glycopeptide; mas receptor; angiotensin; PLGA diblock copolymer; ester and acid-
end capped; double emulsion solvent evaporation; biocompatible; biodegradable; cardiovascular;
neurodegenerative diseases
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1. Introduction

Cases of dementia and heart failure (HF) both represent growing social, healthcare, and
economic issues. It is estimated that more than 35 million people worldwide had dementia
in 2010, with the number expected to double every 20 years [1,2]. HF causes decreased
brain perfusion in older adults, and increased brain and systemic inflammation are known
to increase the risk of cognitive impairment and Alzheimer’s disease (AD) [3,4]. Decreased
brain blood flow, increased reactive oxygen species (ROS) production, and proinflammatory
mechanisms all appear to accelerate neurodegenerative disease progression, as seen in
vascular contributions to cognitive impairment and dementia (VCID), AD, and related
dementias [5] and, it is still an unmet condition that lacks effective treatment.

The renin-angiotensin system (RAS) is of importance in both cognitive function and
HF. There is evidence that activating the ACE-AngII-AT1R pathway (in the RAS system)
involves balancing ROS production and nitric oxide (NO) production in the brain. Xu,
Sriramula [6] showed that the synthesis of Ang(1-7) by activating the ACE2 pathway
correlated to decreased ROS production and increased nitric oxide synthase in the brain.
Also, the G-protein-coupled receptor Mas (MasR) is activated by Ang(1-7) coupling. There
is evidence that MasR is essential for standard object recognition processing, and the lack
of the receptor impairs object recognition [7]. Our group hypothesized that Ang-(1-7)
production and increased MasR activation might be beneficial for memory and cognitive
function. In previous work, Hay, Vanderah [3] demonstrated that a systemic dose of Ang-
(1-7) attenuated and even restored HF-induced cognitive impairment in mice, correlated to
neuroprotective biomarkers.

However, it is known that low bioavailability and metabolic liability are observed
after peptide or protein administration. High molecular weight, low lipophilicity, and
charged functional groups in peptides affect their correct absorption. These features are
the reason why most orally administered peptides have a low bioavailability (2%) and
short half-life (≈30 min) [8]. Although subcutaneous or intravenous dosing can help with
absorption peptide opsonization, conformational changes, subunit protein dissociation,
and systemic proteases remain a problem for biotherapeutics appropriate effect [8,9]. Hay,
Polt [5] developed a novel Ang-(1-7) glycoside with MasR agonist activity and enhanced
pharmacokinetics/pharmacodynamics properties. The Mas agonist Ang-1-6-O-Ser-Glc-
NH2 (PNA5) glycopeptides were rationally designed to improve bioavailability, stability,
and brain uptake; PNA5 glycopeptide may be regarded as a new class of peptide drugs [10].
Previous in vitro work has shown that t1/2 of PNA5 in serum samples is 1.06 ± 0.2 h.
In vivo, after intravenous injection, bioavailability was improved compared to its native
Ang-(1-7), but after 30 min neither PNA5 in serum nor CSF could be detected. Those
observations were the motivation behind the encapsulation of PNA5 using FDA-approved
polymer PLGA to get a slow and long sustained release to enhance its effects in the
treatment and prevention of cognitive impairment.

Despite promising results and numerous potential PNA5 glycopeptide applications,
limitations imposed by their short half-life required frequent injections to ensure adequate
VCID treatment. Therefore, the proper formulation is needed for patients with this condi-
tion to achieve a long-term and consistent therapeutic effect [11–14]. Microparticles (MPs)
and nanoparticles (NPs) have several advantages over the traditional application of the
pure active pharmaceutical ingredient (API), such as increased drug bioavailability (and
thus the possibility of reducing drug dosage and resultant side effects) [15]. Particle size has
been reported to impact circulation time, cellular uptake, and release behavior. Apart from
the significant physical differences between micro and nanoparticles, microparticles are
thought to be able to entrap higher concentrations of medicines [16]. The FDA-approved
diblock copolymer, pol(d,l-lactic-co-glycolic acid) (PLGA), is biocompatible and biodegrad-
able [17] and has been extensively used for peptide/protein delivery and sustained-release
formulations, including several successful pharmaceutical marketed sustained-release
injectable products [18–21]. Depending on the drug type, it is feasible to alter the over-
all physical properties of the polymer-drug matrix by adjusting important parameters
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such as polymer molecular weight, lactide-to-glycolide ratio, and drug concentration to
achieve a desired dosage and release interval; also, end-capped functional groups are a key
component of PLGA [22]. These, in turn, affect peptide drug release from PLGA diblock
copolymer and in vivo peptide drug pharmacokinetics [23].

In this comprehensive and systematic study, we successfully prepared PLGA NPs/MPs
through a double emulsion solvent evaporation method to allow the successful and efficient
encapsulation of PNA5 glycopeptide. Two types of poly(D,L-lactic-co-glycolic acid) (PLGA)
were used in the synthesis to produce nanoparticles and microparticles loaded with PNA5
(ester and acid-end capped). Comprehensive physicochemical characterization including
scanning electron microscopy, thermal analysis, molecular fingerprinting spectroscopy,
particle sizing, drug loading, encapsulation efficiency, and in vitro drug release were con-
ducted. To the authors’ knowledge, this is the first systematic and comprehensive study to
report on the successful design, particle synthesis, physicochemical characterization, and
in vitro glycopeptide drug release of PNA5 PLGA nanoparticles and microparticles.

2. Materials and Methods

2.1. Materials

Various types of PLGA (50:50) diblock copolymers were purchased from Evonik (Essen,
Germany) including 503H and 503 (≈31 kDa, acid and ester end-capped, respectively).
Polyvinyl Alcohol (PVA) (molecular weight 89,000-98,000 g/mol) was purchased from
Sigma-Aldrich Chemical Co. (St. Louis, MO, USA). Dichloromethane and acetonitrile
(HPLC grade) were obtained from Sigma-Aldrich (St. Louis, MO, USA). Glycosylated
peptide (PNA5) was synthesized by the PolyPeptide Group, Torrence, CA via solid-phase
synthesis.

2.2. Methods

2.2.1. Preparation of PNA5 PLGA NPs/MPs Using Double Emulsion Solvent Evaporation

PLGA NPs and MPs loaded with PNA5 peptides were prepared by the double-
emulsification solvent evaporation method (W1/O/W2), with two esters and acid ter-
minated PLGA 50:50 as a polymeric system (R503 and R503H, respectively), conditions and
variables applied for the preparation of PNA5- micro/nanoparticles are shown in Table 1.
Briefly, PLGA was dissolved in dichloromethane (DCM), forming the oil phase (O), then
water phase in the first emulsion (W1) was slowly added to the oil phase and sonicated at
50% amplitude for 180 s (Sonics Vibra-Cell vcx-500, Sonics & Materials, Inc., Newtown, CT,
USA) to get the first emulsion (E1), then E1 was added to 2% w/v PVA solution (W2) to
form a second emulsion (E2), and an E2 was formed, either with homogenization (4500 rpm,
Silverson L5M, Silverson Machines, Inc., East Longmeadow, MA, USA) or sonication (50%
amplitude for 60 s) for MP and NPs, respectively. Furthermore, for PLGA MPs synthesis,
E2 was added to the W3 phase to solidify the microspheres. After 3 h of stirring (oil phase
solvent evaporation), MP and NPs were transferred to centrifuge tubes, washed three
times (4000 rpm, 10 min, 10,000 rpm, 20 min, respectively) with distilled water. Before the
freeze-drying process, particles were resuspended in a trehalose solution in a 1:2 weight
ratio (PLGA:Trehalose).

Table 1. PNA5 loaded-PLGA microparticles (MPs) and nanoparticles (NPs): composition of formula-
tions and manufacturing parameters.

Formulation
PLGA
(mg)

Oil Phase
(mL)

PNA5
(mg)

W1 Phase
(mL)

W2 Phase
(mL)

W3 Phase
(mL)

E1

(min)
E2

(min)

NPs 20 1 2 0.2 8 - 1 1

MPs 50 5 10 0.5 20 50 5 1
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2.2.2. Characterization of the Prepared PNA5-Loaded PLGA MP/NPs
Particle Size, Size Distribution, and ζ Potential Measurements

The Z-average size and polydispersity index (PDI) of particles were measured by
dynamic light scattering, using a Zetasizer (Nano ZS, Malvern Ltd., Malvern, UK). The
zeta-potential, ζ, was measured by electrophoretic mobility using the same instrument. For
that purpose, MP/NPs were diluted to 0.1× PBS, pH 7.4.

Scanning Electron Microscopy (SEM) Measurements

SEM was used to examine particle size and shape (FEI Inspect S microscope, FEI,
Brno, Czech Republic). Double-side adhesive carbon tape was used to fix the samples to
aluminum stubs (TedPella, Inc., Redding, CA, USA). An Anatech Hummer 6.2 sputtering
system was used for sample gold-coating at 15 AC milliAmperes with about 7 kV of voltage
for 90 s, getting 7 nm gold-thin film on the powder using a 9–12.5 mm working distance.

Encapsulation Efficiency (EE) and Drug loading (DL)

Peptide DL was determined by measuring the peptide content of dissolved particles by
reversed-phase HPLC. For that purpose, 1 mg of dry particles was dissolved in 1 mL DMSO,
and the solution was agitated at 37 ◦C for 60 min. Next, 10 mL MQ water was added, and
the mixture was agitated at 37 ◦C for 60 min, to allow peptide extraction. A volume of
20 µL of the solution was filtered and injected into an HPLC system equipped with a C18
column. % EE was measured by HPLC injection of the first centrifuge supernatant of the
NP/MPs. The drug-loading content (DLC %) and the drug entrapment efficiency (EE %)
were calculated as shown in Equations (1) and (2), respectively:

% DL = (Weight of Drug in NPs/Weight of NPs) × 100 (1)

% EE = (Actual PNA5/Theoretical PNA5 Content) × 100 (2)

Chromatographic Equipment and Conditions

The analysis of PNA5 was performed by a reverse phase HPLC assay, using Phe-
nomenex Prodigy 5 um ODS (3) 250 × 4.6 mm in an LC-2010HT next-generation HPLC
(SHIMADZU, Tokyo, Japan). Mobile phase conditions were a gradient of acetonitrile
(CH3CN) in water (H2O) with 0.1% trifluoroacetic acid (CF3COOH) at a 1 mL/min flow
rate. The start condition used was solvent A: solvent B in a ratio of 95:5; after 24 min, the
ratio was 5:95. Solvent A composed 95% ACN and % 5 of the aqueous phase; solvent B
was 20% ACN and 80% aqueous phase; the total run time was 24 min. Volume injection
was 20 µL and the retention time for PNA5 was ~6 min.

2.2.3. Attenuated Total Reflectance (ATR) Fourier Transform Infrared Spectroscopy (FTIR)

A Nicolet Avatar 360 FTIR spectrometer (Varian Inc., Palo Alto, CA, USA) equipped
with a DTGS detector and an attenuated total reflectance (ATR) accessory was used to
record the spectra of raw PNA5 glycopeptide, PLGA diblock copolymer, and PNA5-loaded
PLGA particles. Each spectrum was obtained across a wavenumber range of 4000–400 cm−1

for 32 scans at a spectral resolution of 2 cm−1. Under the same experimental settings, a
background spectrum was created. Data analysis was collected using the EZ OMNIC 9.1
software.

2.2.4. Differential Scanning Calorimeter (DSC)

Raw PNA5-PLGA formulations were investigated using thermal analysis and phase
transition measurements. Thermograms were collected using a TA Q1000 differential
scanning calorimeter (DSC) with T-Zero® technology, an automated computer-controlled
RSC-90 cooling accessory, and an autosampler (TA Instruments, New Castle, DE, USA). In a
hermetic anodized aluminum DSC pan, a mass of a 3–5 mg sample was accurately weighed.
Using the T-Zero® hermetic press, the T-Zero® DSC pans were hermetically sealed (TA
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Instruments). As a baseline, an empty hermetically sealed aluminum pan was employed.
From 0.00 ◦C to 300 ◦C, DSC measurements were made at a rate of 5.00 ◦C/minute.

2.2.5. In Vitro Release of Peptide PLGA Nanoparticles and Microparticles

After resuspending 10 mg of freeze-dried MP/NPs in 10 mL of PBS buffer, the resulting
particle suspension was incubated at 37 ◦C with magnetic stirring (200 rpm, n = 3). At
certain time intervals, aliquots were taken, samples were centrifuged, and the supernatants
were collected, followed by pellet resuspension in fresh PBS. The peptide concentration in
the supernatant was determined with HPLC at 280 nm by comparing the concentration to
a previously constructed standard calibration curve.

PNA5 in vitro drug release was fitted using four different kinetic models: zero-order,
first-order, Higuchi, and Korsmeyer-Peppas.

Zero-order kinetics were fit to Equation (3):

Qt − Q0 = K0t (3)

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 (4):

ln Qt = ln Q0 − K1t (4)

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.

Higuchi kinetics were fit to Equation (5):

Qt = KH × t1/2 (5)

KH is the Higuchi dissolving constant, and Qt is the amount of drug released after
time t.

Finally, release kinetics were fit to the Korsmeyer-Peppas model, Equation (6):

Qt = Ktn (6)

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.

3. Results

3.1. Characterization of the Prepared PNA5-Loaded PLGA MP/NPs

The influence of PLGA type (503H and 503) on the properties of PNA5-loaded particles
was investigated in this study and for that, we generated two types of particles (NPs and
MPs). As shown in Table 2, the diameter of the PLGA-based NPs, as determined by
dynamic light scattering, was 0.76 µm and 0.35 µm for R503 and R503H, respectively. While
the size of MPs was larger for R503 than 503H MP (3.7 µm versus 2.4 µm). Particles from
both polymer types (R503 and R503H) and sizes (NP/MP) showed a negative surface
charge higher for acid terminated PLGA of −30.4 ± 1.9 mV and 32.2 ± 2.5 mV for NP and
MP, respectively. On the other hand, 503 polymers showed a ζpotential of −25 ± 1.5 and
−24 ± 2.3 for NP and MP, respectively.
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Table 2. Characteristics of nanoparticles (NPs) and microparticles (MPs) prepared from both PLGA
types. EE = encapsulation efficiency; DL = drug loading; ζ = zeta potential; DI = polydispersity index.
(n = 3).

Formulation % EE % DL ζ Potential Size (µm) PDI Span

NPs
503 10.8 ± 0.9 3.4 ± 0.2 −25 ± 1.5 0.769 ± 0.089 0.27 ± 0.04 -

503H 42 ± 1.5 8.3 ± 0.4 −30.4 ± 1.9 0.35 ± 0.007 0.34 ± 0.02 -

MPs
503 13 ± 0.4 5.4 ± 0.5 −24 ± 2.3 3.7 ± 0.7 - 0.93 ± 0.01

503H 55 ± 2.3 9.3 ± 0.5 −32 ± 2.5 2.4 ± 0.3 - 0.63 ± 0.04

To optimize the maximum amount of PNA5 encapsulated and to have a sustained
release, we evaluated the two PLGA polymers (R503 and R503H) as NP and MPs. For
NPs synthesis, an encapsulation efficiency (EE) of 10.8 and 42% was observed for R503
and R503H, respectively. For MPs, EE’s of 13% and 55% were observed for 503 and 503H
respectively. Regarding % drug loading (DL), MPs formulations yield a higher value than
NPs. For example, when comparing the DL of 503H MPs to 503H NPs, the 503H MP
showed a DL of 9.3% while NPs had a DL of 8.3%, with this trend being present in PLGA
503 particles.

The PNA5-loaded PLGA particles SEM micrographs are shown in Figure 1. Figure 1A,C
are PLGA NPs using R503 and R503H. Figure 1B,D are for MPs of 503 and 503H, respectively.
Since the optimized formula was uniform (according to low PDI), we chose a single image
as a representation for each formulation. The results showed that PNA5-loaded PLGA
NPs with a relatively smooth surface were spherical and had a homogenous distribution
consistent with the abovementioned results showing low PDI values in all formulations.

ζ

ζ
−
−
−
−

 

Figure 1. Scanning electron microscopy (SEM) images of microparticles (MPs) and nanoparticles
(NPs) synthesized by double emulsion solvent evaporation for PLGA 503H (panels A,B) and PLGA
503 (panels C,D) diblock copolymers.
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3.2. Attenuated Total Reflectance (ATR) Fourier Transform Infrared Spectroscopy (FTIR)

ATR FTIR molecular fingerprint spectra of pure PNA5 and PNA5-loaded particles are
shown in Figure 2. The most typical spectra section for assessing peptide or protein-based
drug secondary structure is the amide I area (1710–1590 cm−1) [24]. A band at 1634 cm−1

in PNA5 spectra can be observed and represents the acidic carbonyl C = O stretching,
and the spectra of PLGA MP of both polymers is also observed, however, in PLGA NPs
formulations, that band is not present suggesting most of the peptide is entrapped inside
the particle and is masked by PLGA bands. The intense band observed at 1762 cm−1 is
attributed to the stretching vibration of the carbonyl groups present in the two monomers.
The bands in the spectra of all formulations show a wide and sharp band of an -OH group,
at 3150–3650 cm−1 [25].

−

−

−

−

Figure 2. ATR FT-IR molecular fingerprinting spectra of Raw PNA5 glycopeptide and PNA5 PLGA
polymeric nanoparticles and microparticles.

3.3. Differential Scanning Calorimetry (DSC)

DSC results of pure PNA5, PLGA NPs, and MPs using both polymers obtained in
determining the physical state of the peptide are given in Figure 3. The DSC thermogram
of PNA5 (Figure 3D) showed a sharp endothermic peak at 190 ◦C. On the other hand, two
sets of peaks are observed in the DSC thermograms of different formulations as shown
in Figure 3; a set of peaks at ~45 ◦C and an endotherm at ~190 ◦C. The first peak showed
the Tg of PLGA, while the second peak set showed the melting point, a first-order phase
transition from the solid-state to the liquid state of PNA5.
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Figure 3. Differential scanning calorimetry (DSC) curves of Raw PNA5 glycopeptide and formula-
tions: (A) 503 NPs, (B) 503H NPs, (C) 503 MPs, (D) 503H MPs, (E) Raw PNA5.

3.4. In Vitro Release of Peptide PLGA Nanoparticles and Microparticles

In vitro release profiles of PNA5 PLGA NP and MP with different PLGA types are
shown in Figure 4. The burst release observed is influenced by its end group composition
and size range. Lower burst release was observed for 503H in both NP and MP. For 503 H
NPs, after 3 h, % released PNA5 was 12 ± 0.83, in contrast, ester terminated PLGA showed
a % release of 56 ± 2.07. Regarding MPs, values of 11.19 ± 4.6 and 26.67 ± 1.8% release of
PNA5 were observed for the 503H and 503 MPs, respectively. After burst release, PNA5
was released from PLGA particles in a sustained manner for all formulations, showing
release for up to 14 days except for the 503 NPs. At the end of the experiment, for 503H
formulation, release values of 51 ± 2.4% and 37 ± 4.5% were observed for PNA5. For ester-
capped PLGA, the same trend was observed, NPs release much faster than MP formulation
(100 versus 85.78 PNA5 % cumulative release).
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Figure 4. In vitro cumulative release of PNA5 glycopeptide over time from PLGA 503H and PLGA
503 polymeric nanoparticles and microparticles at pH = 7.4 and 37 ◦C. (A) 0–14 d; (B) 0–6 h.

4. Discussion

The main objective of the study was to prepare and evaluate the release of new MasR
agonists PNA5 from PLGA NPs and MPs against cognitive impairment therapy. Previously
in our group, PNA5 has shown a poor half-life of 1.0 ± 0.2 h after daily subcutaneous
injections [5]. One potential means of addressing this problem is the encapsulation of
polypeptide within a PLGA nano/micro particle carrier. These carriers offer the ability to
encapsulate a wide variety of molecules, including nucleic acids, proteins and peptides,
and small molecules, reducing dosing frequency and the ability of PLGA delivery systems
to modify biological compounds’ pharmacokinetics protecting the cargo from hydrolysis
and subsequent degradation [22].

Both ester and acid terminated PLGA copolymers successfully synthesized both
particle sizes by the w/o/w double emulsification solvent evaporation method. The double
emulsion method was used to fabricate the PNA5 peptide-loaded PLGA NPs and MPs as
this is the primary method that allows us to entrap highly hydrophilic molecules into a
PLGA matrix. An important step in the preparation of particles was the formation of a
stable homogenous primary emulsion, and proper energy input in the second emulsion to
have the desired final size. The surface charge of particles showed high negative values,
which means that the PLGA particles can be stable in suspension (Table 2) due to their
strong electrostatic repulsive/attractive interactions. Further, PDI and span values for both
sizes showed acceptable values.

The peptide % EE and % DL were highly influenced by the end-capped PLGA (acid
or ester-terminated), suggesting that the acid-terminated part of the polymer can interact
with any NH2 group in the polypeptide chain [26]. Park, Lee [27], showed similar results
when encapsulating drug molecules in PLGA; 503H particles showed a higher EE and
DL than its ester-capped PLGA. The values of % DL in this article are comparable with
commercial Lupron Depot®, which uses PLGA MPs and a Leuprolide acetate peptide with
a DL of 8.5% [28]. It should be noted that only when the 503H is used for PLGA NP/MPs
that this value can be achieved. Furthermore, the ionic interactions of peptides binding to
polyesters can be explained by the observed behavior. Positively charged peptide moieties
and negatively charged COOH end groups have been shown to interact via ionic forces,
enhancing drug encapsulation and initial burst release [29]. This result could explain why
acid carboxyl end-capped PLGA has a higher percentage of % EE and % DL than ester
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end-capped PLGA. More peptide molecules are attracted to polymers with more significant
acid numbers because they have more negatively charged moieties.

DSC thermograms show the PNA5 endothermic peak as consistent with the litera-
ture [14]. The glass transition temperature of PLGA is responsible for the endothermic
peak exhibited in all PLGA thermograms at about 48–50 ◦C [30]. The sharp endothermic
PNA5 peak disappeared from the DSC curve of the PNA5-loaded PLGA particles for-
mulation. The complete disappearance of the active substance peak could be attributed
to either the formation of a homogeneous polymeric matrix or the dilution effect of the
polymer [31]. The disappearance of the endothermic PNA5 peak in DSC curves of prepared
particles indicated peptide incorporation, homogenous matrix formation, and amorphous
structure [32].

Finally, different behavior was observed in the in vitro release study. A faster release
of the polypeptide from nanoparticles was expected since the hydrolysis of the polymer is
accelerated due to faster water penetration and acid-catalyzed degradation of the polyester
matrix. Brauner, Schwarz [15], synthesized both PLGA NP and MP for trimethoprim for
instillative treatments of urinary tract infections. They showed similar results to our study,
where with NPs formulation of both polymers, the dissolution rate is higher than MPs.
In their study, after 10 h of trimethoprim release, nearly 100% was completely released
from the NP system and MPs formulation was around 75% using 503H polymer. Drug
release from polymeric systems during the first phase, the active agent is released primarily
through its diffusion through the polymer matrix, whereas during the second phase, the
release is mediated by both drug diffusion and polymer matrix degradation. During
polymer hydration, drug diffusion through the polymer matrix occurs slower [33]. To
evaluate the drug release process and investigate the role of polymer in the dissolution
profile, mathematical models were primarily used to predict the release of the encapsulated
PNA5 as a function of time. As a result, the mathematical evaluation of our formulation’s
drug release kinetics was fitted against zero order, first order, Higuchi and Korsmeyer,
and Peppas models (Table 3). This will ensure optimal pharmaceutical formulation(s)
design as well as a better understanding of the release mechanism(s) through experimental
verification [34].

Table 3. Mathematical models and kinetic constants.

Model
503H NP 503 NP 503H MP 503 MP

K (h−1) R2 n K (h−1) R2 n K (h−1) R2 n K (h−1) R2 n

Zero-order 0.11 0.90 - 0.19 0.45 - 0.08 0.80 - 0.20 0.88 -
First-order 0.002 0.49 - 0.002 0.12 - 0.002 0.44 - 0.003 0.33 -

Higuchi 2.12 0.95 - 7.88 0.95 - 1.57 0.92 - 3.57 0.98 -
Korsmeyer
and Peppas 5.40 0.96 0.35 6.66 0.91 0.27 20.2 0.98 0.19 44.8 0.97 0.17

Both PLGA 503H and PLGA 503 nano/microparticles correlated well to the Higuchi
model (adjusted R2 0.958 and 0.956 for NPs; 0.921 and 0.98, respectively) and Korsmeyer-
Peppas (adjusted R2 0.964 and 0.912 for NPs; 0.984 and 0.973, respectively) models. The
diffusion exponent n of the Korsmeyer-Peppas model was between 0.17 and 0.35 suggesting
a Fickian diffusion. The n value indicates the mechanisms to describe how the active com-
pound is released from its matrix. In this case, the solvent diffusion is much greater than the
process of polymeric chain relaxation. The kinetics of this phenomenon are characterized
by diffusivity [35]. If n is less than 0.43 in the case of spherical encapsulation shape, then
a Fickian diffusion release mechanism is implied [36]. The zero-order model describes
drug release from a system in which the content is released at a constant rate independent
of concentration. The first-order model describes a system in which the residual drug
concentration uniquely determines the drug release rate. In addition, the Higuchi model
hypothesizes that the system’s edge effect must be negligible for drug diffusion and the
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dissolution and swelling of the system are irrelevant, showing a constant drug diffusivity.
Korsmeyer-Peppas is another complete semi-empirical model that can be used to generalize
the various release phenomena involving either diffusion or swelling [37,38].

Particles in the nanosized range have a greater surface area to volume ratio than parti-
cles in the micronized range, resulting in a faster dissolving rate, aided further by Brownian
motion. This increased surface area of the nanoparticle should ideally allow for greater
water contact/penetration into the particles while also allowing for faster degradation [39].
Due to the much faster drug release of 503 formulations, the nanometer and micrometer
particles synthesized with the acid-capped PLGA seem to be better for PNA5 adminis-
tration and improve its cognitive impairment effect in patients. Encapsulation peptides
in PLGA diblock copolymer for sustained release injectable drug delivery continues to
have significant clinical significance, as evidenced by multiple marketed pharmaceutical
peptide PLGA products used clinically (e.g., leuprolide PLGA and octreotide PLGA) as
sustained-release injectables [18] and continued research in this exciting area of peptide
drug delivery [21,40,41].

5. Conclusions

This comprehensive and systematic study reports for the first time on the successful
design and development of PNA5 loaded in the FDA-approved biocompatible biodegrad-
able diblock copolymer PLGA as NPs and MPs by double emulsion solvent evaporation
technique, comprehensive physicochemical characterization, and in vitro drug release. The
formulations showed an acceptable PDI and span value for PLGA particles prepared by
double emulsion, indicating monodisperse particles. The release of PNA5 from the particles
was first with burst effect for both size and polymer used. The release was then slower
and prolonged for up to 2 weeks for some formulations. The DSC thermal analysis and
ATR FTIR molecular fingerprinting spectra analysis of the PNA5 PLGA particles revealed
favorable intermolecular interaction between PNA5 and PLGA.

In this study, PLGA with the same molecular weight but different end-capping (acid
or ester terminated) was used to compare the effects in formulation characterization. These
end groups had an impact on properties, particularly the EE percent and release rate. The
size of the particle also affected the release behavior due to the different surface-area ratios.
The NP prepared with the polymer having the ester end-group released faster, whereas
the NP prepared with only the acid end group released up to 14 days with 40% of PNA5
released. In terms of polymer selection, PLGA R503H provided several advantages over
PLGA R503 in this study including higher drug loading, combined with a more sustained
release over time, resulting in less burst release at the first sampling point.

Because the study of drug release kinetics provides critical information for better real-
ization and optimization of nanoparticulate drug delivery, various methodologies for deter-
mining release kinetics from such formulations have been developed. The Higuchi model
was the best-fitting mathematical model (among zero and first-order methods) for showing
drug release patterns from PLGA particles in this study. The n values of Korsmeyer-Peppas
are mostly less than 0.5, suggesting the release mechanism was governed by diffusion in all
formulations. Regardless of the PLGA type used, both nanoparticles and microparticles
demonstrated innovative PNA5 sustained-release formulations.
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Abstract: Immunogenic cell death (ICD) is a powerful trigger eliciting strong immune responses
against tumors. However, traditional chemoimmunotherapy (CIT) does not last long enough to
induce sufficient ICD, and also does not guarantee the safety of chemotherapeutics. To overcome
the disadvantages of the conventional approach, we used doxorubicin (DOX) as an ICD inducer,
and poly(lactic-co-glycolic acid) (PLGA)-based nanomedicine platform for controlled release of DOX.
The diameter of 138.7 nm of DOX-loaded PLGA nanoparticles (DP-NPs) were stable for 14 days in
phosphate-buffered saline (PBS, pH 7.4) at 37 ◦C. Furthermore, DOX was continuously released for
14 days, successfully inducing ICD and reducing cell viability in vitro. Directly injected DP-NPs
enabled the remaining of DOX in the tumor site for 14 days. In addition, repeated local treatment
of DP-NPs actually lasted long enough to maintain the enhanced antitumor immunity, leading to
increased tumor growth inhibition with minimal toxicities. Notably, DP-NPs treated tumor tissues
showed significantly increased maturated dendritic cells (DCs) and cytotoxic T lymphocytes (CTLs)
population, showing enhanced antitumor immune responses. Finally, the therapeutic efficacy of
DP-NPs was maximized in combination with an anti-programmed death-ligand 1 (PD-L1) antibody
(Ab). Therefore, we expect therapeutic efficacies of cancer CIT can be maximized by the combination
of DP-NPs with immune checkpoint blockade (ICB) by achieving proper therapeutic window and
continuously inducing ICD, with minimal toxicities.

Keywords: cancer; chemoimmunotherapy; immunogenic cell death; nanomedicine; immune
checkpoint blockade

1. Introduction

Immunogenic cell death (ICD) is representative of induced antitumor immunity, and
in practice various cancer therapies could elicit immunogenicity by initiating ICD [1–3].
For instance, it has become known that several chemotherapeutics such as doxorubicin
(DOX) kill cancer cells directly as well as cause successive antitumor immune responses
by exposure to damage-associated molecular patterns (DAMPs) such as calreticulin (CRT),
high mobility group box 1 (HMGB1), and adenosine triphosphate (ATP) [4–6]. Due to
the ICD inducers, dendritic cells (DCs) subsequently act as a bridge between innate and
adaptive immunity by presenting tumor antigens to T cells [7,8], leading to strong antitumor
immunity based on the more immune-friendly reverted environment [9,10]. In spite of
the key role of chemotherapeutics as potent inducers of ICD, their use has been severely

67



Pharmaceutics 2022, 14, 474

limited for several reasons, such as poor pharmacokinetics (PK), high toxicity, and off-
target effects [11]. Nanotechnology-based drug delivery systems (Nano-DDS) have been
developed to overcome these traditional issues of cytotoxic drugs, and have enabled the
prolonged circulation and increased tumor accumulation of drugs, and simultaneously
reduced treatment-related toxicity [12–14]. Despite these promising signs, there still remain
a few hurdles to be surmounted in nanomedicine, for example low delivery efficiency
(<1%), heterogeneity of drug accumulation, and inadequate toxicokinetics causing side
effects and immune adverse effects [15–18].

Nano-DDS-based local delivery could be a good alternative to solve most of these
existing problems. Based on the nano-DDS, cytotoxic drugs could be relatively uniform and
effective localized delivery at the target tumor sites, with minimal toxicities and control-
lable drug kinetics even elsewhere in the body [19–21]. Specifically, the effective and safe
cancer therapy can be sufficiently provided by the optimal dose range of the nanomedicine
inducing continuous ICD [22,23], especially based on the preserved tumor microenviron-
ment (TME) with minimal histotoxicity and immunotoxicity [24–27]. Especially, immune
checkpoint blockade (ICB) functions as a tumor suppressor by disrupting the existing inter-
actions between immune cells and tumor cells [28]. ICB restores suppressed T cell-mediated
antitumor immunity [29,30], and reverts tumor immune microenvironment (TIME) [31].
Therapeutic efficacies against cancer can be maximized in the responsive TIME [32]. There
is no doubt of the promising potentials and therapeutic outcomes unleashing the strong
antitumor immune responses in chemotherapy-based cancer immunotherapy [33–37].

In this regard, we hypothesized that ICD might be sufficiently induced during the
whole treatment using poly(lactic-co-glycolic acid) (PLGA)-based nanomedicine by control-
ling the release kinetics of DOX. PLGA is a well-known biodegradable polymer, and has
been widely used as a nanocarrier for controlled release of drug in the treatment of can-
cer [38,39]. The degradation rate and drug release kinetics of PLGA-based nanomedicine
can be affected by its intrinsic polymer characteristics, such as the lactide:glycolide (L:G) ra-
tio and the molecular weight [40–42]. Thus, PLGA platform is very suitable for controlling
the efficacy and toxicity of drugs with the adequate drug loading and the desired controlled
drug release profiles.

Tumor growth might be strongly inhibited, even in repeated treatment of DOX-loaded
PLGA nanoparticles (DP-NPs) with reduced toxicities. The undevastated environment
might fully promote antitumor immune responses, leading to high therapeutic perfor-
mance, especially with the combination of ICB. To demonstrate our hypothesis, DOX
was encapsulated with PLGA NPs using an oil-in-water (o/w) method, as we previously
reported [43]. The morphology was examined using field emission scanning electron
microscopy (FE-SEM). The efficiency of drug loading inside of NPs was measured using
UV–vis spectroscopy. Size distribution, surface charge, and stability were determined
using a zeta-sizer. Release kinetics of DOX were monitored under physiological conditions.
Cellular uptake was observed using a confocal microscopy. Cytotoxicity was evaluated
using cell counting kit-8 (CCK-8). ICD-associated DAMPs were investigated in cancer cell
cultured system. All these features and behaviors of DP-NPs were characterized in vitro,
and the other studies were performed in vivo. In vivo release kinetics of DOX from DP-NPs
were monitored in CT26 tumor-bearing mice. Tumor growth inhibition by DP-NPs, also
in combination therapy with anti-PD-L1 (aPD-L1) blockade, was monitored for 4 weeks.
Finally, histology and immune cell analyses were performed simultaneously.

2. Materials and Methods

2.1. Materials

PLGA with acid endcaps (LG 50:50, Mn 5–10 kDa) was obtained from PolySciTech
(West Lafayette, IN, USA). DOX hydrochloride (DOX-HCl) was obtained from FutureChem
(Seoul, Korea). N,N-diisopropylethylamine (DIPEA), chloroform, dichloromethane (DCM),
poly(vinyl alcohol) (PVA, hydrolyzed, Mw 30–70 kDa), dimethyl sulfoxide (DMSO),
fluorescein amine, N-ethyl-N′-(3-(dimethylamino)propyl)carbodiimide (EDC), and N-
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hydroxysuccinimide (NHS) were obtained from Sigma-Aldrich (St. Luis, MO, USA).
Dialysis membranes (MWCO 3.5 kDa and 12–14 kDa) were purchased from Repligen
Corporation (Waltham, MA, USA). CCK-8 was purchased from Dojindo (Rockville, MD,
USA). ATP assay kit was purchased from Beyotime (Shanghai, China). Anti-CRT (mouse,
AF647) mAb, anti-HMGB1 (mouse) pAb, and hematoxylin and eosin (H&E) staining were
purchased from Abcam (Cambridge, UK). Terminal deoxynucleotidyl transferase (TdT)
dUTP nick end labeling (TUNEL) assay kit was purchased from Promega (Madison, WI,
USA). Amicon® centrifugal filter unit (MWCO 10 kDa) was purchased from Merk Millipore
(Burlington, MA, USA). Tumor dissociation kit (mouse) was obtained from Miltenyi Biotec
(Bergisch Gladbach, Germany). Anti-CD16/CD32 (mouse, Fc BlockTM) was purchased from
BD Biosciences (San Jose, CA, USA). Anti-CD11c and anti-CD8a (mouse, APC), anti-CD40
(mouse, PE), anti-CD86 and anti-CD3 (mouse, FITC), and anti-CD45.2 (mouse, PE-Cy7) Abs
were obtained from BioLegend (San Diego, CA, USA). aPD-L1 Ab (mouse) was purchased
from BioXCell (Lebanon, NH, USA). CT26 (mouse colon carcinoma) was obtained from
the Korean Cell Line Bank (Seoul, Korea). RPMI-1640 and fetal bovine serum (FBS) were
obtained from Welgene Inc. (Gyeongsangbuk-do, Korea).

2.2. Preparation of DP-NPs

To prepare hydrophobic DOX, 100 mg of DOX-HCl was dissolved in 10 mL of deion-
ized (DI) water and 200 µL of DIPEA was added additionally for 1 h. The desalted DOX
was obtained after extraction with chloroform and subsequent evaporation. DP-NPs were
prepared by the o/w single-emulsion solvent evaporation method. Briefly, 20 mg of PLGA
was dissolved in 0.4 mL of DCM. Ten milligrams of desalted DOX dissolved in 0.4 mL
of DCM was added into PLGA solution. For reference, to prepare PLGA NPs (P-NPs) as
a vehicle, 0.4 mL of DCM without DOX was added into PLGA solution. Next, 3 mL of
aqueous PVA solution (3 wt%) was slowly added into the previous mixture. This mixture
was emulsified by sonication (180 watts) for 45 s in an ice bath, and stirred (800 rpm) to
remove DCM for 3 h at room temperature (RT) after the addition of 6 mL of distilled water
(DW). Then the suspension was centrifuged for 15 min at 15,000 rpm and washed twice
with 30 mL of DW, subsequently lyophilized for 2 days after 0.45 µm filtration to obtain
DP-NPs. To monitor cellular uptake of DP-NPs in vitro, fluorescein amine was chemically
conjugated to carboxylic acid on the end of PLGA in the presence of EDC and NHS. In
brief, 100 mg of PLGA was dissolved in 10 mL of DMSO, and mixed with 1 mL of DMSO
containing 5.5 mg of EDC and 3.3 mg of NHS. Then, 1 mL of DMSO containing 10 mg
of fluorescein amine was slowly added into the PLGA solution and stirred for 12 h at RT.
The resulting solution was purified using a dialysis membrane (MWCO 3.5 kDa) against
DMSO:DW (1:0, 1:1, 0:1 v/v%) for 3 days. The fluorescein-labeled PLGA (FITC-PLGA) was
obtained after the lyophilization for 2 days. Finally, FITC-labeled DP-NPs were formulated
as described above using FITC-PLGA and PLGA at 1:9 wt%. The DOX contents in DP-NPs
and FITC-labeled DP-NPs were confirmed using a UV–vis spectrophotometer before use.

2.3. In Vitro Formulation and Characterization of DP-NPs

The morphology of DP-NPs was observed using FE-SEM (Regulus 8230, Hitachi,
Tokyo, Japan). P-NPs and DP-NPs were dispersed in the DI water (0.2 mg/mL) for mea-
surement of size distribution and surface charge. These features were measured using
a zeta-sizer (Nano-ZS, Malvern Instruments, London, UK). The drug loading efficiency
of DOX in DP-NPs was measured using UV–vis spectroscopy (Cary 60 UV–vis spec-
trophotometer, Agilent Technologies, Santa Clara, CA, USA), absorbance at 480 nm. The
absorbance of DP-NPs (1 mg of DOX in 1 mL of DW) was measured at 480 nm, and cal-
culated based on the calibration curve of DOX in various concentration and the baseline
correction. The serum stability of P-NPs and DP-NPs were monitored in condition of
10% (v/v) of FBS-containing phosphate-buffered saline (PBS, pH 7.4) at 37 ◦C for 2 weeks.
The size of both NPs was measured every 2 days using a zeta-sizer. Similarly, the release
profile of DOX from DP-NPs, in 0.1% Tween 80-containing PBS (pH 7.4), was monitored
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in the water bath shaker (100 rpm) at 37 ◦C for 2 weeks. The DP-NPs (10 mg of DOX)
initially within the dialysis membrane (MWCO 12–14 kDa) were dispersed in 10 mL of
PBS, continually replaced as fresh PBS every other day. The amount of contained DOX in
the harvested PBS was analyzed using UV–vis spectroscopy, absorbance at 480 nm.

2.4. In Vitro Cellular Uptake and Cytotoxicity

Cellular uptake imaging of FITC-labeled DP-NPs was performed in the CT26 tumor
cells using a confocal microscopy (Leica TCS SP8, Wetzlar, Germany). Briefly, the CT26
tumor cells (1 × 105 cells) were seeded into dishes and incubated at 37 ◦C for 24 h. Then,
the medium in dishes was replaced as 2 mL of new medium containing 2 µM of DOX-HCl
or 10 µg of FITC-labeled DP-NPs (equiv. of 2 µM of DOX-HCl). The CT26 tumor cells
were incubated for more 48 h, and they were washed with PBS (pH 7.4). Then, they were
fixed with a paraformaldehyde (PFA) solution (4% in PBS) for 15 min. 4′,6-diamidino-2-
phenylindole (DAPI) was utilized for nuclear staining at RT for 15 min. Cells were observed
using a confocal microscopy equipped with diode, Ar, and HeNe lasers at 405, 488/514,
and 633, respectively. Cell viability of the CT26 tumor was measured using CCK-8. The
CT26 tumor cells (5 × 103 cells) were seeded into 96-well plates and incubated at 37 ◦C
for 24 h. Cells were treated with various concentration (from 0.001 to 10 µM) of DOX-HCl
and the equivalent DP-NPs, and further incubated for more 48 h. They were washed with
PBS (pH 7.4) and incubated with a CCK-8 reagent-containing medium for 30 min. The
absorbance at 450 nm of each medium was measured using a tunable microplate reader
(VersaMaxTM, Molecular Devices, San Jose, CA, USA). For reference, the cell viability of the
vehicle-treated CT26 tumor was also measured, in the same way as DP-NPs.

2.5. In Vitro Analysis of ICD-Associated DAMPs

To analyze the induced ICD in CT26 tumor cells, we observed several molecular
markers of DAMPs such as CRT, HMGB1, and ATP. For reference, the analysis with the
vehicle-treated group was also performed in each experiment, in the same way as DP-NPs.
CRT exposed on the surface of CT26 tumor cells was observed using a confocal microscopy.
Then, the medium in dishes was replaced as 2 mL of new medium containing 2 µM of
DOX-HCl or 10 µg of DP-NPs (equiv. of 2 µM of DOX-HCl). The CT26 tumor cells were
incubated for more 48 h, and they were washed with PBS (pH 7.4) and fixed with a PFA
solution (4% in PBS) for 15 min. Cells were treated with the bovine serum albumin (BSA)
blocking buffer (5% in PBS) to prevent the non-specific binding for 10 min. Then they were
stained with CRT Ab for 1 h, and washed with PBS (pH 7.4). DAPI was utilized for nuclear
staining at RT for 15 min. The stained CT26 tumor cells were observed using a confocal
microscopy. Intensities of CRT was quantified using Image-Pro Plus software (Media
Cybernetics, Silver Spring, MD, USA). The released HMGB1 and the secreted ATP in CT26
tumor cell culture medium was analyzed by Western blotting and ATP assay, respectively.
Briefly, the CT26 tumor cells (1 × 106 cells) were seeded into culture dishes and incubated
at 37 ◦C for 24 h. Then, the medium in dishes was replaced as the new medium (2 µM of
DOX-HCl and the equivalent DP-NPs). The CT26 tumor cells were incubated for more 48 h.
Their culture medium was collected and separated into two parts by centrifugation using a
filter unit. The filtered sample (<10 kDa) was used to measure ATP levels, and the other
sample (>10 kDa) was used to observe HMGB1 expressions. Band intensities of HMGB1
were quantified using ImageJ software (NIH, Bethesda, MD, USA).

2.6. In Vivo Drug Release Kinetics

All experiments with specific pathogen-free (SPF) mice were performed in compliance
with the relevant laws and institutional guidelines of Korea Institute of Science and Tech-
nology (KIST), and Institutional Animal Care and Use Committee (IACUC) approved the
experiments (approval number: KIST-2020-070, 27/05/2020). Six-week-old male BALB/c
mice were purchased from OrientBio Inc. (Gyeonggi-do, Korea). The release of DOX from
DP-NPs were observed by its fluorescence in CT26 tumor-bearing mice after the intratu-
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moral injection of DP-NPs for 2 weeks. For reference, a DOX-HCl-treated mouse was also
monitored as a control. Briefly, mice were subcutaneously injected with CT26 tumor cells
(1 × 106 cells/60 µL) on their left flank. When the tumor volume reached 50–80 mm3,
0.25 mg of DOX-HCl (10 mg/kg of DOX, DOX 10), 0.5 mg of DP-NPs (equiv. of 5 mg/kg of
DOX, DP-NPs 5), 1 mg of DP-NPs (equiv. of 10 mg/kg of DOX, DP-NPs 10), and 1 mg of
DP-NPs with two injections at intervals of 10 days (DP-NPs 10 × 2, equiv. of 10 mg/kg of
DOX per injection) were intratumorally injected after dispersed using 30 µL of sterilized
PBS (pH 7.4). Near-infrared fluorescence (NIRF) images were acquired by In Vivo Imaging
System (IVIS, Lumina Series III, PerkinElmer, Waltham, MA, USA), and the fluorescence
from these images were quantified using Living Image software (PerkinElmer, Waltham,
MA, USA).

2.7. In Vivo Tumor Growth Inhibition and Toxicity

Mice were subcutaneously injected with CT26 tumor cells (1 × 106 cells/60 µL) on their
left flank. When the tumor volume reached 50–80 mm3, CT26 tumor-bearing mice were
treated with PBS, P-NPs, DOX-HCl (10 mg/kg), DP-NPs (5, 10, 10 × 2 mg/kg), aPD-L1 Ab
(10 × 5 mg/kg)-combined DOX-HCl (10 mg/kg) and DP-NPs (10 × 2 mg/kg). All samples
were prepared using 30 µL of sterilized PBS (pH 7.4). Tumor growth, body weight change,
and survival of each group were monitored for 4 weeks. Tumor volumes (calculated as
0.52 × DiameterLongitudinal × DiameterTransverse

2) and body weight were measured every
two days. We limited the maximum allowable size of subcutaneous tumors in control
groups, and mice with a tumor size 3000 mm3 were counted statistically dead, for survival.
Photographs of spleens were obtained on the 14th day, and the weight of the spleen was
also measured to examine the DOX-induced systemic toxicity.

2.8. In Vivo ICD-Associated DAMPs and Immune Cell Analysis

On the 14th day after the first injection, CT26 tumor tissues which were directly
treated with PBS, P-NPs, DOX 10, and DP-NPs (5, 10, 10 × 2) and tumor-draining lymph
nodes (TDLNs) were excised from the CT26 tumor-bearing mice to analyze ICD-associated
DAMPs and immune cell population in the tumor tissues. The tumor tissues were dissoci-
ated with the tumor dissociation kit at 2% (v/v) of FBS-containing PBS, and centrifuged at
500 g for 10 min. The supernatant was harvested for Western blotting analysis of HMGB1,
and the cells were collected for flow cytometric analysis of CTLs. The cells in TDLNs were
also collected and centrifuged similarly for flow cytometric analysis of DCs. Red blood
cell (RBC) lysis and single-cell suspension were performed for staining with the adequate
Abs. FcR blocking reagent was used to eliminate non-specific staining. Then, the single
cells from TDLNs were fluorescently stained with CD45, CD11c, CD40, and CD86 Abs
for identifying maturated DCs, and those from tumor tissues were stained with CD45,
CD3, and CD8 Abs for identifying CTLs. After the incubation for 1 h, harvested cells were
characterized by a flow cytometer (CytoFLEX, Beckman Coulter, CA, USA). These results
were analyzed using FlowJoTM software (BD Biosciences, NJ, USA).

2.9. TUNEL Assay and H&E Staining

Each sample was collected on the 14th day after the first treatment of PBS, P-NPs,
DOX-HCl (10 mg/kg), and DP-NPs (5, 10, 10 × 2 mg/kg) in the previously stated in vivo
experiments for TUNEL assay and H&E staining. TUNEL assay was performed to assess
DOX-induced apoptotic changes in tumor tissues. The apoptotic cells were determined by
TUNEL assay kit (Promega, Madison, WI, USA). Briefly, tumor tissues were deparaffinized
and fixed with a PFA solution (4% in PBS) for 15 min. Proteinase K solution, equilibration
and incubation buffers were sequentially added after the tissue permeabilization. Reaction
was stopped in an hour, and the subsequent stains were performed with propidium iodide
and DAPI. The localized green fluorescence of apoptotic cells in prepared samples were
observed using a confocal microscopy. H&E staining was also performed in the tissues
of tumor and major organs (spleen, liver, lung, kidney, and heart) to further investigate
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DOX-induced in vivo toxicities. Briefly, the deparaffinized and rehydrated tumor tissues
were sequentially stained with hematoxylin and eosin. After the dehydration, stained
tumor tissues sliced into 10 µm sections were observed using an optical microscopy.

2.10. Statistical Analysis

In this study, one-way analysis of variance (ANOVA) was performed for a compari-
son of several experimental groups using Origin 2020 software (OriginLab Corporation,
Northampton, MA, USA). Statistical significance was marked with an asterisk (* p < 0.05,
** p < 0.01, and *** p < 0.001) in the figures.

3. Results and Discussion

3.1. Characterization of the DP-NPs

In this study, we prepared P-NPs by the o/w single-emulsion solvent evaporation
method. DP-NPs were also prepared in the same way as P-NPs with the hydrophobically
desalted DOX. Their formulation showed a loading efficiency of 23.8% in that the amount of
encapsulated DOX in 1 mg of DP-NPs was measured 238 ± 17 µg by UV–vis spectroscopy.
We also confirmed each unit of DP-NPs was spherical, and they had a smooth particle
surface similar to P-NPs from SEM images (Figure 1A). Unimodal size distributions were
observed in DP-NPs as well as P-NPs, wherein the average particle size of P-NPs and
DP-NPs was 138.7 ± 8.7 and 128.0 ± 3.9 nm, respectively (Figure 1B). The surface charge of
the P-NPs and DP-NPs was −22.9 ± 6.5 and 11.8 ± 3.4 mV, respectively, and this difference
was mainly because of a surface charge change resulting from the encapsulation of the
hydrophobically modified DOX into the P-NPs. Actually, the changes in surface charges
were directly affected by the hydrophobicity/hydrophilicity of DOX. The characteristics of
the P-NPs and DP-NPs were presented in Figure 1C. The particle size of the P-NPs and
DP-NPs was stable in PBS with 10% FBS for 2 weeks (Figure 1D). The release behavior
of DOX from DP-NPs was investigated for 2 weeks. DP-NPs dispersed in PBS (pH 7.4)
with 0.1% (v/v) tween 80 were kept in a shaking incubator while maintaining a constant
temperature (37 ◦C). Under these physiological conditions, a total of 46.6 ± 2.0% of DOX
was released from the DP-NPs for 14 days (Figure 1E). This in vitro release study showed
the encapsulated DOX had a short-term initial burst release within 6 h followed by a
sustained release manner for almost 2 weeks. On the other hand, over nine-tenths of
DOX was freed from DOX control, as opposed to one half of DOX was released from the
DP-NPs. In summary, DP-NPs were successfully nanoformulated and spherical in shape
with unimodal size distribution. They also showed the excellent serum stability for 2 weeks,
with sustained drug release-rate kinetics.

3.2. In Vitro Cellular Uptake, Cytotoxicity, and ICD of DP-NPs

We used CT26 tumor cells to identify in vitro cellular uptake and localization of
DOX, and to perform integrative analyses of the follow-on effects such as DOX-induced
cytotoxicity and ICD. DOX-HCl and FITC-labeled DP-NPs (2 µM of DOX) were added to
CT26 tumor cells and harvested from them right after the specific incubation time of 1 h, 9 h,
24 h, and 48 h, respectively, followed by detecting the signals of FITC and DOX fluorescence
on time (Figure 2A). Specifically, green signals of FITC from the DP-NPs were increased over
time in the cytoplasmic area of the CT26 tumor cells (Supplementary Materials Figure S1).
In this sense, the cellular uptake of DP-NPs was shown to be successful by the incubation
time. Meanwhile, there was a big difference in expression of red signals of DOX between
DOX-HCl-treated and DP-NPs-treated CT26 tumor cells. From the red signal changes in
the confocal images, fluorescence of DOX was largely detected in the nucleus at an incipient
stage (at 1 h) in DOX-HCl-treated CT26 tumor cells, whereas it was gradually localized in
the nucleus 24 h after the treatment of DP-NPs in CT26 tumor cells. Theretofore, DOX was
mainly localized in the cytoplasmic area of CT26 tumor cells after the treatment of DP-NPs.
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Figure 1. Physicochemical properties of the P-NPs and DP-NPs. (A) The morphology of the DP-NPs
using FE-SEM. The scale bar indicates 200 nm. (B) The hydrodynamic size distribution of the P-NPs
and DP-NPs using a zeta-sizer. (C) The DOX loading content and efficiency, particle size and surface
charge of the P-NPs and DP-NPs using UV–vis spectroscopy and a zeta-sizer. (D) The size stability of
the P-NPs and DP-NPs was monitored under 10% (v/v) FBS-containing PBS at 37 ◦C for 2 weeks
using a zeta-sizer. (E) In vitro sustained release kinetics of DOX from the DP-NPs was monitored
under 0.1% (v/v) tween 80-containing PBS at 37 ◦C for 2 weeks. The released amount of DOX was
quantified using absorbance at 480 nm of UV–vis spectroscopy.

DOX-induced CT26 tumor cell cytotoxicity was determined by CCK-8 assay after the
treatment of DOX-HCl and DP-NPs of which concentration ranged from 0.001 to 10 µM for
48 h (Figure 2B). The cell viability of both experimental groups was gradually decreased
in proportion to the amount of the concentration of the treated DOX-HCl and DP-NPs;
however, each group had somewhat different half maximal inhibitory concentration (IC50)
values. In this study, the IC50 values obtained by CCK-8 assay against DOX-HCl- and
DP-NPs-treated CT26 tumor cells were 0.227 µM and 0.641 µM, respectively. For reference,
vehicle displayed no significant cytotoxicity, as if nothing was treated on the CT26 tumor
cells. In comparison, the IC50 values of DP-NPs were almost threefold higher than that of
DOX-HCl in CT26 tumor cells. The primary reason of this reduced cytotoxicity of DOX
from DP-NPs was its sustained-release property.
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Figure 2. In vitro cellular uptake, cytotoxicity, and the subsequent ICD on the CT26 tumor cells.
(A) Overlay confocal images of the time-dependent DOX-HCl and FITC-labeled-DP-NPs (2 µM
of DOX) uptake. Blue: DAPI; Red: DOX; Green: PLGA. The scale bar indicates 50 µm. (B) Cell
viability of DOX-HCl- and DP-NPs-treated CT26 tumor cells at increasing concentrations for 48
h using CCK-8. (C) Confocal images and (D) the quantified relative intensity of surface-exposed
CRT in the DOX-HCl- and DP-NPs-treated (2 µM of DOX) CT26 tumor cells for 48 h. The scale bar
indicates 20 µm. (E) Western blotting image and band intensity of released HMGB1 in the DOX-HCl-
and DP-NPs-treated (2 µM of DOX) CT26 tumor cell culture medium for 48 h. (F) ATP level in the
DOX-HCl- and DP-NPs-treated (2 µM of DOX) CT26 tumor cell culture medium for 48 h.

Finally, from the CT26 tumor cells treated with DOX-HCl and DP-NPs, we assessed
DOX-triggered DAMPs such as CRT, HMGB1, and ATP. CRT is protein that could translo-
cate on the cell membrane of dying cells by the mechanism of ICD. To confirm the DOX-
induced ICD, we observed the CRT translocation on the DOX-HCl- and DP-NPs (2 µM of
DOX)-treated CT26 tumor cells for 48 h, using a confocal microscopy (Figure 2C). It was
shown the fluorescence indicating surface-exposed CRT was significantly increased on
the cell membrane when the CT26 tumor cells were treated with DOX-HCl and DP-NPs,
compared to that of untreated and vehicle-treated CT26 tumor cells. Additionally, the
relative fluorescence intensity of CRT from DOX-HCl- and DP-NPs-treated CT26 tumor
cells was 8.12- and 7.91-fold higher than that of untreated CT26 tumor cells, respectively

74



Pharmaceutics 2022, 14, 474

(Figure 2D). For reference, there were no significant differences in CRT levels between
vehicle-treated and untreated CT26 tumor cells.

HMGB1 is a nuclear protein and also one of the ICD markers passively released from
the dying cells. Similarly, to confirm the DOX-induced ICD, we observed the release of
HMGB1 from the DOX-HCl- and DP-NPs (2 µM of DOX)-treated CT26 tumor cells for 48
h, and assessed by Western blotting. The band intensity indicating released HMGB1 was
increased when the CT26 tumor cells were treated with DOX-HCl and DP-NPs, compared
to that of untreated and vehicle-treated CT26 tumor cells (Figure 2E). Additionally, the
relative band intensity of HMGB1 from DOX-HCl- and DP-NPs-treated CT26 tumor cells
was 1.85- and 1.78-fold higher than that of untreated CT26 tumor cells, respectively. For
reference, there were no significant differences in HMGB1 release between vehicle-treated
and untreated CT26 tumor cells.

ATP is one of the ICD markers and a molecule emitted actively from cytoplasm and
cytoplasmic organelles in dying cells. The secretion of ATP from the DOX-HCl- and DP-NPs
(2 µM of DOX)-treated CT26 tumor cells for 48 h, was determined by the ATP assay to
confirm the DOX-induced ICD. The measured levels indicating secreted ATP was increased
when the CT26 tumor cells were treated with DOX-HCl and DP-NPs, compared to that
of untreated and vehicle-treated CT26 tumor cells (Figure 2F). Additionally, the relative
level of ATP from DOX-HCl- and DP-NPs-treated CT26 tumor cells was 1.75- and 1.59-fold
higher than that of untreated CT26 tumor cells, respectively. For reference, there were
no significant differences in ATP secretion between vehicle-treated and untreated CT26
tumor cells.

We were able to confirm that the diverse aspects of DAMPs, including CRT transloca-
tion and release of HMGB1 and ATP, were very closely correlated with the cell viability
after the treatment of DOX. Based on these results, it was expected that DP-NPs could
sufficiently induce DAMPs-mediating ICD to CT26 tumor cells via time-releasing DOX.

3.3. In Vivo Tumor Growth Inhibition by DP-NPs-Driven CIT

To observe in vivo release kinetics of DOX from DP-NPs, we obtained time-dependent
fluorescence images by non-invasive optical imaging system, visualizing the accumulated
DOX in targeted tumor tissues. In order to find the optimal drug concentration, fulfilling
therapeutic window of DOX and also maximizing therapeutic efficacies, we set up several
experiments with groups of various concentration of DP-NPs. In this regard, we tracked
the fluorescence signals of DOX released from the DP-NPs at the targeted tumor tissues
for 14 days, after the intratumoral injection of DP-NPs (5, 10, 10 × 2 mg/kg) (Figure 3A).
DOX-HCl (10 mg/kg) was used as a control to compare the other groups of DP-NPs. DOX
fluorescence in the DOX-HCl-treated CT26 tumor-bearing mice was extremely decreased
to the level in 10 mg/kg of DP-NPs-treated group in just 2 days, and since then, it has
continued to decrease. On the other hand, DP-NPs-treated groups showed mild decrease in
proportion to their initial DOX concentration without a wide variation of fluorescence levels.
Notably, the DOX fluorescence at the tumor site of DP-NPs 10 × 2-treated group showed
gradually decreased for 6 days but recovered by second intratumoral injection, resulting in
maintaining the DOX fluorescence range for 14 days. In short, there were different patterns
of the change in relative DOX fluorescence intensity at the tumor that were drastically
decreased, continuously decreased, or maintained a certain range of fluorescence after
the initial ascending (Figure 3B). From these findings, we confirmed PK profile of DOX
could be favorably controlled by sustained-released DOX from the directly injected DP-
NPs. DP-NPs were confined to the tumor tissues within a given period, and DOX was
successfully supplied locally, especially in the group of repeated treatment of DP-NPs.
This result sufficiently gave us a sound basis for the continuous ICD and the subsequent
antitumor immune responses.
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Figure 3. In vivo drug release characteristics of DP-NPs after their intratumoral injection. (A) Time-
dependent fluorescence images of the CT26 tumor-bearing mouse intratumorally injected with
DOX-HCl (10 mg/kg) and DP-NPs (5, 10, 10 × 2 mg/kg) for 2 weeks. (B) Quantified fluorescence
intensity of DOX at the tumor tissues standing on the basis of the images from (A).

We confirmed the effects of DOX-based CIT and its induced TIME changes in the
CT26 tumor-bearing mice model. Tumor growth of the CT26 tumor-bearing mice treated
with DOX-HCl (10 mg/kg), DP-NPs (5, 10, 10 × 2 mg/kg of DOX) was measured for
4 weeks after their first intratumoral injections (Figure 4A). Injection dose of each group
was the same as in the previous in vivo imaging experiment, and as described earlier,
10 × 2 mg/kg of DP-NPs was injected in twice with an interval of 10 days. For reference,
PBS and P-NPs were used as controls, and we limited the maximum allowable size of
subcutaneous CT26 tumors (2000 mm3 volume in mice) in these control experimental
groups. DOX-HCl (10 mg/kg; n = 7) strongly inhibited tumor growth up to 4 weeks,
and the average tumor size of DOX-HCl-treated mice was 150 mm3 on the 28th day.
Meanwhile, DP-NPs (10 × 2 mg/kg; n = 6) exhibited effective tumor suppression as
compared with PBS (n = 5) and P-NPs (n = 6), and also apparently it was better than DP-
NPs of different doses (5, 10 mg/kg; n = 6, 5, respectively). The average tumor size of DP-NPs
(10 × 2 mg/kg)-treated mice was 184 mm3 on the same day above, and the size of all the
others were over 2000 mm3.
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Figure 4. In vivo tumor growth inhibition and the subsequent antitumor immune responses.
(A) Tumor growth of the CT26 tumor-bearing mice after the first intratumoral injection of PBS,
P-NPs, DOX-HCl (10 mg/kg), DP-NPs (5, 10, 10 × 2 mg/kg), aPD-L1 Ab (10 × 5 mg/kg)-combined
DOX-HCl (10 mg/kg), and DP-NPs (10 × 2 mg/kg) for 4 weeks. (B) Tumor growth for individual
mice and CR rate in P-NPs-, DOX-HCl-, DP-NPs-, and aPD-L1 Ab-combined DP-NPs-treated groups
of (A). Representative images of (C) TUNEL- and (D) H&E-stained tumor tissues at 14 days after the
first treatment of PBS, P-NPs, DOX-HCl (10 mg/kg), and DP-NPs (5, 10, 10 × 2 mg/kg). TUNEL-
positive cells are visible as green. The scale bars indicate 50 and 250 µm, respectively. (E) Western
blotting image and band intensity of in vivo HMGB1 at 14 days after the first treatment of PBS, P-NPs,
DOX-HCl (10 mg/kg), DP-NPs (5, 10, 10 × 2 mg/kg). Immune cell population of (F) maturated DCs
in TDLNs and (G) CTLs in tumor tissues at 14 days after the first treatment of PBS, P-NPs, DOX-HCl
(10 mg/kg), and DP-NPs (5, 10, 10 × 2 mg/kg), analyzed using a flow cytometer. Double asterisks
(**) indicate a difference at the p < 0.01 significance level.

In addition to these results, we also used an additional aPD-L1 Ab for synergistic
combination cancer CIT to elicit the better antitumor therapeutic effects. aPD-L1 Ab is
one of the widely used ICBs in cancer immunotherapy. Engagement of PD-L1 blockade
by PD-L1 expressed on tumor cells leaded to the enhancement of tumor-specific T cell-
mediated adaptive immunity. Based on the ICB effect and enhancing adaptive immunity,
furthermore, recent studies showed that the tumor progression was significantly inhibited
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by combination with PD-L1 blockade therapy, indicating the therapeutic potential for
cancer CIT. Based on these hard facts with the evidence of our previous findings, PD-L1
blockade combined with DOX-HCl and DP-NPs treatment were carried out to evaluate
therapeutic outcomes, respectively. Tumor growth of the CT26 tumor-bearing mice of
these two groups were monitored for 4 weeks. 10 mg/kg of aPD-L1 Ab was administered
to mice of all combination groups five times every 3 days via the intraperitoneal route
(Supplementary Materials Figure S2). According to the previously stated results, tumor
gradually regrew in DOX-HCl (10 mg/kg)-treated group, whereas the tumor in DP-NPs
(10 × 2 mg/kg)-treated group was well-circumscribed with an average volume under
200 mm3, approximately 2 weeks after their first treatments. In these combination study,
tumor also gradually regrew in DOX-HCl (10 mg/kg) plus aPD-L1 Ab (10 × 5 mg/kg)-
treated group 18 days after the first DOX-HCl injection, similarly in DOX-HCl-treated
group. Interestingly, the extremely inhibited tumor growth was observed in DP-NPs
(10 × 2 mg/kg) plus aPD-L1 Ab (10 × 5 mg/kg) group. The average tumor volume
in this group gradually decreased and did not exceed 50 mm3, 24 days after the first
DP-NPs injection.

Next, we analyzed the complete response (CR) rate of each treatment based on the
tumor size on the 28th day (Figure 4B and Supplementary Materials Figure S3). Generally,
the term CR applies in case that all existed tumor is no longer observed after the treatment.
This CR rate of DOX-HCl- and DP-NPs (10 × 2 mg/kg)-treated groups was 42.9% and
16.7%, respectively. It was shown the other DP-NPs (5, 10 mg/kg)-treated groups just
partially responded to the treatment, and there were no tumor-suppressed mice in con-
trols such as PBS- or P-NPs-treated groups. However, PD-L1 blockade-combined DP-NPs
(10 × 2 mg/kg) exhibited highly increased rate of CR, compared to DOX-HCl (10 mg/kg)
with PD-L1 blockade. The specific CR rate of these groups was 77.8% and 40.0%, respec-
tively. It was shown therapeutic efficacies in ICB combination tended to correlate with
reduction in tumor growth, especially in PD-L1 blockade-combined DP-NPs-treated group.

We could obtain factual basis of tumor inhibition by DOX from TUNEL assay. DOX-
HCl and DP-NPs had apoptotic effects on the tumor tissues in each group, leading to
the loss of tumor cell viability. The number of TUNEL-positive tumor cells were highly
distributed in these groups, and it was increased as the concentration of DOX was increased
(Figure 4C). The reason of significantly increased levels of TUNEL-positive cells in DP-
NPs-treated tumor tissues, especially in 10 × 2 mg/kg of DP-NPs-treated tissues, was
mainly considered as sustained drug release properties of DP-NPs. We also observed
tissue morphologies and its structural abnormalities by histology from the H&E-stained
tumor tissues harvested on the 14th day after the first intratumoral treatment in each group
(Figure 4D). It was identified CT26 tumor tissues from PBS- or P-NPs-treated mice had
few or no necrotic areas, and they displayed less or no toxicity. On the contrary, there was
a large necrotic area over the tumor tissues from DOX-HCl-treated mice, indicating high
toxicity was caused by DOX. There were also analogical results along the above, tumor
tissues from DP-NPs-treated mice showed several similar histotoxicities, however different
by their dose. It was shown higher amounts of localized DP-NPs could release a lot more
DOX, actually leading to certain levels of toxicity and histological changes in TME.

Subsequently, we confirmed the immunological evidences in TME correlated with the
previous results. As previously stated, ICD is generally known as an initial key process in
antitumor immunity, it directly becomes a link between subsequent innate immunity and
adaptive immunity. In this regard, to measure the HMGB1 levels from chemotherapeutics-
treated CT26 tumor cells in vivo, we observed the release of HMGB1 in each group treated
with DOX-HCl and DP-NPs with different dose levels, and assessed by Western blot-
ting on their 14th day of our treatment. As expected from the previous in vitro results,
these in vivo tests also confirmed the measurements of elevated levels of the band in-
tensity indicating released HMGB1 in DOX-HCl- and DP-NPs-treated groups. Specifi-
cally, the relative band intensity of HMGB1 from DOX-HCl (10 mg/kg)- and DP-NPs
(10, 10 × 2 mg/kg)-treated groups was 6.71-, 6.27-, and 9.39-fold higher than that of PBS-
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treated group, respectively (Figure 4E). For reference, there were no significant differences
in HMGB1 level between vehicle-treated group and PBS-treated group. Especially, as
shown above, exceedingly strong ICD was induced in the tumor tissues and TME of the
DP-NPs (10 × 2 mg/kg)-treated group, in contrast with the results of controls and even
DP-NPs (5 mg/kg)-treated group. This 5 mg/kg of DP-NPs was not seemed to be enough
to induce and maintain the ICD continuously in vivo.

DOX-triggered ICD induce ICD-associated DAMPs in TME, thereby activating innate
immunity represented by DC maturation, leading to efficient priming of CTLs, eventu-
ally resulting in effective antitumor immunity with newly changed TIME. To verify the
immunological basis for this, DCs and CTLs isolated from TDLNs and tumor tissues in the
CT26 tumor-bearing mice in each experimental group were examined by flow cytometry.
These analyses were performed on the 14th day after the first intratumoral injection of
PBS, P-NPs, DOX-HCl (10 mg/kg), and DP-NPs (5, 10, 10 × 2 mg/kg). According to our
analytical results, populations of maturated DCs were high in DP-NPs-treated groups, and
this population value was gradually increased as a dose of treated DP-NPs (Figure 4F).
The value was the highest in 10 × 2 mg/kg of DP-NPs-treated group, wherein strongly
induced ICD continuously enhanced maturation of DCs in TDLNs. On the other hand,
DP-NPs-treated groups showed extremely higher CTL populations than DOX-HCl-treated
group (Figure 4G). This result was rooted in whether CTLs were directly exposed to DOX
or not in that CTLs were reckoned to be vulnerable to DOX-induced cytotoxicity.

Summarizing the results so far, DP-NPs successfully suppressed tumors in vivo, as
shown in the results of effectively inhibited growth of CT26 tumors. It seemed we could
sufficiently control the ICD being induced and maintained continuously in vivo by over
a certain amount of DOX. Meanwhile, a high initial concentration of DOX in the DOX-
HCl-treated group could induce severe toxic effects on major organs as well as immune
cells including maturated DCs and CTLs. Furthermore, it was also identified that strongly
induced ICD was not connected to adaptive immunity. Nonetheless, these results were
significant in the sense that CD8-positive CTLs primed to the TIME favorably acted against
the tumor due to the sustained-released DOX from the DP-NPs, even in high doses of
DP-NPs (10 × 2 mg/kg) with reduced toxicity and much stronger ICD, leading to effective
therapeutic results. Additionally, it was considered largely populated CTLs in TIME
favorably killed the tumor cells better in the combination therapy group with enhanced
antitumor immunity, attributable to the help of ICB.

For survival, mice with a tumor size 3000 mm3 were counted as statistically dead.
In this regard, PBS- or P-NPs-treated groups showed big changes in animal survival for
4 weeks (Figure 5A). Body weights of mice in each group were monitored with tumor
volumes every 2 days. It was considered there were no severe systemic toxicities during the
treatment in that there were no big differences in body weight change (Figure 5B). However,
spleen weight of the DOX-HCl-treated mice was decreased by more than 20%, compared
to that of PBS- or P-NPs-treated mice (Figure 5C). Furthermore, the tissue morphology of
shrunken spleen from the DOX-HCl-treated mice showed a decreased size of white pulp
and larger red pulp, compared to those of PBS-, P-NPs-, and DP-NPs (5, 10, 10 × 2 mg/kg)-
treated mice. We expected that the shrinking and morphological changes of the spleen
occurred because of the undesirable toxicity of DOX-HCl, resulting in underperforming
normal function (Figure 5D) [44]. Additionally, intratumorally injected DP-NPs (5, 10,
10 × 2 mg/kg) also exhibited relatively less systemic toxicities in the spleen and other
organs (liver, lung, kidney, and heart) rather than DOX-HCl, based on the histopathology
data (Supplementary Materials Figure S4). From these results, exposure to therapeutic
concentration levels of DOX (even in case of 10 × 2 mg/kg of DOX) was acceptable in some
cumulative toxicity burdens by using our nanoparticulate formulation of DP-NPs.
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Figure 5. In vivo DOX-induced toxicity in the BALB/c mouse model. (A) Survival rate and
(B) body weight change of the CT26 tumor-bearing mice after the first intratumoral injection of
PBS, P-NPs, DOX-HCl (10 mg/kg), DP-NPs (5, 10, 10 × 2 mg/kg), aPD-L1 Ab (10 × 5 mg/kg)-
combined DOX-HCl (10 mg/kg), and DP-NPs (10 × 2 mg/kg) for 4 weeks. (C) Representative photos
and the weight of spleens from the CT26 tumor-bearing mice treated with PBS, P-NPs, DOX-HCl (10
mg/kg), DP-NPs (5, 10, 10 × 2 mg/kg) at 14 days after the first treatments. The scale bar indicates
5 mm. (D) Representative images of H&E-stained spleen tissues at 14 days after the first treatment of
PBS, P-NPs, DOX-HCl (10 mg/kg), DP-NPs (5, 10, 10 × 2 mg/kg). Yellow line indicates the spleen
white pulp (dark blue) in the H&E-stained histological images. The scale bar indicates 250 µm.

4. Conclusions

Chemotherapeutics are widely used and in cancer immunotherapy, and as is well
known, they initiate immunogenic antitumor reactions and contribute to promoting the
antitumor immunity by facilitating the infiltration of immune cells into the tumor [45].
However, uncontrolled high-dose chemotherapy can immoderately generate cytotoxic
reaction and immunosuppression in TME, inevitably resulting in the negative effects on
the functions of immune effectors [46]. In this sense, the sustained-release nanomedicine is
necessarily required in cancer immunotherapy, especially to use the chemotherapeutics
bio- and immuno-compatibly. In this study, we developed DP-NPs that could sustain
the release of DOX for controlling ICD with toxicity in the TIME of the tumor tissues.
Nano-sized DP-NPs released DOX for 14 days under physiological conditions in vitro.
Furthermore, released DOX successfully induced ICD on the CT-26 tumor cells, resulting
in significantly decreasing tumor cell viability. Intratumorally injected DP-NPs enabled
prolonged retention of DOX for 14 days, compared to that of DOX-HCl. Concurrently, we
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confirmed the maximized therapeutic outcomes for 4 weeks created by the time-releasing
DP-NPs and ICB combination effect. The continuous ICD in the tumor by DP-NPs 6.27
to 9.39-fold higher HMGB1 release than that of PBS-treated tumor tissues led to higher
DC maturation and elicited a higher proportion of CTLs into tumor tissues. Furthermore,
the DP-NPs-treated mice showed less toxicities in immune cells and spleen than those of
DOX-HCl treated mice during CIT. Finally, we expect that combination CIT using DP-NPs
and ICB will reconstitute TIME for the augmented antitumor immunity and control toxicity
at the same time, can provide therapeutic strategies for the best therapeutic results.

Supplementary Materials: The following are available online at http://www.mdpi.com/xxx/s1.
Figure S1: Individual images of Figure 2A. Blue: DAPI; Red: DOX; Green: PLGA. The scale
bar indicates 50 µm, Figure S2: Time schedule of the whole treatment processes for CT26 tu-
mor in BALB/c mice, Figure S3: Tumor growth for individual mice and CR rate in PBS-, DP-NPs
(5, 10 mg/kg)-, and aPD-L1 Ab (10 × 5 mg/kg)-combined DOX-HCl (10 mg/kg)-treated groups of
Figure 4A, Figure S4: Representative images of H&E-stained tissues (liver, lung, kidney, and heart) at
14 days after the first treatment of PBS, P-NPs, DOX-HCl (10 mg/kg), DP-NPs (5, 10, 10 × 2 mg/kg).
The scale bar indicates 250 µm.
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Abstract: Nanoparticle drug delivery systems have emerged as a promising strategy for overcoming
limitations of antimicrobial drugs such as stability, bioavailability, and insufficient exposure to the
hard-to-reach bacterial drug targets. Although size is a vital colloidal feature of nanoparticles that
governs biological interactions, the absence of well-defined size control technology has hampered
the investigation of optimal nanoparticle size for targeting bacterial cells. Previously, we identified
a lead antichlamydial compound JO146 against the high temperature requirement A (HtrA) pro-
tease, a promising antibacterial target involved in protein quality control and virulence. Here, we
reveal that JO146 was active against Helicobacter pylori with a minimum bactericidal concentration
of 18.8–75.2 µg/mL. Microfluidic technology using a design of experiments approach was utilized
to formulate JO146-loaded poly(lactic-co-glycolic) acid nanoparticles and explore the effect of the
nanoparticle size on drug delivery. JO146-loaded nanoparticles of three different sizes (90, 150, and
220 nm) were formulated with uniform particle size distribution and drug encapsulation efficiency of
up to 25%. In in vitro microdilution inhibition assays, 90 nm nanoparticles improved the minimum
bactericidal concentration of JO146 two-fold against H. pylori compared to the free drug alone, high-
lighting that controlled engineering of nanoparticle size is important in drug delivery optimization.

Keywords: H. pylori; microfluidics; design of experiments; poly(lactic-co-glycolic) acid; size

1. Introduction

The escalating threat of antibiotic resistance warrants development of antibacterials
with a novel mechanism of action and an improved mode of delivery. The majority of
antibacterial agents in clinical development share common existing mechanisms of action,
targeting bacterial cell wall biosynthesis or deterring protein synthesis on ribosomes, to
which multiple resistance mechanisms are already established [1]. There is consensus in
the drug design and discovery field that new lead compounds against these existing targets
may have already been exhausted and are already exposed to the risk of antibacterial
resistance; thus, identification of novel bacterial targets (e.g., bacterial proteases) has been
acknowledged as a key approach to mitigate antibacterial insusceptibility [2–5].

Previously, JO146 (Figure 1) has been identified as a small molecule peptide-based
inhibitor of the Chlamydia trachomatis high temperature requirement A (HtrA) protease [6].
HtrA is an emerging novel antibacterial target essential in protein quality control and
survival under stress conditions [7]. Currently, there are no protease inhibitors used to treat
bacterial infections in clinical settings. HtrA is commonly located in the periplasm of Gram-
negative bacteria; however, it was demonstrated that Helicobacter pylori (H. pylori) HtrA is
secreted extracellularly and directly contributes to the pathogenesis of the infection [8]. The
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secreted fraction of H. pylori HtrA cleaves E-cadherin, the adherens junction protein in gas-
tric epithelial cells, resulting in disruption of the gastric epithelium and promoting bacterial
invasion and paracellular transmigration across host tissues [9]. Although HtrA proteins
are evolutionarily well-preserved proteases in bacteria, differences in substrate specificity
and mechanistic and/or functional roles in different bacteria are speculated to ascribe
JO146 to be a narrow-spectrum antibacterial. JO146 resulted in complete loss of infectious
progeny in Chlamydia spp. in in vitro and in vivo models, while lacking inhibition against
Staphylococcus aureus, Pseudomonas aeruginosa, and Escherichia coli in vitro [10]. In addition,
JO146 does not cause toxicity in human, koala, and mice cell lines [6,11]. In the current
study, we reveal that JO146 elicits antibacterial activity against H. pylori, suggesting that it
could be used as an anti-H. pylori agent with a novel mechanism of action. Identification of
an inhibitor with species-specific activity has become an important strategy of developing
antibiotics, which could generate fewer off-target effects on the microbiome and decrease
the pressure of antibiotic resistance [5].

 

–
implicated in the bacteria’s 

–

Figure 1. Structure of JO146 initially identified as a lead compound of HtrA protease in Chlamydia by
high-through screening [6]. JO146 was loaded into PLGA NPs to study the drug delivery to H. pylori.

Nanoformulations have recently become a way to combat antibacterial resistance and
challenges associated with delivery of antibacterial agents, such as low bioavailability,
sub-therapeutic drug accumulation in microbial reservoirs, drug-related toxicities, and
frequent drug dosing regimens [12]. Nanoparticles (NPs) enable a controlled release of
antimicrobials, as well as improving accessibility of the drugs to pathogens and drug
targets that are often hard-to-reach due to intracellular localization within bacteria cell
membrane barriers containing multiple efflux pumps [13,14]. H. pylori infection remains
challenging to treat as it mainly colonizes beneath the deep gastric mucosa and adheres
to epithelial cells of the stomach [15]. Although H. pylori is traditionally viewed as an
extracellular Gram-negative bacteria, approximately 1–5% of epithelial cells surrounded by
H. pylori contain an intracellular population of bacteria, which is implicated in the bacteria’s
ability to cause life-long persistence and resistance to antibiotics, particularly those that
exhibit poor intracellular accumulation [16,17]. Encapsulation of antimicrobial drugs into
NPs can improve muco-adhesion and penetration of cell membranes, as well as intracel-
lular delivery of antibiotics to combat various bacteria (e.g., Staphylococcus aureus [18–20],
Escherichia coli [21], Mycobacterium abscessus [19], Klebsiella pneumonia [22], Chlamydia tra-
chomatis [23] and Mycobacterium tuberculosis [24,25]), including those that are classified
as extracellular pathogens but also show intracellular residence in host cells. Despite its
promise as an alternative avenue for combating bacteria, understanding the interaction
between NP and cells and management of nanomaterial toxicity often associated with
inorganic nanomaterials remain as an important consideration for nanomaterial-based
therapeutics [26].

H. pylori is one of the most prevalent bacterial pathogens that infects over half the
global population and is linked to gastroduodenal diseases, including gastric cancer and
peptic ulcers, posing a substantial healthcare burden [27]. H. pylori is currently listed as a
high priority pathogen by the World Health Organization for research and development of
new antibiotics [28]. Currently, triple therapy based on a combination of two antibiotics
(clarithromycin plus either amoxicillin or metronidazole) with a proton pump inhibitor is
the recommended first-line treatment for H. pylori infection [29]. However, H. pylori has
developed resistance to clarithromycin, amoxicillin, metronidazole, and other antibiotics
including levofloxacin, which has resulted in a high rate of treatment failures [30–32].
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Therefore, new and effective anti-H. pylori treatments with a multipronged approach of
combining chemical biology and nanoformulation would bring a valuable contribution to
the global effort in addressing resistance development.

Based on this initial activity as a novel anti-H. pylori agent, we formulated JO146 in
poly(lactic-co-glycolic) acid (PLGA) NPs to investigate whether the antibacterial efficacy
could be enhanced. PLGA NPs are among the most extensively researched drug delivery
vehicles due to their outstanding biocompatibility, tuneable degradation features, and a
long history of clinical use [33,34]. PLGA NPs have also been utilized to improve drug
pharmacokinetics, including low solubility and high sensitivity to chemical and enzy-
matic degradation [23–25]. Hence, these properties may be useful clinically for delivering
lipophilic peptide agents such as JO146 (cLogP = 5.60).

The size of NPs is an important colloidal feature that directly influences cellular
uptake, biodistribution, and hence therapeutic efficacy of the particles, determining the
in vivo fate of the therapeutic cargo [35–37]. A myriad of studies has investigated the
influence of particle size on the intracellular uptake in human cells (either normal or
cancerous) [36,38–41]. Although the impact of particle size on the antibacterial activity
of metallic NPs has been explored [42–44], little is known about their correlation with
polymeric NPs.

Even though size is a critical physicochemical property of NPs that governs bacterial
interaction, the lack of well-defined size control technology has limited the exploration of
appropriate NP sizing for targeting bacterial cells. The uniformity of particle characteristics,
such as size, is significantly affected by the manufacturing processes [45]. Conventional
production techniques based on bulk emulsification methods lack the precision, repro-
ducibility, and uniformity over particle size [46]. In recent years, microfluidics technology
has emerged as a highly promising technique to produce particles in a highly controlled
manner [47,48]. Microfluidics involves mixing of nanolitre scale fluids at high speeds and
allows for automation of formulation parameters for production of particles with specific
sizes [49,50]. The continuous nature of the microfluidic formulation process is inherently
scalable by increasing the amounts of solvents pumped through the system or paralleliz-
ing multiple channels and mixers, allowing optimization with minimum requirement of
materials that might be scarce or costly [51].

In this study, we report on a combined microfluidics with design of experiments (DoE)
approach to produce size-tuneable PLGA particles, which enabled precise assessment of
different formulation parameters on physicochemical characteristics of NPs. The DoE
approach offers a strategy to make systematic and simultaneous variations in microfluidics
settings and rapidly optimize various NP formulations to draw statistical interpretations
with a minimum number of experimental runs [52–55]. This offers a major advantage
over traditional “trial and error” approach of changing one variable at a time (OVAT),
which is time-consuming and uneconomical. We explored the feasibility of generating
different sized nanoparticles with low polydispersity index (PDI) by varying process and
formulation parameters such as total flow rate and flow rate ratio of organic and aqueous
phases in a DoE approach. We tuned the particle size at sub-100 nm, ~150 nm, and ~220 nm
diameter, which represent biologically relevant sizes that influence intracellular particle
uptake mechanisms, particle biodistribution, and clearance in vivo [23,35]. Encapsulation
efficiency, release profile, and antibacterial efficacy of JO146-loaded PLGA NPs were
also assessed.

2. Materials and Methods

2.1. Materials

PLGA 50:50, ester terminated, MW 15,980 Da, was purchased from Durect Lactel
(Cupertino, CA, USA). Acetonitrile (ACN; HPLC grade) was supplied by Merck (Darmstadt,
Germany). Mowiol® 4–88 (polyvinyl alcohol, PVA, MW 31,000), phosphate buffered saline
(PBS), sucrose (≥99.5%), and tetracycline were purchased from Sigma–Aldrich (St. Louis,
MO, USA). Trifluoroacetic acid (TFA, HPLC grade, purity > 99%) was purchased from
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AK Scientific, Inc. (Union City, CA, USA). Distilled, ultrapure water was obtained from a
Milli-Q® Water Millipore Purification System (Billerica, MA, USA). Mueller-Hinton agar
(BD Difco, Franklin Lakes, NJ, USA), sheep blood (Fort Richard Laboratories, Auckland,
New Zealand), Brucella broth (BD BBL, Franklin Lakes, NJ, USA), foetal bovine serum (FBS;
Sigma, Auckland, New Zealand), and tryptic soy agar plates with 5% Sheep blood (Fort
Richard Laboratories, Auckland, New Zealand) were utilized to maintain H. pylori culture.
DMSO (Analytical Reagent Grade) was supplied by Fisher Chemical (Waltham, MA, USA)
and MTT by Invitrogen Thermo Fisher Scientific (Waltham, MA, USA). AnaeroPack oxygen
absorber-CO2 generator was purchased for microaerophilic cultivation from Mitsubishi
Gas Chemical (Tokyo, Japan).

2.2. Microfluidic Preparation of JO146-PLGA NPs with a Design of Experiments Approach

JO146 was prepared by in-house synthesis according to our previously reported
methods [56]. Two independent sets of D-optimal DoE were conducted using the MODDE
GO 12 software (Version 12.0, Umetrics, Umeå, Sweden).

The first DoE aimed at investigating the effects of formulation parameters on NP size
(Z-average size) and polydispersity index (PDI). The second DoE was carried out with
a goal of determining the lower limit of the PLGA NP size that could be achieved using
the microfluidic method. In DoE studies, four input parameters—PLGA concentration
(mg/mL), drug concentration (mg/mL), total flow rate (TFR; mL/min), and flow rate
ratio (FRR; aq:org v/v)—were investigated at multilevel settings (low, medium, and high
levels, i.e., −1, 0, +1), as described in Tables 1 and 2. The DoE models were analysed by
PLS (partial least squares) regression [57] and one-way ANOVA to evaluate the statistical
significance (p < 0.05) of the interactions between the input parameters and average particle
size and PDI (Tables S1 and S2) [58]. Statistical testing was further conducted for each DoE
regression model to obtain value of significance (p) and lack of fitness to estimate the error
of the model and evaluate the quality of the model by R2 and Q2 (Table S3) [57,59].

Table 1. Input parameters of DoE-1 for the formulation of JO146-PLGA NPs with sizes in the range
of 110–270 nm. Total flow rate = 5, 10, 15 mL/min and flow rate ratio = 1, 2, 5.

Parameters −1 0 +1

PLGA concentration (mg/mL) 5 10 15
TFR (mL/min) 5 10 15

FRR (aqueous:organic) 1 2 5
0.5 1 2

Table 2. Input parameters of DoE-2 for the formulation of JO146-PLGA NPs with size targeted below
100 nm. Total flow rate = 10, 15 mL/min and flow rate ratio = 3, 5, 7.

Parameters −1 0 +1

PLGA concentration (mg/mL) 2 4 6
TFR (mL/min) 10 - 15

FRR (aqueous:organic) 3 5 7
0.5 - 1

PLGA NPs were prepared using a microfluidic staggered herringbone mixer (SHM)
with a NanoAssemblr® Benchtop instrument (Precision NanoSystems Inc., Vancouver, BC,
Canada). The organic phase containing PLGA and JO146 in ACN and the 2% PVA aqueous
phase (w/v) were injected into the two inlets of the microfluidic cartridge by a syringe
pump. The organic and aqueous phases were mixed through the SHM by chaotic advection,
leading to nanoprecipitation of JO146-loaded NPs. The formulation parameters (FRR and
TFR) of the mixing conditions were programmed into the microfluidic setting according to
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the DoEs. An initial volume of 0.15–0.25 mL and final volume of 0.05 mL were discarded to
collect the NP formulation from the outlet of the cartridge (Figure 2).

–

 

—
—

                                 𝐸𝑛𝑐𝑎𝑝𝑠𝑢𝑙𝑎𝑡𝑖𝑜𝑛 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 (%)= (𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑡ℎ𝑒 𝑑𝑟𝑢𝑔 𝑖𝑛 𝑡ℎ𝑒 𝑝𝑒𝑙𝑙𝑒𝑡 ×  100)/(𝑡𝑜𝑡𝑎𝑙 𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑡ℎ𝑒 𝑑𝑟𝑢𝑔 𝑎𝑑𝑑𝑒𝑑)𝐷𝑟𝑢𝑔 𝑙𝑜𝑎𝑑𝑖𝑛𝑔 (%)= (𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑡ℎ𝑒 𝑑𝑟𝑢𝑔 𝑖𝑛 𝑡ℎ𝑒 𝑝𝑒𝑙𝑙𝑒𝑡 ×  100)/(𝑡𝑜𝑡𝑎𝑙 𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑡ℎ𝑒 𝑑𝑟𝑢𝑔 𝑎𝑛𝑑 𝑃𝐿𝐺𝐴 𝑎𝑑𝑑𝑒𝑑)

Figure 2. Schematic of microfluidic-assisted NP formulation via nanoprecipitation method using a
Y-junction staggered herringbone mixer (modified from [60]). PLGA: poly(lactic-co-glycolic acid);
ACN: acetonitrile; PVA: polyvinyl alcohol; NP: nanoparticle. Four formulation parameters—TFR,
FRR, and polymer and drug concentrations—were investigated in the settings for NP optimization.

2.3. Characterization of NPs

JO146-PLGA NPs were characterized for their size (Z-Average size) and PDI by dy-
namic light scattering using a Malvern® Zetasizer (Malvern® Nano ZS, Model Zen 3600,
Malvern Instruments, Malvern, UK), equipped with a 633 nm laser and 173◦ detection
optics. The zeta potential (ZP) of the NPs were measured by laser Doppler electrophore-
sis using the same machine but in Malvern® folded capillary zeta cells (Malvern, UK).
The NP samples were prepared by diluting 50 µL of the formulations collected from the
NanoAssemblr® in 800 µL of ultrapure water and 10 mM NaCl and analysed for characteri-
zation in triplicate at 25 ◦C. Each sample measurement generated an NP count greater than
200 kcps and the derived attenuation factor ranging between 6 and 10.

2.4. Measuring Encapsulation of JO146 in NPs

Drug encapsulation efficiency (EE) and drug loading (DL) of three selected formula-
tions of different NP sizes (90 nm, 150 nm, and 220 nm) were measured directly from the
amount of JO146 entrapped in the NPs using Equations (1) and (2):

Encapsulation e f f iciency (%)
= (amount o f the drug in the pellet × 100)/(total amount o f the drug added)

(1)

Drug loading (%)
= (amount o f the drug in the pellet × 100)/(total amount o f the drug and PLGA added)

(2)

The JO146-NP suspensions from the microfluidic preparation were separated in an
ultracentrifuge twice, at 45,000 rpm (~138,656× g) for 90 nm, 25,000 rpm (~42,795× g) for
150 nm, and 15,000 rpm (~15,406× g) for 220 nm, at 4 ◦C for 15 min. Centrifugation speed
was optimized for each NP size formulation to facilitate quick re-dispersibility of the pellet,
and sufficient centrifugal force was provided to ensure less than 2% loss of NPs in the
supernatant. The pellet was dissolved in 2:1:1 DMSO:ACN:H2O and sonicated to release
the drug from the lysed NPs. The remaining suspension was separated using a centrifuge
at 14,500 rpm (14,100× g) for 30 min, and the JO146 concentration of the supernatant was
analysed by gradient elution using analytical RP-HPLC:deionized water with 0.5% TFA for
phase A and ACN with 0.5% TFA for phase B at a flow rate of 1 mL/min (Table 3).
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Table 3. Gradient method for the analytical RP-HPLC used for JO146 quantification.

Time (min) Phase A% Phase B%

1.00 40 60
10.00 15 85
11.00 40 60
15.00 40 60

2.5. Stability of JO146-PLGA in Simulated Physiological Conditions

A 2 mL aliquot of each JO146-PLGA NP formulation was prepared as described in
the DoE (Tables 1 and 2). After ultracentrifugation as described in Section 2.4., the pellet
from each formulation was re-suspended in 9 mL of PBS (pH 7.4) and divided into three
equal aliquots, each of which was transferred to a 7 mL scintillation vial with a magnetic
stirrer. The formulations were stirred in closed vials at 100 rpm at 37 ◦C on a hot plate for
96 h. An aliquot of a formulation sample in each vial was withdrawn, and the NPs were
characterized for their size, PDI, and ZP at 0, 12, 24, 48, and 96 h during the stability testing.

2.6. Measuring JO146 Solubility by Turbidity and RP-HPLC

The solubility of JO146 was determined at 37 ◦C in PBS and PBS with 0.5% Tween 80
(v/v) used as a surfactant. A turbidity assay was used as an initial screening test to deter-
mine the range of JO146 solubility. A stock solution of JO146 in DMSO (20 mg/mL) was
introduced into the first well containing the aqueous media, leading to drug precipitation.
The suspension in the first well was serially diluted from 750 to 100 µg/mL in PBS (pH 7.4)
containing 0.5% Tween 80 (v/v) and 100 to 21.0 µg/mL in PBS alone (pH 7.4). The turbidity
of the wells with different JO146 concentrations was measured by a POLARstar® Omega
microplate reader (BMG LABTECH, Ortenberg, Germany) in the endpoint mode at the
wavelength of 600 nm, at which solubilised JO146 could not be detected. The absorbance of
each well was determined by the average of five different measurement points with a 5 s
shaking prior to the first measurement. Each concentration level was tested in triplicate.
The absorbance readings were normalized by the average reading of the triplicate media
controls in the absence of the drug. The solubility range of the drug was defined here as
between the concentration that yielded statistically significant increase in the absorbance
compared to the media control and the concentration tested one level below.

2.7. In Vitro JO146 Release Kinetics

After preparations of 90-nm, 150-nm, and 220-nm NPs, the pellets were re-suspended
in 1.5% (g/mL) sucrose in ultrapure water as a cryoprotectant for freeze-drying of NPs.
Lyophilisation of NPs was processed by a Labconco® freeze-drier (Kansas City, MO, USA).
The NPs were freeze-dried around 0.04 mbar, −30–40◦C overnight, and then progressively
warmed to room temperature over the next 1–2 days. The lyophilized NPs were suspended
in the release media (PBS, pH 7.4, with 0.5% Tween 80, 37 ◦C) at approximately 1 mg/mL
and stirred in closed scintillation vials in triplicate at 100 rpm, 37 ◦C on a hot plate. For
a control group, free JO146 was used. At 0, 0.5, 1, 2, 24, 48, and 96 h time points, 150 µL
was sampled and replaced by fresh media to maintain sink conditions. Samples were cen-
trifuged at 14,500 rpm (14,100× g) for 15 min at ambient temperature then the supernatants
were kept in a −80 ◦C freezer until analysis using the analytical HPLC to quantify JO146
concentrations. At the end of the release experiment, the remaining NP suspensions were
separated using centrifugation and the pellets were dissolved in 2:1:1 DMSO:ACN:H2O to
determine the concentration of JO146 that was not released. The results of the amount of
drug released at pre-determined time points were reported as average values and standard
deviations of three independent sets of experiments.

90



Pharmaceutics 2022, 14, 348

2.8. MIC and MBC of Free JO146 against H. pylori

The minimum inhibitory concentration (MIC) of free JO146 against H. pylori (ATCC®

43504) was investigated by a broth microdilution method. A stock solution of 25 mg/mL
JO146 in DMSO was diluted in the assay media (Brucella broth with 3% FBS) to give
resulting concentrations ranging from 500 µM (300.84 µg/mL) to 1.56 µM (0.94 µg/mL).
The highest JO146 concentration tested for the MBC formulation assays was 200 µM
(equivalent to 120.34 µg/mL, containing 0.5% DMSO), which was serially diluted by 2-fold
to 1.56 µM (0.94 µg/mL) in a 96-well plate (resulting in 100 µL of inhibitor solution in
each well). Likewise, a tetracycline control was prepared by adding 100 µL of the drug in
the assay media at concentrations ranging from 5.0 to 0.039 µg/mL to the wells. Growth
controls without the inhibitor were included in the assays. A 10 µL sample of H. pylori broth
culture (OD 0.100; final concentration of ~5.0 × 105–10.0 × 105 CFU/mL) was then added to
each well, except for the sterility control wells, prior to incubation of the plate for 4–6 days
at 37 ◦C in a microaerophilic environment. To measure MIC, the turbidity of each well was
measured by UV spectroscopy at 600 nm. The MIC was defined by the lowest concentration
of the inhibitor that resulted in the same average optical density as the negative controls.
The results were cross-checked by an MTT colorimetric assay, in which addition of 10 µL of
5 mg/mL MTT dye (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) to each
well caused a colour change from yellow to pink or light purple in the presence of viable
bacteria. Assays were conducted in triplicate and repeated on three independent days with
fresh batches of H. pylori culture.

The minimum bactericidal concentration (MBC) of JO146 was measured by taking
10 µL from each well and inoculating onto fresh tryptic soy agar plates with 5% sheep
blood. The agar plates were further incubated in a microaerophilic environment at 37 ◦C
for 4–6 days to detect growth of any remaining bacteria. The MBC of each formulation was
determined as the minimum concentration required for complete inhibition (as indicated
qualitatively by no bacterial growth on the agar plate) from 10 µL of undiluted culture and
compared to that of free JO146.

2.9. Antibacterial Activity of JO146 and JO146-PLGA NPs against H. pylori

In each of the three independent sets of MBC experiments, a new batch of JO146-PLGA
NP formulations was prepared, and each was divided into two aliquots, one of which
was used in the antibacterial assays and the other for characterizing the NP size and drug
EE%. Tetracycline, free JO146, and empty PLGA NPs were used as controls; a positive
growth control (H. pylori in assay media without JO146) and negative growth control (assay
media only; Brucella broth with 3% FBS and 0.5% DMSO) were included. Freeze-dried
JO146-PLGA NPs were re-suspended in the assay media so that the resulting concentration
of JO146 entrapped in the NPs was 200 µM. The average concentration of PLGA in the NP
resuspensions was 2.8 mg/mL, thus the NP control was also re-suspended at 2.8 mg/mL.
Immediately after the re-suspension, 200 µL of each formulation was added to the plate
wells in triplicate and serially diluted two-fold down to the eighth concentration (each well
containing 100 µL of the NP suspension). Next, 10 µL of H. pylori broth culture (OD 0.100
measured at 600 nm UV wavelength; final concentration of ~5.0 × 105–10.0 × 105 CFU/mL)
was added to each well, except for the negative growth control wells. The assay plates were
incubated for 96 h at 37 ◦C in microaerophilic environment and shaken at 100 rpm. After
the incubation, the assays were inoculated onto fresh tryptic soy agar plates with 5% sheep
blood and further incubated to detect growth of any remaining bacteria.

3. Results and Discussion

3.1. NP Formulation by the Microfluidic-DoE Method and Characterization

A commercially available NanoAssemblrTM cartridge was used in a microfluidic
device to optimize NPs with three discrete size categories in a range from sub-100 to
250 nm, which was proposed to be appropriate for endocytic uptake by mammalian host
cells, which is required to reach the invasive, intracellular population of H. pylori.
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Using the SHM, a set of preliminary experiments was carried out by a traditional
OVAT approach, varying one factor at a time for TFR (5, 10, 15 mL/min) and FRR (aq:org
1:1, 2:1, 4:1, 5:1, 6:1 v/v) at constant concentrations of the polymer and drug to define the
approximate range of process parameter settings for the DoE. There was a decreasing trend
in the NP size with increasing TFR (Table S4). The NPs also reduced in size as the FRR
increased from 1:1 to 5:1, with a small increase in NP size with a change in FRR from 5:1 to
6:1 (Table S4). Taking these preliminary data into consideration, three levels of FRR—1:1,
2:1, and 5:1 (aq:org)—were selected to be investigated for DoE-1.

To systematically assess the SHM-assisted nanoprecipitation method feasibility, a D-
optimal design was used to identify the best subset of experiments that provides flexibility
in the input parameters [58,61,62]. The first DoE (DoE-1) was used to assess four formula-
tion parameters (concentration of PLGA polymer and drug, FRR, and TFR) in a microfluidic
process and investigate the weighted influence of each parameter on the NP size and PDI.
Based on the results obtained from DoE-1, the second DoE (DoE-2) was conducted with the
aim to investigate the formulation conditions that enabled finding the lower limit of NP
size attainable by the PLGA polymer using the NanoAssemblr® microfluidic system. The
use of DoE also allowed rational optimization of the experimental conditions to formulate
the NP in the target range of sizes with a narrow mean distribution (PDI < 0.3) and high
inter-batch reproducibility.

JO146-PLGA NPs ranging from 70 nm to 349 nm in size were obtained through precise
control of the formulation parameters (Tables S5 and S6). All the experiments yielded PDI
with <0.3 except experiments no. 14 and 16 in DoE-2, which produced the smallest NP sizes
of 70 ± 8.5 and 77 ± 4.3 nm (PDIs of 0.343 and 0.316, respectively; Table S6). The smallest
particle size was related to experiments conducted with a high level of TFR (15 mL/min)
and FRR (aq:org = 7:1) and a low concentration of PLGA (2 mg/mL). The increase in the
PDI with the smallest particle sizes (Figure 3) suggests that when NP size was below 90 nm,
the NPs were less stable, hence more prone to aggregation [63,64]. This was supported by
the observation that NPs below or close to 80 nm often increased in size by approximately
two-fold after ultracentrifugation (data not included). For the purpose of investigating the
effect of PLGA NP size on the efficacy of antibacterial delivery, three sizes (90 nm, 150 nm,
and 220 nm) were selected (Table 4).

— —
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Figure 3. Relationship between the NP size and PDI obtained from DoE-1 (orange) and DoE-2 (blue).
Data points are individual measurements.
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Table 4. Three selected sizes of JO146-PLGA NPs from the design of experiments analysis.

Size (nm)
[PLGA]
(mg/mL)

FRR
(aq:org)

TFR
(mL/min)

[JO146]
(mg/mL)

PDI ZP (mv) EE% DL%

90 10 1 10 1 0.096 −9.6 ± 2.0 5 1.3
150 5 5 10 2 0.170 −8.0 ± 2.0 16 1.6
220 2 3 15 0.5 0.173 −13.8 ± 0.4 25 3.9

The mean ZP of the NP formulations in DoE-1 and DoE-2 (Tables S5 and S6) was
−13 ± 3.78 mV in deionized water and −0.6 ± 0.39 mV in 10 mM NaCl [65]. The ZP
of resulting NPs was preserved regardless of the variations in the polymer and drug
concentrations, TFR, or FRR. This indicated that chemical properties of the NP surface are
maintained despite varying the microfluidic settings.

The significance of each input parameter on the NP size was illustrated by a contour
relationship diagram (Figure 4). Particle size is largely influenced by the solvent diffusion
coefficient (D), mixing time (tmix), as well as the width of the focused stream (wf) that is
determined by the architectural design of the microfluidic cartridge mixer according to
Equation (3) [66]:

tmix ≈ wf
2/4D (3)
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Figure 4. Contour representation of the relationships between the four input parameters and the
particle size from DoE-1. TFR: total flow rate; FRR: flow rate ratio.

Increasing the polymer concentration in the organic solvent phase led to an increase in
the NP size (Figure 4). This is ascribed to the higher viscosity of the organic phase with an
increased polymer concentration, which resulted in slower diffusion of the organic phase
to the aqueous phase, thereby increasing the mixing time [67]. Furthermore, increasing
the amount of aqueous phase relative to the organic phase (i.e., higher FRR) accelerated
the mixing time, thus decreasing the NP size [68]. In addition, a nucleation mechanism
can account for NP formation and growth. Increasing the FRR causes supersaturation of
the drug during the mixing process, which leads to an increase in the number of nuclei
formed, ultimately decreasing the size of the NPs produced [69]. Additionally, a higher TFR
decreased the size of the NPs produced. This is because increasing the speed of solvents
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pumped into the mixer decreases the size of the droplet formed during the breakup of the
organic phase in the aqueous phase, thus the number of nuclei that are formed within the
droplet. The decreased number of nuclei within each droplet results in the decrease in the
final NP size [69].

Mathematical modelling identified PLGA concentration and FRR as the key variables
in the microfluidic process with the highest impact on the NP size in DoE-1 (Table S1). The
order of the most influential parameters on the NP size in DoE-1 based on the normalized
regression coefficients was found to be PLGA concentration (0.53) > FRR (−0.50) > TFR
(−0.42) > drug concentration (0.31; Table S1). In comparison, the influence of each parameter
in DoE-2 had a similar but more distinctive ranking: PLGA concentration (0.73) >> TFR
(−0.58) >> FRR (−0.26, n.s., p > 0.05) >> drug concentration (0.04, n.s., p > 0.05; Table S2).
The fact that FRR showed a statistically not significant (n.s.) influence on size in DoE-2 could
be interpreted that once the volume difference between the aqueous and organic phases
exceeds a certain threshold (close to aq:org 5:1 as observed in the preliminary study using
the OVAT approach), the correlation between the size and FRR becomes less conspicuous.
This could be due to an excessive pressure difference between the aqueous and organic
phases flowing into the microchannel, resulting in a backflow of the solvents into the
organic inlet. Only FRR conferred significant change in PDI in both DoEs with increasing
FRR (aq:org) giving a lower PDI, hence a narrower distribution of size (Tables S1 and S2).

The calculated values of R2 and Q2 in the DoEs were all above the recommended
values from the literature (R2 > 0.75, Q2 > 0.60) [70], indicating that the model generated
in each DoE showed high accuracy in fitting the existing data and predicting future data,
respectively (Table S3). In addition, the difference between R2 and Q2 was below 0.3, sug-
gesting that a high R2 value was not due to over-fitting of the data between the parameters
and responses [71,72]. These results reinforce the ability of the microfluidic technology
to precisely control the input parameters and therefore produce NPs with corresponding
characteristics with low variability and high reproducibility.

3.2. JO146-PLGA Stability

The physical stability of PLGA NPs was assessed in vitro in PBS (pH 7.4) at 37 ◦C
for 96 h. The evaluation of NP stability was essential to ensure that the in vitro drug
release kinetics were not influenced by drug leakage or dumping due to NP instability
or degradation. The 90-nm NPs increased in size by 20% over 96 h. The increase in size
of 90-nm NPs was statistically significant after 12 h (98 ± 2.4 nm), 48 h (100 ± 1.4 nm)
and 96 h (109 ± 5.5 nm) compared to the initial size at 0 h (Figure 5). The size of the
150-nm NPs increased only slightly from 148 to 153 nm after 96 h (p ≤ 0.05), and the
220-nm NPs remained the same size over the whole incubation period (one-way ANOVA
analysis; Dunnett’s multiple comparisons test). This size-dependent stability of NPs could
be explained by the swelling mechanism of the PLGA polymeric matrix as the water
penetrates inside the NPs during the bulk diffusion process [73,74]. Small NPs with a
high surface to volume ratio could be more susceptible to hydrolytic degradation and
physical instability as suggested by higher PDI and aggregation during ultracentrifugation
as discussed above. This could be further supported by the complementary increase in
PDI as the 90-nm NP size increases throughout the incubation time. Despite this, given
that the PDI remained below 0.3 after 96 h, 90-nm NPs were regarded as monodisperse
and relatively stable, suitable to deliver JO146 during the incubation of the drug treatment
with H. pylori in in vitro antibacterial assays [75]. In addition, the ZP of the NPs remained
constant regardless of their size at all sampling time points. The stability results of JO146-
PLGA NPs showed that low ZP of the NPs does not necessarily reflect low stability of
the NPs.
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Figure 5. Monitoring of change in NP (a) size, (b) PDI, and (c) zeta potential in PBS at pH 7.4, 37 ◦C
over 96 h. Values represent the mean ± SD (* p ≤ 0.05, ** p ≤ 0.01, **** p ≤ 0.001; one-way ANOVA;
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3.3. In Vitro Release Kinetics

Release kinetics of JO146 from three different sizes of PLGA NPs were investigated
using in vitro studies in PBS (pH 7.4) containing 0.5% Tween 80. Due to the poor aqueous
solubility of JO146, 0.5% Tween 80 was utilized as a surfactant to allow JO146 to remain in
solution for subsequent quantification using analytical HPLC. The solubility range of JO146
in PBS alone and PBS containing 0.5% (v/v) Tween 80 was initially screened by turbidity
assays [76]. The solubility of JO146 in PBS alone and PBS containing 0.5% Tween 80 (v/v)
were determined to lie in the range of 64–80 µg/mL and 237–316 µg/mL, respectively
(Figure S2). This showed that adding 0.5%. Tween 80 (v/v) increased the aqueous solubility
of JO146 in PBS, which aids the investigation of the drug release kinetics.

The release of the drug from NPs was biphasic with a burst where the majority of
drug release occurs over the first 2 h followed by on onset of slower drug release up to
96 h (Figure 6). The 90-nm and 150-nm NPs demonstrated very similar first-order drug
release kinetics with a release of approximately 80% of the entrapped drug within the first
hour (R2 = 0.851 and 0.852 for 90 and 150 nm, respectively). In comparison, 220-nm NPs
released less than 50% during the first half an hour (R2 = 0.876), which was about 1.5-fold
less than the smaller NPs. This result aligns well with the theory that smaller NPs have
a higher surface to volume ratio, hence facilitating greater release of drug in the initial
burst release phase [77]. The second phase of release was zero order, unlike 90-nm 150-nm
NPs, which released up to 97% and 95% of the drug after 96 h (R2 = 0.803 and 0.914, for
90 and 150 nm, respectively); 220-nm NPs exhibited released up to 84% by the end of the
experiment (R2 = 0.954) (Figure 6). The average concentration of the free JO146 in the
control group was constant throughout the 96-h experiment, confirming that the quantified
JO146 concentrations accurately reflect the amount released from the NPs at each time
point because JO146 did not degrade under the release conditions.
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3.4. Antimicrobial Activities of Free and Formulated JO146 against H. pylori

HtrA is crucial for the growth of H. pylori and recognized as an important virulence
factor attributed to its ability to degrade E-cadherin-based adherens junctions, which
allows efficient bacterial transmission during infections [78]. Previously, small-molecule
inhibitors have been identified by a series of virtual screening and fragment-based, de novo
design strategies to target the H. pylori HtrA serine protease [79], corroborating that HpHtrA
protease can be targeted by small molecules. However, no peptide-based or substrate-based
protease inhibitors have yet been reported against HpHtrA.

Three independent MIC assays were conducted with tetracycline as a positive control,
which inhibited H. pylori with MIC and MBC values of 0.63–1.25 µg/mL and 0.625–2.5 µg/mL,
respectively (Table S7). The variability in the inhibitory concentrations was consistent with
values reported in the literature for H. pylori [80,81]. JO146 exhibited moderately strong
antibacterial activity against H. pylori with a MIC range of 50–62.5 µM (30–37.6 µg/mL),
which is a promising level of inhibition, comparable to the antibacterial activity against
C. trachomatis [6].

Despite a lack of antibacterial activity against E. coli, P. aeruginosa, and S. aureus [6,10],
the ability of JO146 to inhibit the growth of H. pylori could indicate that H. pylori HtrA has
more similar substrate specificity to CtHtrA than those in other bacteria [82].

The MBC of JO146 was determined to be 31.3–125 µM (18.8–75.2 µg/mL), which
was within the range of the MIC reported above, indicating that the drug likely acts via a
bactericidal mechanism rather than being bacteriostatic [83]. This was not unexpected given
that JO146 is a covalent transition state analogue that irreversibly binds to the biological
target. Haemolysis of the sheep blood cells was not observed with any concentrations of
JO146 tested. To further validate the bactericidal activity of JO146, it would be necessary to
perform bacterial-killing kinetics assays in subsequent studies.

The 150-nm and 220-nm NPs did not affect the MBC of JO146 (50 µM) compared to that
of free JO146 (Figure 7). However, the MBC of JO146 delivered by 90-nm NPs improved
two-fold (25 µM). This was despite the finding that 90-nm and 150-nm NPs showed similar
drug release kinetics, indicating that the difference in the efficacy of JO146 delivered by
the two NP formulations could be attributed to the NP size. In comparison to mammalian
cells that can endocytose NPs up to several hundred nanometres, bacteria can have very
limited uptake of NPs due to their cell wall forming a barrier against simple diffusion and
the lack of facilitated uptake such as endocytosis [84,85]. However, NPs may interact with
bacteria by different mechanisms: (1) fusion with the microbial cell wall or cell membrane,
transporting the antibacterial agent within the membrane barrier [86], (2) adsorption to the
cell wall surface and continuous release of the antibacterial agent [86], and (3) alteration
of the bacterial membrane potential to enhance membrane permeability [87]. Although
220-nm NPs displayed more sustained release (releasing ~80% over 96 h) compared to
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90-nm and 150-nm NPs, the rate of drug release did not seem to affect the overall viability
of H. pylori in vitro after the 96-h incubation. However, NP size had greater influence
on the bacterial growth, suggesting that the superior surface-to-volume ratio of 90-nm
NPs allowed greater interaction with the bacterial cell wall [37,88], thereby increased drug
exposure to the periplasmic target site where HtrA proteins are commonly localized in
Gram-negative bacteria [7]. Future research against an intracellular population of H. pylori
and in vivo testing of the formulations would provide insight on the clinical benefits of
utilizing a highly defined distribution of NP sizes for the treatment of H. pylori infections
that are resistant to traditional antibiotics.
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Figure 7. Minimum bactericidal concentration assays conducted to determine viability of H. pylori

treated with JO146-PLGA NPs, drug-free PLGA NPs, tetracycline, and JO146. The efficacy of JO146
formulated in PLGA NPs was determined as MBC required to kill H. pylori (i.e., no visible growth
of bacterial colonies). MBC assays were conducted in triplicate on tryptic soy agar plates with 5%
sheep blood.
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4. Conclusions

Although PLGA NPs have been extensively studied with a wide range of therapeutics,
the optimal NP size for targeting bacteria is unclear, and the optimization of the NPs using
the traditional bulk mixing methodology remains challenging.

In this paper, a combined microfluidics with DoE approach enabled assessment of
the four key formulation parameters (drug and polymer concentrations, TFF, FRR) on
physicochemical characteristics of NPs. Three different sized JO146-PLGA NPs (90-, 150-,
and 220-nm) were formulated with a narrow distribution of size to investigate the opti-
mal NP size to facilitate improved delivery of JO146 to H. pylori. These results showed
the NanoAssemblr® microfluidic platform enabled precise control of the parameters to
fine-tune physicochemical properties of NPs that might be required for specific clinical
applications. NP size significantly influenced the particle stability and drug release kinetics,
and 90-nm NPs improved MBC against H. pylori two-fold compared to 150-nm and 220-nm
NPs and free JO146 in in vitro antibacterial assays, indicating that NP size plays a critical
role in drug delivery and enhancing the antibacterial potency of the encapsulated drug.
In vivo study of the antibacterial activity of the NP formulations compared to JO146 is
required to investigate the biological and clinical significance of the size-controlled NPs.
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Abstract: Despite the efficacy and potential therapeutic benefits that poly(lactic-co-glycolic acid)
(PLGA) nanomedicine formulations can offer, challenges related to large-scale processing hamper
their clinical and commercial development. Major hurdles for the launch of a polymeric nanocarrier
product on the market are batch-to-batch variations and lack of product consistency in scale-up
manufacturing. Therefore, a scalable and robust manufacturing technique that allows for the transfer
of nanomedicine production from the benchtop to an industrial scale is highly desirable. Downstream
processes for purification, concentration, and storage of the nanomedicine formulations are equally
indispensable. Here, we develop an inline sonication process for the production of polymeric
PLGA nanomedicines at the industrial scale. The process and formulation parameters are optimized
to obtain PLGA nanoparticles with a mean diameter of 150 ± 50 nm and a small polydispersity
index (PDI < 0.2). Downstream processes based on tangential flow filtration (TFF) technology and
lyophilization for the washing, concentration, and storage of formulations are also established and
discussed. Using the developed manufacturing and downstream processing technologies, production
of two PLGA nanoformulations encasing ritonavir and celecoxib was achieved at 84 g/h rate. As
a measure of actual drug content, encapsulation efficiencies of 49.5 ± 3.2% and 80.3 ± 0.9% were
achieved for ritonavir and celecoxib, respectively. When operated in-series, inline sonication and TFF
can be adapted for fully continuous, industrial-scale processing of PLGA-based nanomedicines.

Keywords: PLGA; poly(lactic-co-glycolic acid); nanomedicine; nanoparticles; scale-up manufacturing;
clinical translation; inline sonication; tangential flow filtration; lyophilization; downstream processing

1. Introduction

Polymeric nanoparticles composed of biodegradable and biocompatible polymers such
as poly(lactic-co-glycolic acid) (PLGA) display a promising future for various biomedical
and pharmaceutical applications. However, the development of parenteral nanoparticle
formulations for clinical and commercial use often faces the challenges of process scaling
in a sterile or aseptic environment that complies with Good Manufacturing Practices
(GMP) [1]. The main requirements for clinical and commercial development of nanoparticle
formulations are high therapeutic efficacy and safety as well as production scalability
and process robustness, which are closely connected with the material characteristics and
applied production technology [2–4]. Therefore, the ability to establish large-scale processes
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for GMP-compliant production is indispensable for translating nanoparticle formulations
from the bench to the bedside [1,5].

Emulsion-based methods are among the most exploited approaches for the prepa-
ration of PLGA nanoparticles, in which organic solvents are removed by evaporation
or extraction. Equipment used currently used for the crucial homogenization step com-
prise probe sonicators, high-shear mixers, high-pressure homogenizers, and microfluidic
systems [1,6]. In particular, emulsification by direct sonication with a transducer probe
immersed in the processed medium is a highly common laboratory-scale approach due
to the ease of operation that allows for rapid formulation screening [6,7]. However, direct
contact of the drug product with the metal probe can lead to cross-contamination (e.g.,
with heavy metals), and the harsh homogenization shear and high temperature created
during the cavitation phenomena can affect sensitive APIs and even result in the degra-
dation of the polymeric carrier chains [1,7–9]. Besides, increased throughput can lead to
changes in the formulation properties, making the technology only suitable for small batch
preparations [1,6,7]. Sonication can also be applied indirectly via distributing the energy to
the sample container itself, preventing the risk of sample contamination. The process can
be entirely constructed using disposable materials (e.g., tubing and vessels) and operated
inline in fully enclosed containers, which makes the process scalable and suitable for aseptic
manufacturing [7,10].

During scale-up manufacturing, downstream processes are also necessary to isolate
materials in the desired form and purity. Based on the preparation method, various
impurities that can be toxic are present in the final product [11]. These impurities may in-
clude organic processing solvents such as dichloromethane (DCM) and dimethyl sulfoxide
(DMSO), emulsifiers and stabilizers, monomeric residues, free unbound payloads, and salts.
Such substances can lead to potential biological intolerance and alter the physicochem-
ical characteristics of the nanoformulations. Therefore, an effectual cleaning strategy of
nanoformulations is essential for controlling the quality and characteristics of nanomedicine
products [11]. Lab-scale purification of nanoparticles is usually achieved by centrifuga-
tion, extraction, or filtration-based techniques. Most of these traditional techniques are
time-consuming and often lack reproducibility, which can make these processes relatively
inefficient [1,11]. Moreover, the requirement for manual handling can lead to more la-
borious processes when scaled up and is difficult to perform in an aseptic environment.
Tangential flow filtration (TFF) is an alternative purification method that involves fluid flow
along the surface of a membrane rather than passing through a filter. Scale-up of TFF pro-
cesses is possible and is commonly considered straightforward since membrane cartridges
are linearly scalable. Moreover, TFF can be operated in two modes within downstream
unit operations: batch and single pass. The former involves recirculation of the processed
solution over the membrane surface multiple times, while the latter operates in a single
step, enabling a completely continuous operation [12]. As a continuous and gentle process
that can significantly reduce membrane clogging compared to other traditional filtration
methods, TFF is suitable for downstream processing of nanoparticles at the industrial
level [1].

In this study, we developed PLGA nanoparticle manufacturing and downstream
processes suitable for industrial scale-up. A scalable inline indirect sonication technique
similar to that previously reported by Freitas et al. [10] was herein adapted, developed,
and enhanced for the preparation of PLGA nanoparticles of approximately 150 ± 50 nm
diameter with a polydispersity index (PDI) < 0.2. The particle size, PDI, zeta potential,
and PLGA polymer chain integrity of different formulations were studied. TFF was tested
and evaluated for different diafiltration volumes to determine the amount of impurities
in the final drug product before storage. The need to use a cryoprotective agent during
freeze-drying of the drug product was demonstrated. The results were evaluated following
a statistical analysis to determine the significance of the difference among the compared
groups. Ultimately, the inline sonication technique was scaled up for the production
of nanomedicines containing two small drug molecules: ritonavir and celecoxib. The
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two model drugs used in this work have already been employed in the literature for the
production of PLGA-based nanoparticles to overcome problems such as low patient therapy
adherence [13] and important side effects [14]. The main reasons for the choice of these
substances for large-scale experiments are the low toxicity of the compounds that are to be
used in large quantities and their common availability.

2. Experimental Section

2.1. Materials

RESOMER RG 502 H (PLGA) (lactide–glycolide mole ratio of 50:50, inherent viscosity
0.16–0.24 dL/g) is an in-house product of Evonik Nutrition & Care GmbH (Darmstadt,
Germany). Dichloromethane (DCM) ≥ 99.5% and ethyl acetate (EtOAc) ≥ 99.5% were
purchased from Avantor Performance Materials (Gliwice, Poland) and used without further
purification. Dimethyl sulfoxide (DMSO) 99.9%, USP grade, was acquired from WAK-
Chemie Medical GmbH (Steinbach, Germany), and polyvinyl alcohol (PVA) was procured
from Sigma-Aldrich (St. Louis, MO, USA). Trehalose dihydrate, boric acid, and Lugol’s
iodine solution were purchased from Carl Roth GmbH + Co. KG (Karlsruhe, Germany).
Ritonavir ≥ 98% was acquired from Angene International Limited (Hong Kong, China)
and celecoxib 99.92% was procured from Aarti Drugs Ltd. (Mumbai, IN, USA).

2.2. Nanoparticle Production

2.2.1. Placebo Formulation Development
Probe Direct Sonication

To obtain placebo particles of approx. 150 ± 50 nm and a PDI < 0.2, 4.06 mL of an or-
ganic solution composed of 3.9 wt% PLGA, 74.4 wt% DCM, and 21.7 wt% DMSO (dispersed
phase (DP)) and 12.18 mL of an aqueous phase containing 2 wt% PVA (continuous phase
(CP)) were emulsified together using a UP200St Ultrasonic Lab Homogenizer (Hielscher
Ultrasonic GmbH, Teltow, Germany) equipped with an S26d2D needle probe. The process
parameters were set at 100% amplitude and 100% phase. The treatment duration was 2 min.
During the process, the sample container was kept immersed in an ice bath to prevent the
degradation of sensitive material due to the high temperature generated by ultrasound.
Ultimately, 290 mL of MilliQ water was added to the dispersion. Process parameters are
summarized in Table 1.

Table 1. Process parameters for the classic probe sonication method.

Probe Sonication

Exp. No. DP Solution
DP Volume

(mL)
CP Solution

CP Volume
(mL)

Total Sonication
Time (min)

EP
Solution

EP Volume
(mL)

1
3.9 wt% PLGA,
74.4 wt% DCM,
21.7 wt% DMSO

4.06 2 wt% PVA 12.18 2 MilliQ
water 290

Inline Indirect Sonication

To produce particles in an inline fashion, a GDmini2 Ultrasonic Inline Micro-Reactor
(Hielscher Ultrasonic GmbH, Teltow, Germany) was used. This inline indirect sonotrode,
consisting of a resonating stainless-steel jacket around a borosilicate glass tube, was con-
nected to a pressurized coolant that transmitted the vibrations to the glass cannula during
the process. Briefly, the same DP and CP solutions described above were prepared and
filled inside two separate 60 mL BD Plastipak Luer-Lock single-use syringes and assembled
on two Nexus 6000 syringe pumps (Chemyx Inc., Stafford, TX, USA). By connecting the two
syringes to a T-junction, the DP and the CP were passed through the GDmini2 Ultrasonic
Inline Micro-Reactor (Hielscher Ultrasonic GmbH, Teltow, Germany). DP:CP flow rate ratio
was kept 1:3 and the total flow rate (TFR) was set at 2 mL/min. The pressurized coolant
surrounding the glass cannula was maintained at a temperature of 10 ◦C through a cooling
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circulator (Ministat cc, Peter Huber Kältemaschinenbau AG., Offenburg, Germany) to avoid
damage of sensitive raw materials during ultrasound treatment. Both the amplitude and
phase of the indirect sonication process were kept at 100%. Prior to collection, another
T-junction was coupled to the sonicator outlet, and MilliQ water (extraction phase (EP))
was pumped in through an ISCO pump (Teledyne ISCO, Lincoln, NE, USA) at 36 mL/min.
Table 2 summarizes the process parameters applied. A schematic illustration of the process
is depicted in Figure 1.

Table 2. Process parameters for the inline sonication method.

Inline Sonication

Exp. No. DP Solution
DP Flowrate

(mL/min)
CP Solution

CP Flowrate
(mL/min)

EP Solution
EP Flowrate

(mL/min)
Throughput

g/h

2
3.9 wt% PLGA,
74.4 wt% DCM,
21.7 wt% DMSO

0.5 2 wt% PVA 1.5 MilliQ water 36 1.6

Figure 1. Scheme of the indirect inline sonication process setup for the manufacturing of PLGA
nanoparticles. PLGA: poly(lactic-co-glycolic acid); PVA: polyvinyl alcohol.

2.2.2. Scale-Up of Inline Sonication

For the dispersed phase, 5, 10, and 20 wt% solutions of PLGA in EtOAc were prepared,
mixed with DMSO, and processed at 8, 16, and 32 mL/min of TFR (Table 3, exp. 3–7).
After having established the parameters to apply for the scale-up, 4 g of a 5 wt% solution
of ritonavir or celecoxib in DMSO was added to 9 g of the 20 wt% solution of PLGA in
EtOAc. The applied TFR of the DP/CP joint stream was set at 32 mL/min, and the resulting
suspension was diluted with MilliQ water pumped at a rate of 240 mL/min by the ISCO
pump (Table 3, exp. 8–9). After 1 h of stirring, the samples were purified and lyophilized.
The final theoretical yield was calculated based on the composition and flow rate of the DP
as 84 g/h. The obtained total volume containing the polymer and the API was divided by
the flow rate of the DP to find the time necessary to process the materials. Finally, the grams
of PLGA and APIs together were divided by the time to obtain the quantity of material
processed per unit of time.

106



Pharmaceutics 2022, 14, 276

Table 3. Process parameters evaluated for the inline sonication method scale-up.

Inline Sonication

Exp. No. API DP Solution
DP

Flowrate
(mL/min)

CP
Solution

CP
Flowrate
(mL/min)

EP
Solution

EP
Flowrate
(mL/min)

Throughput
(g/h)

3 -
4.5 wt% PLGA,

85.9 wt% EtOAc,
9.6 wt% DMSO

2 2 wt% PVA 6 MilliQ
water 60 5

4 -
8.3 wt% PLGA,

74.3 wt% EtOAc,
5.7 wt% DMSO

2 2 wt% PVA 6 MilliQ
water 60 10

5 -
14.1 wt% PLGA,
56.2 wt% EtOAc,
29.7 wt% DMSO

2 2 wt% PVA 6 MilliQ
water 60 19

6 -
14.1 wt% PLGA,
56.2 wt% EtOAc,
29.7 wt% DMSO

4 2 wt% PVA 12 MilliQ
water 120 38

7 Placebo
14.1 wt% PLGA,
56.2 wt% EtOAc,
29.7 wt% DMSO

8 2 wt% PVA 24 MilliQ
water 240 76

8 Ritonavir

13.9 wt% PLGA,
55.4 wt% EtOAc,
1.5 wt% ritonavir,
29.2 wt% DMSO

8 2 wt% PVA 24 MilliQ
water 240 84

9 Celecoxib

13.9 wt% PLGA,
55.4 wt% EtOAc,
1.5 wt% ritonavir,
29.2 wt% DMSO

8 2 wt% PVA 24 MilliQ
water 240 84

The scalability of the probe batch technique was also investigated (Table 4, exp. 10).
Twelve milliliters of CP was added to 4 mL of the DP solution containing 20 wt% of PLGA
in EtOAc mixed with DMSO, and the sample was sonicated for 30 s at 100% amplitude
using an S26d2D needle probe. The final suspension was diluted with 81 mL of MilliQ
water and stirred for 1 h prior to particle size characterization.

Table 4. Process parameters evaluated for the classic probe sonication method scale-up.

Probe Sonication

Exp. No. API DP Solution
DP

Volume
(mL)

CP
Solution

CP Volume
(mL)

Total
Sonication
Time (min)

EP
Solution

EP Volume
(mL)

10 Placebo
14.1 wt% PLGA,
56.2 wt% EtOAc,
29.7 wt% DMSO

4 2 wt% PVA 12 0.5 MilliQ
water 81.23

2.3. Analysis of Particle Size, Polydispersity Index, and Zeta Potential

The mean particle size diameter (Z-Average) and the polydispersity index (PDI) were
determined via dynamic light scattering using a Zetasizer Nano ZS (Malvern Panalytical,
Malvern, UK). Three measurements at 25 ◦C with a 173◦ scattering angle were conducted
on each sample, which was previously diluted in sterile filtrated MilliQ water (0.2 µm).
The surface charge of the nanoparticles was investigated by zeta potential measurement at
25 ◦C with the same instrument using the Smoluchowski equation. The two measurements
together call for approx. 8 min of analysis time.
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2.4. Downstream Processes

2.4.1. Purification

The formulations were purified via tangential flow filtration (TFF) technique employ-
ing a KrosFlo KR2i TFF System (Repligen). A Spectrum hollow fiber filter of the MidiKros
module family based on modified polyethersulfone (mPES) material was chosen with a
molecular weight cut-off (MWCO) of 750 kDa, fiber ID of 0.5 mm, and 20 cm effective length
(D02-E750-05-N). Various diafiltration volumes (DVs) (3, 5, and 8) were investigated, and
the ability to remove the excess of stabilizer and residual organic solvents was evaluated
for each DV.

2.4.2. Analysis of Impurities

Proton Nuclear Magnetic Resonance (1H-NMR)
1H-NMR spectroscopy method was chosen as the analytical method for DMSO and

DCM quantification. Despite gas chromatography–mass spectrometry (GC-MS) being a
more sensitive, accurate, and suitable method for regulatory purposes, it is time-consuming
and expensive. Conversely, the NMR method is advantageous for routine analysis because
it minimizes sample preparation and has a fast measurement interval, saving time, money,
and environmentally unfriendly organic solvents [15]. Although a disadvantage of NMR
could be the higher detection limit compared to GC-MS, the amount of DCM and DMSO
detected in our studies resulted satisfactory for the specific purpose.

Briefly, 200 µL of deuterated water (D2O) was added to 400 µL of each sample. Spectra
were recorded using a Bruker 600 MHz spectrometer. Calibration was obtained based on
the peak integrals related to a known amount of pure solvents. This method was used
before, showing reproducible results [16]. The quantification limits (LOQs) for 1H-NMR
are in a range of 1–15 µg/mL according to the literature [17–19].

Colorimetric Assay

The amount of residual PVA was determined by a colorimetric method based on the
formation of a colored complex between two adjacent hydroxyl groups of PVA and an
iodine molecule [20,21]. Briefly, 500 µL of each sample suspension was treated with 200 µL
of 0.5 M sodium hydroxide solution for 15 min in a bath sonicator (BANDELIN electronic
GmbH & Co. KG., Berlin, Germany) at 60 ◦C. Afterward, samples were neutralized with
90 µL of 1 M hydrochloric acid. To each sample, 300 µL of a 0.65 M solution of boric acid
and 50 µL of Lugol’s iodine solution (I2/KI) were added. Finally, after 15 min of incubation
at 700 rpm, the absorbance of the samples was measured by setting the absorbance of an
Infinite M200 PRO (Tecan, Männedorf, Switzerland) at a wavelength of 689 nm. A standard
plot of PVA was prepared using known PVA concentrations under identical conditions.

2.4.3. Lyophilization

The purified suspensions were lyophilized using an Epsilon 2–6D LSCPlus freeze-
dryer (Martin Christ Gefriertrocknungsanlagen GmbH, Osterode am Harz, Germany) in
the presence of a cryoprotectant. A 40 wt% trehalose dihydrate stock solution was prepared
and added to the colloidal suspensions to reach a 3 wt% final concentration. Figure 2
summarizes the experimental details of the freeze-drying protocol.

2.5. Molecular Weight Characterization

The molecular weight distribution (Mw, Mn, Mw/Mn) and inherent viscosity (ηinh)
of the processed polymer were determined by size exclusion chromatography (SEC) and
viscometry methods. Experiments 1 and 2 were reproduced with the exception that the
CP phase consisted of pure MilliQ water to avoid the interference of PVA with the PLGA
chain measurements. Samples were lyophilized in the absence of cryoprotectant before
the analysis.
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Figure 2. Freeze-drying protocol of the PLGA-based nanoparticles.

2.5.1. Gel Permeation Chromatography (GPC)

GPC analysis was performed on a setup equipped with VD400 Viscometer detector,
RI200 RI detector, A5250 autosampler (Watrex Praha s.r.o., Prague, Czech Republic), and
S 3210 UV/VIS detector (SYKAM GmbH, Eresing, Germany), using PLgel 5 µm 100 Å
(Agilent Technologies, SC, USA) and DeltaGel Mixed-B (Watrex Praha s.r.o., Prague, Czech
Republic) columns. Briefly, 5 mg of each sample was dissolved in 1 mL of a mixture
consisting of chloroform:trimethylamine:isopropanol in 94:4:2 vol% composition. The
same mixture was also employed as the mobile phase with a flow rate of 1 mL/min. The
weight-average molecular weight (Mw), number-average molecular weight (Mn), and
polydispersity (Ð) values were calculated using poly(methylmethacrylate) as standards
(PSS Polymer Standards Service GmbH, Mainz, Germany).

2.5.2. Inherent Viscosity (ηinh)

One hundred milligrams of PLGA was dissolved in 100 mL chloroform and stirred
for a minimum of 6 h to obtain a polymer solution. Before starting the measurements, an
Ubbelohde viscometer was filled and equilibrated to 25 ◦C for 5 min. The flux time of the
polymer solution between two marks was recorded, and the flux time of pure chloroform
was measured as a reference. Two measurements were performed for each sample, and the
ηinh was calculated using Equation (1):

ηinh = ln ηrel/c (1)

where ηrel is the relative viscosity, which is the flux time ratio of the polymer solution to
pure chloroform, and c is the polymer concentration having the unit of grams per deciliter.

2.6. API Content Analysis

For the API content analysis, high-performance liquid chromatography (HPLC) com-
posed of a DIONEX UltiMate 3000 Pump and Diode Array Detector (UV-Vis) (Thermo
Fisher Scientific, Waltham, MA, USA) was employed.

Drug encapsulation efficiency (EE) was calculated using Equation (2):

EE (%) =
Weight of drug found in the nanoparticles

Weight of drug initially used
× 100 (2)
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2.6.1. Ritonavir

Ritonavir quantification was conducted using a Nucleosil 100-7 C18 (125 × 4.6 mm;
7 µm) column. Standard calibration curves were performed at a fixed wavelength of 215 nm.
The column temperature was maintained at 22 ◦C. The mobile phase comprised 30 mM
potassium dihydrogen phosphate with pH adjusted to 4.0 with orthophosphoric acid and
acetonitrile (45:55 vol%) with a flow rate of 1.5 mL/min. Injection volume was 10 µL.
Retention time was 4.2 min. DMSO was employed to prepare the standard calibration
solutions and the nanoparticle samples.

2.6.2. Celecoxib

Celecoxib was detected using a Nucleosil 100-7 C18 (125 × 4.6 mm; 7 µm) column.
Eluents were monitored at a wavelength of 254 nm using a mixture (50:50:0.15 vol%) of
acetonitrile, water, and triethylamine (TEA) with pH adjusted to 3.0 with orthophosphoric
acid. Flow rate was kept at 1.8 mL/min and the column temperature was maintained at
40 ◦C. Injection volume was 5 µL and retention time was recorded at 4.1 min. Standard
calibration and samples were formulated in DMSO.

2.7. Statistical Analysis

Student’s t-test (two-tailed distribution, homoscedastic) (n = 3) was used in the poly-
mer chain length analysis to determine the significance of the difference (p < 0.05) in Mw
and ηinh among the compared groups with regards to the unprocessed PLGA powder. It
was also exploited to verify the significance of the difference in mean particle size values
for downstream processing impact analysis.

3. Results and Discussion

3.1. Assessment of Process and Formulation Parameters for Lab-Scale Production

PLGA nanoformulations were developed at a laboratory scale using both probe son-
ication and inline sonication with the same dispersed phase (DP) composition (3.9 wt%
PLGA, 74.4 wt% DCM, 21.7 wt% DMSO; Tables 1 and 2). Chlorinated DPs for the emulsion-
based preparation of nanosized PLGA formulations are commonly found in the scientific
literature [1,22]. DMSO was added to the organic phase prior to sonication in order to
mimic the exact conditions commonly used for the encapsulation of (bio)therapeutic pay-
loads [23]. DMSO is a polar aprotic solvent with the ability to dissolve both polar and
nonpolar compounds and is miscible with a wide range of organic solvents [24]. Addition
of DMSO to the limitedly water-miscible DCM usually results in the formation of smaller
emulsion droplets for a given set of process and formulation parameters due to lowering of
the interfacial tension by DMSO [6,25,26], which is unlimitedly miscible with water [27,28].
Following the sonication process (probe sonication), an excess amount of MilliQ water
was mixed with the crude emulsion to extract the organic solvents from the suspension to
harden the particles, thereby accelerating the downstream processes. In view of a possible
commercial and GMP-compliant manufacturing process, it is desirable to have a fast par-
ticle surface hardening process to decrease the waiting time of evaporation of a volatile
solvent such as DCM. Depending on the water solubility of the organic solvent and its
affinity for PLGA [29], the hardening process may take a variable amount of time. Based
on the solubility of DCM in water (1.3 g/100 mL at 25 ◦C [30]), approx. 77 mL of water was
added for each gram of DCM used for an efficient extraction.

The starting formulation tested for the probe sonication method was kept unchanged
and processed at the inline sonicator. In the inline indirect sonication method, the sample
flows continuously inside of a glass tube. The glass cannula is surrounded by a pressurized
water coolant, which transmits the ultrasonic waves generated by the sonotrode by means
of mechanical vibrations, allowing the formation of a fine emulsion. In this process, the
glass tube is the only material in contact with the sample, rendering the procedure free
from cross-contamination (e.g., metal shards from the probe, impurities derived from the
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surrounding environment) and potentially suitable for sterile processing [7]. The glass tube
can be for single use or sterilized before usage for GMP-compliant processes.

During the process, flow stability was maintained through the use of syringe pumps,
which can provide a constant fluid flow. Although syringe pumps are limited by the
loading capacity of the syringes, they can be easily replaced by HPLC pumps to process
larger volumes. In either case, pipes must conform to certain specifications with regard
to compatibility with harsh solvents. In addition, it is important to note that an inline
technology consisting of multiple tubes can generate a dead volume and some of the
material can therefore be lost. In the setup described in this work, approximately 15 mL
of dead volume was generated within the inline apparatus, which can be reduced by, for
example, decreasing the length or diameter of the tubes in the system.

The placebo nanoparticle characteristics obtained for both sonication methods are
shown in Figure 3. Figure 3A shows that a slightly smaller particle size compared to
the classical probe method was obtained with the inline sonication method and highly
monodisperse particles (PDI < 0.1) were generated for both preparations. The zeta potential
value of PLGA nanoparticles obtained by the probe and inline sonication methods was
around −40 mV (Figure 3B) due to the utilization of the same formulation parameters in
terms of PLGA and PVA concentrations.

−

 

Figure 3. (A) Particle size and PDI and (B) zeta potential of placebo PLGA nanoparticles generated
via probe direct and inline indirect sonication.

3.2. Downstream Process Development for Washing, Concentration, and Storage of
PLGA Nanoparticles

The obtained diluted placebo suspension was first subjected to a concentration treat-
ment corresponding to 6 times the initial volume, and then to three, five, and eight washing
cycles (called diafiltration volumes (DVs)) using the TFF. The reason for choosing such DVs
was dictated by the fact that typically, when washing samples by centrifugation, at least
three wash cycles are used. In this work it was decided to start from a similar concept, i.e.,
to use three DVs and then scale up to five and eight. A single DV corresponds to the sample
volume that is processed when the diafiltration starts. The washing liquid is added at the
same rate as the discarded filtrate liquid is generated. When the volume of filtrate collected
is equal to the initial sample volume, one DV is processed. The organic solvent content
as well as the amount of stabilizer present in the suspensions were analyzed before and
after each passage. The particle size and polydispersity were monitored during the process
to ensure that particle properties were not affected by the TFF process. Furthermore, zeta
potential was checked after each tested DV given its shielding effect on PLGA nanoparticle
surface charge [21]. Figure 4 demonstrates the impact of diafiltration volumes on the PVA
(Figure 3A), DMSO (Figure 4B), and DCM (Figure 4C) levels. While three diafiltration vol-
umes were enough to completely eliminate DCM (Figure 4C), a significant drop in DMSO
and PVA content after three diafiltration volumes was registered, and a gradual reduction
after five and eight volumes was observed. Table 5 summarizes the reduction in DCM,
DMSO, and PVA using TFF, showing that no traces of DCM were found in suspension, and
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that approx. 80% of DMSO and more than 60% of total PVA amount were removed already
after three diafiltration volumes. The zeta potential measurements revealed negative values
(Figure 4D), which are typically observed for uncapped end carboxylic groups of PLGA or
hydrolyzed PLGA. However, these values were observed to be less negative for the nanofor-
mulation not yet washed, thus containing a higher quantity of PVA, compared to those
where PVA was substantially removed. In fact, as already observed by other groups [21,31],
PVA presence is directly connected to the resulting zeta potential. Partially hydrolyzed PVA
is an amphiphilic “multiblock” copolymer possessing poly(vinyl acetate) and poly(vinyl
alcohol) blocks. This polymer structure is preferred because the hydrolysis rate of vinyl
acetate monomeric units is strongly accelerated if the unit in the neighborhood is already
hydrolyzed. Thus, once a unit in the poly(vinyl acetate) is hydrolyzed, it speeds up the
hydrolysis of its neighbors. The hydrophobic part composed of poly(vinyl acetate) may
be found associated with the polymer matrix of PLGA, while the hydrophilic poly(vinyl
alcohol) can protrude from the surface of the nanoparticle [21,31]. Thereby, most of the PVA
located close to the particle surface can shield the negative charges generated by PLGA [32].
Figure 4D highlights that three DVs are sufficient to remove the excess of PVA which greatly
shielded the surface charge of the particles, leaving only the necessary surfactant that is
attached to the surface and contributes to the overall stability of the nanoparticles. Finally,
Figure 5 shows that the particle size and PDI remained unaffected by the flow filtration
process, meaning that the process is well tolerated by the colloidal suspensions regardless
of the number of diafiltrations performed. Based on these results, three DVs were chosen
for washing the API-containing PLGA particles since the concentration of DCM and DMSO
was reduced by more than approx. 80%, excess of PVA was removed revealing a more
negative zeta potential of the particles, and size and PDI were not altered.

α α

Figure 4. Downstream process evaluation. Reduction in (A) PVA, (B) DMSO, and (C) DCM content
and (D) particle zeta potential tested before and after 3, 5, and 8 DVs.
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Table 5. Impact of different TFF diafiltration volumes in reducing PVA, DMSO, and DCM content.

Diafiltration
Volumes

PVA Reduction (%) DMSO Reduction (%) DCM Reduction (%)

3 62.6 ± 3.3 79.4 ± 1.4 100.0

5 77.1 ± 3.7 91.4 ± 0.7 100.0

8 83.3 ± 2.4 97.5 ± 0.2 100.0

 

Figure 5. Size and size polydispersity of the nanoformulations before, during, and after the down-
stream processes. Significant, p < 0.05 (*); nonsignificant, p > 0.05 (n.s.).

In order to prevent the nanoparticle agglomeration, flocculation, and premature
release of APIs from the polymeric carrier, a lyophilization process was developed for
nanoparticle storage. For these trials, the efficacy of a cryoprotectant (i.e., trehalose) to
preserve the particle size and polydispersity of the final formulations was investigated.
Trehalose is a nonreducing disaccharide consisting of two D-glucose monomers linked
by an α,α–1,1 glycosidic bond [33]. It is found in bacteria, fungi, plants, and animals
(e.g., tardigrades) that can survive extreme temperatures and withstand dehydration [33].
In the dried state, carbohydrates such as trehalose exert their protective effect by acting
as a water substitute [34]. Besides, trehalose is an excipient already used in approved
injectable products such as Herceptin (trastuzumab), Advate (octocog alfa), and Avastin
(bevacizumab). As shown in Figure 5, when the lyophilization was performed without the
addition of the cryoprotectant, the mean particle size increased above 200 nm and the PDI
doubled in value. Conversely, the addition of trehalose in the suspension (in 3 wt% final
concentration) prevented particles from agglomerating and preserved nanoparticle size
and PDI.

3.3. Characterization of Polymer Chain Integrity after Sonication Processes

Having obtained similar particles by both techniques, the methods were compared
regarding their ability to keep the PLGA polymer chains intact as high shear forces exerted
during sonication step can cause polymer chain rupture and degradation [35]. This is
highly undesirable since it can both modify the structure of the carrier, which could result
in altered phenomena (e.g., encapsulation efficiency and drug release), and generate reac-
tive structures that could react with other species in suspension (e.g., payloads, stabilizers,
etc.) [8]. Therefore, the PLGA chain lengths were analyzed using gel permeation chromatog-
raphy (GPC) and viscometry before and after the ultrasound treatment in comparison to
unprocessed PLGA powder. The normalized GPC spectra are shown in Figure 6, and the
Tables 6 and 7 summarize the results.
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Figure 6. GPC spectra of the processed and untreated polymer under ultrasound. Data obtained for
PLGA pure powder untreated (black), PLGA dissolved in the organic solvent (green), and PLGA
treated under probe (red) and inline (blue) ultrasound technologies are presented.

Table 6. Weight (Mw) and number (Mn) averaged molecular weight and PDI (Mw/Mn) of PLGA
polymer treated and untreated via ultrasound. Significance of the difference (p < 0.05) among the
compared groups was determined with regards to the unprocessed PLGA powder.

Gel Permeation Chromatography

Sample Mw (kDa) ± SD Mn (kDa) ± SD PDI p Value (Mw)

Untreated PLGA 18.77 ± 0.51 11.67 ± 0.51 1.59

PLGA dissolved in DCM, untreated 19.52 ± 0.45 14.23 ± 0.99 1.35 0.13

PLGA treated with probe sonication 18.72 ± 0.56 12.41 ± 1.31 1.50 0.92

PLGA treated with inline sonication 18.80 ± 1.00 12.57 ± 1.43 1.50 0.96

Table 7. ηinh of the PLGA polymer treated and untreated via ultrasound. Significance of the
difference (p < 0.05) among the compared groups was determined with regards to the unprocessed
PLGA powder.

Viscometry

Sample ηinh (dl/g) ± SD p Value

Untreated PLGA powder 0.219 ± 0.008

PLGA dissolved in DCM, untreated 0.213 ± 0.001 0.24

PLGA treated with probe sonication 0.216 ± 0.004 0.57

PLGA treated with inline sonication 0.206 ± 0.001 0.05

As sonication may cause a drop in molecular weight of polymers due to shear-induced
chain breaks [8,9], the molecular weight of PLGA before and after processing was analyzed
and compared. GPC analysis showed that the type of PLGA employed (RG 502 H) has
a weight-average molecular weight Mw of approx. 19 kDa and an inherent viscosity of
approx. 0.22 dL/g, which is in line with the product specifications reported in the certificate
of analysis of RESOMER RG 502 H (0.16–0.24 dL/g). Although the drop in inherent viscosity
results of PLGA treated with the inline sonication method showed a statistical significance
at p ≤ 0.05, the difference is still only 6% of the original value, meaning that neither of the
techniques affected the polymer chains during the manufacturing of particles. Negligibility
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of this difference and preservation of the original polymer properties is underlined by
the fact that the original PLGA has a relatively wide distribution of molecular weights
(PDI 1.59), so differences in molecular weight of ca. 4% are meaningless (also, within the
experimental error of GPC).

3.4. Scale-Up of Formulation

The inline indirect sonication method was further investigated for PLGA-based
nanomedicine scale-up manufacturing. First, the organic solvent used to prepare the
polymer solution was switched from DCM to EtOAc due to the lower toxicity and higher
water solubility of EtOAc compared to DCM. In fact, in accordance with the ICH guide-
lines [36], DCM is a class 2 solvent with a permitted daily exposure (PDE) equivalent
to 6.0 mg/day. Conversely, EtOAc lies in class 3, meaning that the PDE corresponds to
50 mg/day [36]. Therefore, working with large amount of a less toxic solvent increases the
safety of employees at work while reducing the complexity of safety protocols that must be
prepared and heeded. Also, the higher degree of water solubility of EtOAc (8 g/100 mL
versus 1.3 g/100 mL for DCM at 25 ◦C [30,37]) would require smaller volumes of water
as the extraction phase and render the process easier to handle. Although therefore many
substances should be reduced or directly replaced with greener ones, it is not always possi-
ble to choose the desired solvents because not all substances have the same solubility in
various solvents. For example, super critical CO2 offers the advantages of being non-toxic
and leaving no residue. On the other hand, the limited choice of soluble materials and
the compatibility of organic solvents with the technical apparatus hinder its industrial
scalability [1,38]. Therefore, in this case, during scale-up experiments, EtOAc was chosen
over DCM because of its lower toxicity and unaltered ability to solubilize PLGA, while
DMSO was selected for its ability to dissolve a wide variety of active ingredients. Thus, the
DMSO/EtOAc mix was identified as optimal for most formulations to be manufactured.
Nonetheless, it is important to note that, although notoriously toxic, the use of DCM in
particle production is still widespread and has been reported for the production of formu-
lations used in phase I clinical trials [39]. Keeping in mind the required specification of
150 ± 50 nm and PDI < 0.2, a set of particles was generated via indirect inline sonication
technique with the scope of scaling-up the technology. The experiment parameters are
reported in Table 3, exp. 3–7. The influence of polymer concentration and the TFR on the
particle size and PDI were studied systematically. Figure 7A shows the variations of particle
size as a function of PLGA concentration (5 wt%, 10 wt% and 20 wt%) obtained at a TFR of
8 mL/min. Given the greater water solubility of EtOAc compared to DCM, an extraction
phase ratio of 3 (3 folds the amount of water required to solubilize EtOAc) was adopted,
bringing the EP flow rate at 60 mL/min. This was done in order to dilute the particle
suspension enough to be processed on the same day at the TFF, avoiding potential damage
of the hollow fiber filter caused by the solvent. As expected, the use of EtOAc resulted in
smaller particles than DCM due to the lower interfacial tension of the solvent with water,
as previously observed in the case of DMSO addition. Also, as already experienced in one
of our previous works [6], a gradual increase in particle size and PDI was noticed for higher
concentrations of PLGA. While 5 wt% polymer resulted in particles with a mean diameter
of approx. 85 nm, 125 nm particles were obtained with 20 wt% of polymer concentration
with a PDI of approx. 0.1 for all formulations. As 10 wt% and 20 wt% PLGA were in the
specification range, the higher PLGA concentration in EtOAc was chosen as the polymer
concentration for the subsequent experiments due to the higher throughput of 19 g/h
obtained with this polymer concentration. The influence of the TFR on the particle size
and PDI is shown in Figure 7B. Accordingly, an increase in particle size was observed at
higher TFR. This is due to shorter sonication time for the faster-flowing samples, leading
to less homogenizing treatment time. 32 mL/min was found to result in particles still in
the target size, therefore, it was chosen for the production of the loaded particles given the
high throughput obtained from the high continuous flow (approx. 76 g/h).
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Figure 7. Scale-up of nanoformulations. (A) Size and PDI of the particles obtained at varied PLGA
concentrations and fixed total flow rate of 8 mL/min. (B) Particle size and size distribution of placebo
particles obtained applying different TFRs by using an initial PLGA concentration of 20 wt% in
EtOAc. (C) Comparison of the particles obtained with the scaled-up indirect inline technology versus
particles achieved at a higher processed volume and lower total sonication time of direct probe
batch method.

As a comparison, the batch production method was also implemented in large scale
(Table 4, exp. 10). Briefly, 20 wt% w/w PLGA in EtOAc was mixed with DMSO and
sonicated for 0.5 min with PVA 2 wt%. Subsequently, the homogenized suspension was
transferred to 81 mL of water used as the extraction phase. Figure 7C shows the particle
size produced by this method. As it can be noted, the particle size as well as the PDI are out
of the required specifications, and the values are considerably higher than those obtained
with the inline method. This shows that inline sonication is easier to scale up and that,
to allow for increased batch scale, a new process with a different probe would have to be
entirely reevaluated.

Ritonavir and Celecoxib Nanoparticles

To further confirm the usefulness of the inline production method, ritonavir and
celecoxib were chosen as model drugs and were encapsulated within PLGA nanoparticles.
Ritonavir is an antiretroviral protease inhibitor API that is widely used in combination
with other medications for the treatment of human immunodeficiency virus (HIV) infec-
tion, which causes the acquired immunodeficiency syndrome (AIDS) [13]. Celecoxib is a
cyclo-oxygenase-2 (COX-2) selective inhibitor used in the treatment of pain and inflam-
mation [14]. It is one of the most commonly prescribed COX-2 specific inhibitors since its
use effectively reduces clinical gastrointestinal events in comparison to other nonsteroidal
anti-inflammatory drugs (NSAIDs). Both of these APIs have already been investigated
regarding their ability to be entrapped into PLGA nanoparticles in order to overcome
problems such as low patient therapy adherence [13] and important side effects [14].

Since ritonavir and celecoxib are hydrophobic compounds, PLGA and API are dis-
solved together in the organic phase and then emulsified with the aqueous solution con-
taining the surfactant. Otherwise, encapsulation of a hydrophilic API would require an
initial formation of a water-in-oil emulsion, in which the API is in the aqueous phase and
the polymer is in the organic phase. Next, the water-in-oil emulsion is mixed with a second
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aqueous solution containing the surfactant, creating a water-in-oil-in-water system [1]. The
experimental conditions for large-scale manufacturing of ritonavir and celecoxib nanoparti-
cles are shown in Table 3 (exp. 8–9). Both the nanoparticle types were produced achieving
a total yield of 84 g/h, which corresponds to approx. 2 kg/day when run continuously.
The characteristics of the nanoparticles are shown in Figure 8. The particle size achieved
with this method was below 200 nm for both formulations. Ritonavir encapsulation led
to particles of 188.5 ± 10.2 nm and PDI of 0.19 ± 0.09. Zeta potential was registered
at −37.4 ± 3.0 mV, meaning that the particles were overall stable. Celecoxib resulted in
particles of similar size and PDI of 184.7 ± 1.2 nm and 0.17 ± 0.01. Zeta potential was
slightly more negative, being −42.8 ± 2.5 mV. Encapsulation efficiency of both the APIs
was determined with HPLC. As shown in Table 8, the efficiency of ritonavir and celecoxib
encapsulation was approx. 50% and 80%, respectively. Although ritonavir and celecoxib
may possess some similar characteristics such as no formal charge and very poor water
solubility, their functional molecular groups as well as molecular weights are substantially
different [40,41]. Therefore, it is reasonable that each difference may decree a variation in
the interaction of the API with the polymer matrix, resulting in a unique encapsulation
capacity. Table 9 summarizes some of the most prominent physicochemical characteristics
of the APIs.

−

Figure 8. (A) Particle size and PDI and (B) zeta potential of ritonavir and celecoxib nanoparticles
obtained with the inline scaled-up sonication method.

Table 8. Ritonavir and celecoxib nanoparticle encapsulation efficiency and relative drug load obtained
via the scaled-up indirect inline continuous method.

Drug Content Ritonavir PLGA Nanoparticles Celecoxib PLGA Nanoparticles

EE (%) 49.5 ± 3.2 80.3 ± 0.9
Drug load (mg/g) 4.95 ± 0.32 8.03 ± 0.09

Table 9. Ritonavir and celecoxib physicochemical characteristics. Data obtained consulting PubChem
and DrugBank databases.

Physicochemical Characteristics Ritonavir Celecoxib

API Type Small molecule Small molecule
Mw 720.9 381.4

Log P 3.9 3.53
Hydrogen Bond Donors 4 1

Hydrogen Bond Acceptors 9 7
Formal Charge 0 0

Water Solubility (mg/L, 25 ◦C) 1.1 × 10−4 4.3

4. Conclusions

Technologies that rely on inline continuous manufacturing processes allow the scaled-
up production of nanomedicines without changing formulation specifications. Although
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inline processes may suffer from material loss due to dead volume in the tubes that
necessarily increases the cost of upstream materials, this reliance makes such technologies
attractive from a commercial and clinical development standpoint. In the present study, the
indirect inline sonication method was found to be comparable to the direct probe method
in terms of particle size, PDI, and zeta potential. Furthermore, it was confirmed to be
safe as it does not alter the length of the polymer chains of PLGA during the sonication
process. The inline sonication technology proved to be scalable, achieving a production
yield of 84 g/h (approximately 2 kg/day) for PLGA nanoparticles containing ritonavir
and celecoxib as modal APIs. Downstream processes have been developed and shown to
be suitable to purify colloidal suspensions from impurities and residual organic solvents.
Finally, due to the application of fully enclosed pipes and containers that can be easily
sterilized or replaced, the inline indirect sonication method together with the TFF technique
can potentially be considered for GMP and aseptic manufacturing processes. Overall, the
developed manufacturing process proved to be suitable for the production of PLGA-based
nanomedicine products on a clinical and commercial scale.
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Abstract: The development of non-invasive photothermal therapy (PTT) methods utilizing nanopar-
ticles as sensitizers is one of the most promising directions in modern oncology. Nanoparticles loaded
with photothermal dyes are capable of delivering a sufficient amount of a therapeutic substance and
releasing it with the desired kinetics in vivo. However, the effectiveness of oncotherapy methods,
including PTT, is often limited due to poor penetration of sensitizers into the tumor, especially into
solid tumors of epithelial origin characterized by tight cellular junctions. In this work, we synthesized
200 nm nanoparticles from the biocompatible copolymer of lactic and glycolic acid, PLGA, loaded
with magnesium phthalocyanine, PLGA/Pht-Mg. The PLGA/Pht-Mg particles under the irradiation
with NIR light (808 nm), heat the surrounding solution by 40 ◦C. The effectiveness of using such
particles for cancer cells elimination was demonstrated in 2D culture in vitro and in our original
3D model with multicellular spheroids possessing tight cell contacts. It was shown that the mean
inhibitory concentration of such nanoparticles upon light irradiation for 15 min worsens by more
than an order of magnitude: IC50 increases from 3 µg/mL for 2D culture vs. 117 µg/mL for 3D
culture. However, when using the JO-4 intercellular junction opener protein, which causes a short
epithelial–mesenchymal transition and transiently opens intercellular junctions in epithelial cells,
the efficiency of nanoparticles in 3D culture was comparable or even outperforming that for 2D
(IC50 = 1.9 µg/mL with JO-4). Synergy in the co-administration of PTT nanosensitizers and JO-4
protein was found to retain in vivo using orthotopic tumors of BALB/c mice: we demonstrated
that the efficiency in the delivery of such nanoparticles to the tumor is 2.5 times increased when
PLGA/Pht-Mg nanoparticles are administered together with JO-4. Thus the targeting the tumor cell
junctions can significantly increase the performance of PTT nanosensitizers.

Keywords: photothermal therapy; phthalocyanine; SKOVip-kat; Katushka; TurboFP635; JO-4; PLGA;
orthotopic tumors; 3D culture; spheroids

1. Introduction

The methods of photodynamic (PDT) and photothermal (PTT) cancer therapy are
based on the use of photosensitizers that are accumulated in the tumor and lead to tumor
elimination after light irradiation. Upon absorption of light of a certain wavelength, the
photosensitizer switches to an excited state, from which it can come back to the ground state
either radiatively with fluorescence emission or non-radiatively with the release of thermal
energy. Photosensitizers can also react with cell components via electron transfer, which
leads to the formation of free radicals or transfer energy to oxygen with the formation of
highly reactive singlet oxygen [1]. Thus, photosensitizers can lead to oxidative stress on
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a cancer cell or perform local hyperthermia. The increased sensitivity of cancer cells to
heating up to 41–47 ◦C underlies the effectiveness of photothermal therapy [2].

The main advantages of PDT and PTT are non-invasiveness and spatial selectivity. The
photosensitizer should have minimal toxicity in the dark, efficiently penetrate the tumor
and accumulate inside cancer and stromal cells. Thus PDT and PTT therapies can signifi-
cantly reduce side effects and improve the effectiveness and specificity of cancer treatment.
However, photosensitizers used in the clinic today can accumulate in the organism, signifi-
cantly increasing the photosensitivity of the skin [3]. Many photosensitizers suffer from
poor water solubility, low bioavailability, and instability in physiological conditions. Due to
these negative effects, the use of PDT is limited in clinical practice, but these difficulties can
be overcome by chemical modification, PEGylation, or by photosensitizer encapsulation in
nanocarriers of various nature [4–6].

However, as well as the above-mentioned limitations, there are additional problems
that arise in the development of phototherapy and other cancer treatment methods. In
particular, solid tumors of the epithelial origin are characterized by tight intercellular
contacts limiting the penetration of active substances deeper than 3–4 layers of cells [7].
Preservation of epithelial tissue intercellular contacts is typical for cancer cells and makes
traditional chemotherapies as well as targeted therapies with monoclonal antibodies and
supramolecular agents ineffective.

To effectively penetrate the tumor through anatomical barriers and actively diffuse
within solid tumors, therapeutic agents must bypass the intercellular contacts that seal
the boundaries of normal endothelial cells and intercellular spaces within the tumor. To
date, the most promising agents that open up cell contacts are the junction opener proteins
(JO) obtained from human adenovirus serotype 3 [8–11]. Protein JO-1 and its improved
variant JO-4 bind to desmoglein 2 on the cell surface, which leads to the activation of
MAP-kinases that activate the metalloprotease ADAM17, which breaks down desmoglein
of cell contacts [10]. Activation of MAP-kinases leads to transient transdifferentiation of
epithelial cells, including a decrease in the expression of adhesion and blocking cell contact
proteins, thus solving the problem of the diffusion of drugs within the tumor [9]. Thus,
JO-1 and JO-4 induce a partial epithelial–mesenchymal transition (EMT), increasing the
permeability of the tumor to high molecular weight compounds and protein molecules,
including antibodies [12]. The improvement of drug delivery to tumors using JO proteins
has been demonstrated thoroughly for antibodies and chemotherapy drugs, but the effect
of JO on nanostructures delivery is poorly understood. It was shown that JO significantly
increases bulk tumor accumulation of 35 nm but not 120 nm gold nanoparticles [13] and
significantly enhances the efficacy of liposomes loaded with doxorubicin in vivo [8].

Here we describe the synthesis and characterization of biocompatible polymer nanocon-
tainers loaded with magnesium phthalocyanine (Pht-Mg) as effective photothermal sensi-
tizers. We showed their effectiveness when exposed to near-IR light in terms of selective
destruction of cancer cells in 2D culture. However, during the transition from 2D tests to 3D
cell culture, the effectiveness of such agents decreased by more than 10 times. Nevertheless,
the use of a junction opener protein JO-4 led to the efficiency of nanostructures in 3D
culture, comparable or outperforming that for 2D culture, and significantly increased the
efficiency of accumulation of nanoparticles in orthotopic mouse tumors in vivo.

2. Materials and Methods

2.1. PLGA Nanoparticle Synthesis

Poly(D, L-lactide-co-glycolide) (RG 858 S, Poly(D,L-lactide-co-glycolide) ester termi-
nated, lactide:glycolide 85:15, Mw 190,000–240,000 Da, Sigma, Darmstadt, Germany) was
used as a matrix for the nanoparticle synthesis with the “oil-in-water” microemulsion
method. The emulsion was formed by dropping the solution of 40 g/L PLGA and 1 g/L
magnesium phthalocyanine (Sigma #402737-1G, Pht-Mg) in chloroform into the 3 mL of 3%
PVA (Mowiol® 4-88, Sigma, Darmstadt, Germany) in Milli-Q water with 1 g/L of chitosan
oligosaccharide lactate (5 kDa, Sigma, Darmstadt, Germany). Alternatively, manganese(II)
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phthalocyanine (Sigma 379557-1G), copper(II) phthalocyanine (Sigma #546682-200MG) or
29H,31H-phthalocyanine (Sigma #253103-1G) at 1 g/L were used for nanoparticle synthesis
instead of magnesium phthalocyanine. The emulsion was continuously sonicated with
the Bandelin Sonopuls HD 2200 (Bandelin, Germany) for 1 min with 25% amplitude of
200 W sonicator. The resulting nanoparticles were washed by triple centrifugation with
PBS and finally resuspended in 300 µL of PBS. The final concentration of the particles was
determined with air drying at 90 ◦C.

2.2. Scanning Electron Microscopy

Scanning electron microscopy images of as-synthesized PLGA/Pht-Mg nanoparticles
were obtained with a MAIA3 Tescan (Tescan, Brno-Kohoutovice, Czech Republic) micro-
scope at an accelerating voltage of 7 kV. Samples of PLGA/Pht-Mg particles in water at
10 µg/mL were air-dried on a silicon wafer on carbon film and analyzed immediately. SEM
images were evaluated using ImageJ software to get a particle size distribution.

2.3. Photothermal Properties Study in Cell-Free System

A colloidal solution of nanoparticles in phosphate-buffered saline was irradiated
using a 1200 mW 808 nm laser in a 2 mL test tube. The temperature change was recorded
using a FLIR One Pro (Teledyne FLIR, Santa Barbara, CA, USA) thermal imaging camera.
Temperature changes are shown as a function of time with substracted the initial room
temperature (usually 23–24 ◦C).

2.4. Fluorescence Spectroscopy

The excitation and emission spectra of PLGA/Pht-Mg nanoparticles at 1 g/L were
recorded using an Infinite M1000 Pro microplate reader (Tecan, Grödig, Austria) in 50%:
50% DMSO: H2O solution. The excitation spectrum was recorded using the emission
wavelength of 750 nm within the 280–740 nm range. The emission spectrum was recorded
using the excitation wavelength of 350 nm within the 360–850 nm range.

2.5. Cell Culture

SKOVip-kat and EMT6/P cells were cultured in DMEM medium (HyClone, Logan, UT,
USA) supplemented with 10% fetal bovine serum (HyClone, Logan, UT, USA) and 2 mM L-
glutamine (PanEko, Moscow, Russia). Cells were incubated under a humidified atmosphere
with 5% CO2 at 37 ◦C. For the cytotoxicity tests cells SKOVip-ka stably expressing red
fluorescent protein Katushka were used. These cells were developed by us earlier [14].

For the cell toxicity studies previously obtained human ovarian cancer cells stably
expressing fluorescent protein Katushka (far-red fluorescent protein TurboFP635), SKOVip-
kat was used [15]. These cells stably express both Katushka protein in the cytoplasm
and transmembrane oncomarker HER2 on the cell surface, thus being an ideal model for
the study of therapeutic targeting compounds in vivo. These cells have excitation and
emission wavelengths, 588 nm and 635 nm, and are suitable for most in vitro and in vivo
imaging devices.

2.6. Fluorescence Microscopy

For fluorescent microscopy analysis, cells were seeded on a 96-well plate at 5·103 cells
per well in 100 µL of DMEM medium supplemented with 10% FBS and cultured for
10 h. Next, Pht-Mg-loaded PLGA nanoparticles were added to get a final concentration of
10 µg/mL. Cells were incubated with nanoparticles for 1 h or 4 h at 37 ◦C, washed from
non-bound particles, and analyzed with epifluorescent Zeiss microscope at the following
conditions: for Katushka protein imaging: excitation filter −560/40 nm, emission filter
−630/75 nm; for PLGA/Pht-Mg nanoparticles imaging: excitation filter −595–645 nm,
emission filter −670–725 nm.
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2.7. Cytotoxicity Assay

Cytotoxicity of PLGA/Pht-Mg nanoparticles in 2D cell culture was determined using
a resazurin-based toxicity assay. SKOVip-kat cells were incubated with nanoparticles
at different concentrations in 200 µL of full phenol red-free DMEM medium in a 2-mL
Eppendorf tube for 4 h at 37 ◦C with 5% CO2 and then light irradiated with 808 nm laser
for different time intervals. Next, cells were diluted with full medium and seeded on a
96-well plate at 2 × 103 cells per well in 100 µL of DMEM medium supplemented with
10% FBS and cultured for 72 h. Next, wells were washed from non-bound particles, and
100 µL of resazurin solution (13 mg/L in phosphate-buffered saline) was added to each
well. Samples were incubated for 3 h at 37 ◦C in a humidified atmosphere with 5% CO2.
The fluorescence of each well was measured using the CLARIOstar microplate reader (BMG
Labtech, Ortenberg, Germany) at wavelengths of λex = 570 nm, λem = 600 nm. Data are
presented as percent from non-treated cells.

2.8. 3D Culture

A Form3 3D printer (FormLabs, Somerville, CA, USA) with FormLabs Gray Resin 1 L
photopolymer resin (FormLabs, Somerville, CA, USA) was used to create master molds for
pouring agarose gel to create microwells for cell growth. One percent agarose in phenol red-
free growth DMEM medium (Gibco, Carlsbad, CA, USA) without FBS was used. Spheroids
were prepared by dropping SKOVip-kat cell suspension into agarose wells with subsequent
cultivation in a 12-well plate (Nunc, Roskilde, Denmark) with DMEM growth medium with
10% FBS grown for 3 days with 5% CO2 at 37 ◦C. The formed spheroids were incubated
with nanoparticles with or without subsequent irradiation and analyzed with the Axiovert
200 (Carl Zeiss, Göttingen, Germany) fluorescence microscope. The images of fluorescent
spheroids were analyzed using ImageJ software to calculate the total spheroid fluorescence
using an “integrated density” parameter.

2.9. Proteins Purification

JO-4 and DARP-LoPE were purified as described by us previously [15].

2.10. Confocal Microscopy

Three dimensional spheroids were incubated with JO-4 at final concentration of
10 µg/mL for 2 h followed with 4-h incubation of 50 µg/mL of PLGA/Pht-Mg nanopar-
ticles in the full cell culture media. Spheroids were imaged with confocal laser scanning
miscroscopy. Confocal microscopy images of spheroids were obtained with a FV3000 laser-
scanning confocal microscope (Olympus Optical Co Ltd, Tokyo, Japan) using LUCPLFLN
20× objective (20× magnification, 0.45 numerical aperture) with 640 nm laser and GaAsP
detector (500 V) (650–750 nm).

2.11. Chemical Conjugation

JO-4 labeled with FITC (JO-4-FITC) was prepared by rapid mixing of 100 µL of JO-4
at 1 g/L in phosphate buffer, pH 7.4 with 10 µL of FITC at 0.5 g/L in DMSO. JO-4 labeled
with Cy5.5 (JO-4-Cy5.5) was prepared by rapid mixing of 100 µL of JO-4 at 1 g/L in
phosphate buffer, pH 7.4 with 10 µL of Cy5.5-NHS ester at 1.0 g/L in DMSO. The solutions
of labeled proteins were incubated for 8 h, and the excess of unreacted FITC and Cy5.5-NHS
molecules was removed with Zeba Spin Desalting Columns (7 kDa MWCO) according to
the manufacturer’s recommendations.

2.12. Flow Cytometry

Spheroids were taken out from agarose molds, disaggregated with trypsin/EDTA
solution (0.25%) for 15 min at 5% CO2 at 37 ◦C, washed twice with PBS. For the cell
viability assays, cells were stained with propidium iodide at 2.5 µg/mL final concentration
5 min before the analysis. The cell populations were analyzed using BD Accuri C6 (BD)
flow cytometer using the excitation laser 488 nm and the emission filter 615/20 nm. For
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nanoparticle binding assay, cells were analyzed with Novocyte 2000R flow cytometer
(Acea Biosciences, San Diego, CA, USA) with an excitation laser of 640 nm and emission
filter 675/30 nm.

2.13. Photothermal Properties Study In Vitro

A total of 2 × 106 cells were incubated with PLGA/Pht-Mg nanoparticles to get a
final concentration of nanoparticles equal to 0.5 g/L in 200 µL in 2-mL eppendorf tube.
The samples were incubated for 4 h at 5% CO2 at 37 ◦C. Next, the tube with nanoparticles
and cells were incubated at 5% CO2 at 37 ◦C for 4 h and irradiated with 808-nm laser. The
thermal imaging was performed using a FLIR One Pro (Teledyne FLIR, Santa Barbara, CA,
USA) thermal imaging camera. Temperature changes were recorded using a smartphone
and are presented as thermal images of the tubes with cells with or without nanoparticles
in dependence on irradiation time.

2.14. Tumor-Bearing Mice

Female BALB/c mice of 18–22 g weight were used in the experiments. All procedures
with animals were approved by the IBCh RAS Institutional Animal Care and Use Com-
mittee. The animals were anesthetized with a mixture of Zoletil (Virbac, Carros, France)
and Rometar (Bioveta, Ivanovice na Hané, Czech Republic) at a dose of 25/5 mg/kg. Mice
were injected with 4·106 EMT6/P cells in the mammary fat pad to create orthotopic tumors.
The tumor size was measured with a caliper using the formula V = width2 × length/2.

For bioimaging experiments, when tumor size reached 90–100 mm3, mice were i.v.
injected with 400 µg of PLGA nanoparticles with or without pre-injection of JO-4 (1 h before
nanoparticles at 4 mg/kg dose in 0.15 M NaCl).

2.15. Ex Vivo Study

For ex vivo tumor study, mice were i.v. injected with JO-4-Cy5.5 (4 mg/kg dose in
0.15 M NaCl). Next, mice were sacrificed with cervical dislocation and cryosections of
tumor tissue were obtained using FSE cryostat (Thermo). Confocal microscopy images
of spheroids were obtained with a FV3000 laser-scanning confocal microscope (Olympus
Optical Co. Ltd., Tokyo, Japan) using UPLSAPO 40×2 objective (40× magnification,
0.95 numerical aperture) with 640 nm laser And GaAsP detector (500 V) (650–750 nm).

2.16. In Vivo Imaging

In vivo imaging was performed with a LumoTrace FLUO bioimaging system (Abisense,
Sochi, Russia) as follows: mice were anesthetized 3 h after injection of nanoparticles and
imaged with fluorescence excitation at λex = 630 nm and 655/40 nm filter.

2.17. In Vivo Therapy

For in vivo therapy study, when tumor size reached 90–100 mm3, mice were i.v.
injected with 400 µg of PLGA nanoparticles with or without pre-injection of JO-4 (1 h before
nanoparticles at 4 mg/kg dose in 0.15 M NaCl). Next, the tumor area was irradiated with
808 nm laser (1200 mW) as follows: 5 min irradiation, 15 min pause, 5 min irradiation. The
tumor size was measured with a caliper using the formula V = width2 × length/2 every
one or two days.

3. Results

The following experimental scheme was designed to assess the effectiveness of PLGA-
based nanocarriers. Biocompatible nanoparticles loaded with magnesium phthalocyanine
were synthesized by the microemulsion method and used as nanoagents for photothermal
therapy and diagnostics in vitro and in vivo (Figure 1a). The resulting nanoparticles were
used both for visualization of cancer cells and for their destruction when exposed to light
in the transparency window of biological tissue. For the cell toxicity studies previously
obtained, human ovarian cancer cells stably expressing fluorescent protein Katushka (far-
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red fluorescent protein TurboFP635), SKOVip-kat were used [14]. These cells have excitation
and emission wavelengths, 588 nm and 635 nm, and are suitable for most in vitro and
in vivo imaging devices.

 

Figure 1. Synthesis and characterization of PLGA-based nanocarriers for photothermal therapy.
(a) Scheme of nanoparticle synthesis. The mixture of PLGA and Pht-Mg in chloroform is poured into
the PVA with chitosan oligosaccharide lactate solution in water and subjected to intensive sonication.
(b) 3D spheroids formation in agarose gel. Agarose solution was added to the plastic molds and was
allowed to solidify at room temperature. Next, a suspension of cells is added to the agarose microwells
in order to obtain spheroids on 3–6 days of cultivation. The fluorescence of obtained 3D cell culture
is further evaluated using epifluorescent microscopy. (c) As obtained 3D spheroids were incubated
with PLGA/Pht-Mg nanoparticles followed by 808 nm laser irradiation that leads to the heating of
nanoparticles and cell death. (d) As-synthesized nanoparticles were used for imaging and treatment
of orthotopic tumors in vivo. (e) Photothermal properties of PLGA, PLGA/Pht-Mg, PLGA/Pht-Mn,
and PLGA/Pht-Cu nanoparticles under the 808 nm light irradiation. (f) Scanning electron microscopy
images of PLGA nanoparticles. (g) Size distribution of PLGA/Pht-Mg nanoparticles, mean size is
208 ± 66 nm. (h) Fluorescence excitation and emission spectra of PLGA/Pht-Mg nanoparticles.

The effect of synthesized particles on 3D multicell spheroids, which were obtained by
culturing a cell suspension in agarose microwells, was investigated (Figure 1b). Nanoparti-
cles at various concentrations were added to the formed spheroids and exposed to light
with a wavelength of 808 nm (Figure 1c). After the selection the optimal conditions for
affecting the spheroids, nanoparticles were i.v. injected into mice for visualization and
treatment of orthotopic tumors in vivo.

3.1. Synthesis and Characterization of PLGA-Based Photothermal Sensitizers

Nanoparticles of poly-lactide-co-glycolide (PLGA) loaded with magnesium phthalo-
cyanine were synthesized by the microemulsion “oil-in-water” method. The use of PLGA as
a drug carrier, attracts the attention of researchers in modern biomedicine, since it provides a
stable and controlled release of the compound, thereby reducing side effects [16–20]. PLGA
degrades by hydrolysis of its ester linkages in the presence of water and the by-products,
lactic acid and glycolic acid, are non-toxic, biocompatible, and rapidly metabolized in the
human body.
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The photothermal properties of the synthesized nanoparticles were studied under
irradiation with an 808 nm laser for 7 min. We tested different NIR dyes to find the optimal
for the best performance as a photothermal sensitizer. Among the various NIR dyes tested
in this work, including phthalocyanines, magnesium phthalocyanine proved to be the
most effective agent for photothermal therapy. Namely, we synthesized PLGA nanoparti-
cles loaded with phthalocyanine (PLGA/Pht), magnesium phthalocyanine (PLGA/Pht-
Mg), copper (II) phthalocyanine (PLGA/Pht-Cu), and manganese (II) phthalocyanine
(PLGA/Pht-Mn) and tested their photothermal properties (Figure 1d). We showed that
the most effective in terms of energy transfer to heat under the 808 nm light irradiation
is PLGA nanoparticles loaded with magnesium phthalocyanine (PLGA/Pht-Mg). It was
found that the solution of nanoparticles is capable of effectively generating heat energy
(Figure 1g). Namely, we have shown that the solution with nanoparticles at a concentration
of 1 g/L heats up to ∆T = 40 ◦C for 3 min and reaches a plateau. Moreover, we have shown
that repeated heating of nanoparticles up to three times leads to the same heating of the
solution, which indicates that nanoparticles do not degrade and can be used for repeated
irradiation to achieve the desired effect.

As obtained nanoparticles PLGA/Pht-Mg were characterized by scanning electron
microscopy (Figure 1f). According to the results of SEM image processing, the particles
possess a spherical shape and the size of PLGA/Pht-Mg particles is 208 ± 66 nm (Figure 1g).

The fluorescence properties of the synthesized nanoparticles were studied using the
fluorescence spectroscopy method. Data presented in Figure 1h confirm that PLGA/Pht-
Mg nanoparticles are suitable for fluorescence detection in NIR region, e.g., under the
excitation with 640 nm laser as the most commonly used in various visualization devices.

3.2. PLGA/Pht-Mg Nanoparticles Interaction with Cells in 2D Cell Culture

The fluorescence microscopy study was carried out to assess the effectiveness of
synthesized nanoparticles for cell labeling. SKOVip-kat cells were seeded on 96-well
plate, incubated with nanoparticles for 1 h or 4 h, and analyzed with an epifluorescent
microscope. We showed that under the excitation with 595–645 nm filter and with emission
filter of 670–725 nm particles can be effectively used for imaging purposes (Figure 2a). Data
presented in Figure 2a demonstrate that after 1 h of incubation the particles are preferably
presented outside the cells; however, after 4 h of incubation at 37 ◦C particles are intensively
accumulated in cells.

Moreover, the surface properties of nanoparticles can be effectively used for fine-tuning
the particle penetration into cells. To enhance the saturation of cell surface with PLGA/Pht-
Mg and PLGA/Pht-Mg nanoparticles accumulation in cells, the surface of particles was
modified with chitosan oligosaccharide lactate during the synthesis process (Figure 1a).
We showed that using equal experimental conditions, the accumulation of chitosan-coated
nanoparticles is more effective in comparison with pristine PLGA (Figure 2a).

3.3. Light-Induced Phototoxicity of PLGA Nanoparticles In Vitro

According to the results of fluorescence microscopy, 4 h is enough for the penetration
of the main portion of particles into cells. For light-induced cytotoxicity tests, SKOVip-kat
cells were incubated with PLGA/Pht-Mg nanoparticles for 4 h and irradiated with 808 nm
laser for 1, 2, 3, 4, 5, 10, and 15 min. The cytotoxicity was assessed 72 h later using the
resazurin-based cytotoxicity test.

We have shown that the cytotoxicity of nanoparticles was of a concentration-dependent
manner and significantly increased when the nanoparticles were heated by a laser. At
the same time, the effect of the laser on cells without particles did not have a cytotoxic
effect. We showed that IC50 of PLGA/Pht-Mg without irradiation is equal to 98 µg/mL
(Figure 2c). However, when cells with particles were irradiated with light for, e.g., 5 and
15 min, the IC50 value significantly decreases—up to 32 and 3 µg/mL, respectively.
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Figure 2. PLGA nanoparticles loaded with Pht-Mg and coated with chitosan oligosaccharide lactate
effectively penetrate the cell membrane and possess cytotoxic properties under the 808 nm light
irradiation. (a) Fluorescence microscopy study of PLGA/Pht-Mg nanoparticles interaction with
cells. SKOVip-Kat cells were incubated with PLGA/Pht-Mg particles loaded with Pht-Mg with or
without chitosan coating during the synthesis. Cells were imaged 1 h and 4 h after the incubation.
Images were taken in a bright field, in the fluorescence channel corresponding to the PLGA/Pht-Mg
fluorescence (excitation filter −560/40 nm, emission filter −630/75 nm) and Katushka fluorescence
(excitation filter −560/40 nm, emission filter −630/75 nm). Scale bar, 20 µm. (b) Light-induced
photothermal toxicity of PLGA/Pht-Mg particles for SKOVip-kat cells. Cells were incubated with
PLGA/Pht-Mg and irradiated with an 808 nm laser. Cell viability was evaluated 72 h after the
irradiation in dependence on particle concentration and irradiation time. (c) IC50 dependence on
irradiation time for 72 h viability assay.

3.4. 3D Culture

Since the efficacy of both low molecular weight compounds and supramolecular
structures differs significantly within in vitro and in vivo models, 3D spheroids are often
used as an intermediate step as a more relevant tool for studying drug efficacy [21–25]. In
particular, in spheroids, cells form tight intercellular contacts, which are often the main
reason for the poor penetration of therapeutic substances into the tumor.

To test the PLGA/Pht-Mg nanoparticles’ efficacy in 3D culture, we developed the 3D
cultivation method based on cells culturing in agarose microwells. The method is based on
pouring agarose into microwells of a master-mold and subsequent cell cultivation in the
obtained agarose microwells.

The master mold that was designed using 3D-printing technology schematically
illustrated in Figure 1b. The .stl file for 3D-printing can be uploaded as Supporting File 2
and used for the printing of the plastic master-mold for agarose pouring.

128



Pharmaceutics 2022, 14, 43

Agarose solution was poured onto the master mold and then left to solidify at room
temperature under sterile conditions resulting in the formation of nine 2.3 × 3.3 mm U-
shaped microchambers for the cell culture. The suspension of fluorescent SKOVip-kat cells
was then added to the wells leading to the formation of spheroids with tight junctions at
3–6 days of cultivation.

The developed method presents a universal tool for 3D culturing of mammalian cancer
cells based on reusable molds for agarose, which allows the reproducible formation of
multicellular spheroids with tight contacts. The formation of dense cell spheroids in the
wells of an agarose gel allows both real-time bright-field and fluorescent visualization,
since agarose is an optically transparent material, and the analysis of spheroids separately
when they are removed from the molds with a 200 µL pipette tip.

Data presented in Figure 3a demonstrate the formation of reproducible spheroids from
SKOVip-kat cells. Moreover, the spheroids retain their integrity after the removal from
agarose microchambers thus confirming that as-obtained 3D cell structures do possess tight
junctions. This fact was also confirmed using the 2 mM EDTA solution for the spheroid
disaggregation. We noted that 2 mM EDTA which is usually used for the detachment
of the SKOVip-kat cells from the plastic surface is absolutely ineffective even after 3 h
of incubation for spheroid disaggregation: the spheroids retain their integrity after the
incubation. The spheroid can only be disaggregated using concentrated trypsin (0.25%)
solution for 15–20 min.

Thus obtained spheroids can be used for further research, for example, for the analysis
by flow cytometry after disaggregation, or further cultivation in more complex systems, for
example, including cells of the stromal tumor microenvironment.

We showed that the fluorescence intensity calculation using image processing is an
adequate tool for the study of cytotoxicity of different compounds in 3D culture in the
real-time mode without affecting cell viability and the fluorescence intensity calculation
was used in further tests (Figure S1).

3.5. Cytotoxicity of PLGA-Based Nanocarriers in 3D Culture

As obtained spheroids were used for evaluating the effectiveness of PLGA carriers in
3D culture mimicking solid tumors.

For the experiment, concentrations within the 74–2000 µg/mL and irradiation time
of 0, 5, and 15 min were selected as most clearly reflecting the cell response on incubation
with nanoparticles and light irradiation according to 2D cytotoxicity test. Spheroids were
overnight incubated with nanoparticles followed by light irradiation and the fluorescence
intensity analysis reflecting the cells’ viability was performed on 6 day of cultivation.

Data presented in Figure 3f,g demonstrate that although the cytotoxicity of PLGA/Pht-
Mg nanoparticles is quite similar to 2D cytotoxicity tests, much higher doses are required to
achieve the desired cell death. For instance, the IC50 of pristine PLGA/Pht-Mg increased to
3.5 times in 3D culture (98 µg/mL for 2D vs. 347 µg/mL for 3D) and to 8.4 times (32 µg/mL
for 2D vs. 269 µg/mL for 3D) for 5 min-irradiation and 39 times (3 µg/mL for 2D vs.
117 µg/mL for 3D) for 15 min-irradiation.

To enhance the efficacy of PLGA/Pht-Mg photothermal sensitizers, we used JO-4
protein that induces the short EMT thus allowing nanoparticles to pass through tight cells
junctions. JO-4 was added to cells 1 h before the nanoparticle addition and the cytotoxicity
test was performed in the same way as for without JO-4. We confirmed that JO-4 conjugated
with FITC does interact with the tight junctions of SKOVip-Kat cells when 2D cell culture
reaches confluent monolayer (Figure 3b).
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Figure 3. JO-4 enhances the therapeutic and diagnostic capabilities of polymer PLGA-based pho-
tothermal sensitizers in vitro. (a) Bright-field and fluorescent images of 3D cell spheroids based on
SKOVip-Kat cells cultured in agarose molds for 9 days before (I) and after (II) the removal from
agarose microwells. Scale bar, 250 µm. (b) JO-4 conjugated with FITC interacts with the tight junctions
of SKOVip-Kat cells. Scale bar, 20 µm. (c) Confocal microscopy images of 3D spheroids labeled with
PLGA/Pht-Mg nanoparticles with or without preincubation with JO-4 protein. Images are presented
in the fluorescence channel corresponding to the fluorescence of Pht-Mg (excitation 640 nm, emission
660–760 nm, the image is pseudocolored with green color), in the bright field and as a merged
image of bright field and fluorescence. Scale bar, 250 µm. (d) Flow cytometry assay on evaluation
of PLGA/Pht-Mg labeling of cells in spheroids. Spheroids were labeled with PLGA/Pht-Mg with
or without preincubation with JO-4 protein, disaggregated with trypsin solution and analyzed with
flow cytometry (excitation laser 640 nm, emission filter 675/30 nm). (e) Thermal imaging of cell
suspension with or without PLGA/Pht-Mg nanoparticles under the irradiation with 808 nm laser
with FLIR One camera. Scale bar, 1 cm. (f) Epifluorescent images of 3D spheroids of SKOVip-Kat cells
incubated with PLGA/Pht-Mg nanoparticles loaded with Pht-Mg and irradiated with NIR light for 0,
5, and 15 min. Scale bar, 250 µm. (g) Fluorescence-based cytotoxicity curves for SKOVip-kat spheroids
incubated with PLGA/Pht-Mg and irradiated for 0, 5, or 15 min with or without pre-incubation with
JO-4 protein.

Using the laser confocal scanning microscopy, we confirmed that JO-4 indeed en-
hances the permeability of fluorescent PLGA/Pht-Mg nanoparticles inside the 3D spheroids
(Figure 3c). These data are accompanied by flow cytometry assay data (Figure 3d) per-
formed on cells from disaggregated spheroids incubated with PLGA/Pht-Mg nanoparticles
with or without pre-incubation with JO-4 protein. Data presented in Figure 3d confirm that
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JO-4 enhances the particle accumulation in the total cell population within the spheroid.
Thus, the cell tight junctions targeting with JO-4 protein and cancer cell heating with
PLGA/Pht-Mg sensitizers were used for selective destruction of cancer cells in spheroids.
Before that, the retaining of hyperthermic properties of PLGA/Pht-Mg particles after cell
binding was confirmed with photothermal imaging using FLIR One pro camera (Figure 3e).

Data shown in Figure 3f,g confirm that the approach is very effective leading to
nanoparticle performance increase in 3D culture as it is in 2D culture. Indeed, the IC50
value calculated for viability curve of PLGA/Pht-Mg particles without irradiation was
found to be 72 µg/mL (comparable to 98 µg/mL for 2D), 25 µg/mL for 5 min irradiation
(comparable to 32 µg/mL for 2D) and 1.9 µg/mL for 15 min irradiation (comparable to
3 µg/mL for 2D).

3.6. JO-4 Enhances Nanoparticle Accumulation in Tumor In Vivo

As-obtained nanoparticle PLGA/Pht-Mg performance was assessed in vivo using
orthotopic mouse mammary tumors. BALB/c mice were injected with EMT6/P cells to get
tumors in the mammary fat pad.

Mice were i.v. injected with JO-4-Cy5.5 and cryosections of tumor tissues were ana-
lyzed with confocal microscopy thus confirming the accumulation of fluorescently labeled
JO-4-Cy5.5 protein in the upper layers of the tumor (Figure 4a).

 

−
−

Figure 4. Targeting cancer cell junctions with JO-4 enhances the therapeutic and diagnostic capa-
bilities of polymer PLGA-based photothermal sensitizers in vivo. (a) Cryosections of tumor tissue
demonstrate the Cy5.5-labeled JO-4 accumulation in the tumor. Confocal laser scanning microscopy
images are presented in the fluorescence channel corresponding to the Cy5.5 fluorescence (excitation
laser 640 nm, emission 660–760 nm) and in the bright field. Scale bars, 100 µm. (b) In vivo living
imaging of BALB/c mice with orthotopic tumors i.v. injected with PLGA/Pht-Mg particles with
or without pre-injection of JO-4 in the fluorescence channel corresponding to the nanoparticle’s
fluorescence. Scale bar, 2 cm. (c) Tumor growth dynamics under the treatment with PLGA/Pht-Mg
particles with or without JO-4 pre-treatment and with or without 808 nm laser irradiation. Data are
presented as mean ± s.d.

For bioimaging tests, mice were inoculated with 400 µg of PLGA/Pht-Mg nanoparti-
cles with or without pre-injection of JO-4 and 4 h later visualized with LumoTrace imaging
system (Figure 4b) using the excitation diodes of 630 nm and 655 nm emission filters. Data
shown in Figure 4b confirm the effective PLGA/Pht-Mg particles accumulation in the tumor
site (blue circled area) only in the case when JO-4 was pre-injected. The fluorescence inten-
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sity calculations showed that using the pre-injection of JO-4 prior to nanoparticles leads to
the tumor fluorescence intensity increase up to 2.5 times (2.49 × 106 vs. 9.86 × 105 a.u.).

3.7. JO-4 Enhances the Therapeutic Capabilities of PLGA-Based Nanosensitizers In Vivo

Finally, we evaluated the therapeutic capabilities of PLGA/Pht-Mg particles in vivo
using their photothermal properties. Mice were i.v. injected with 400 µg of PLGA/Pht-Mg
nanoparticles with or without pre-injection of JO-4 and irradiated with 808 nm laser
by two repeated cycles (5 min each). The dynamics of tumors’ growth recorded for
two weeks are presented in Figure 4c. Data in Figure 4c confirm that the affecting
the tumor with PLGA/Pht-Mg is effective only in the case of pre-injecting with JO-
4 and 808 nm light irradiation; the tumor growth inhibition at 15 day calculated as
%TGI = (1 − {Tt/T0/Ct/C0}/1 − {C0/Ct}) × 100 where Tt = median tumor volume of
treated at time t, T0 = median tumor volume of treated at time 0, Ct = median tumor
volume of control at time t and C0 = median tumor volume of control at time 0 was found
to be equal to TGI = 92%.

4. Discussion

A large number of photosensitizers require excitation with visible light, and the
penetration into deep tissues, especially into solid tumors, is limited. The use of near-
infrared wavelengths allows deeper penetration into biological tissues and has less effect
on endogenous chromophores such as hemoglobin. Optimal irradiation is provided in the
so-called biological “transparency window” of 650–950 nm [26]. Longer wavelength ranges
lying beyond 1000 nm (the maximum absorption of water) are also reported [27,28]. It
should be noted that light in the visible and near-IR ranges is relatively safe for surrounding
tissues in a much wider range of irradiation energy used, compared to, e.g., radiation
therapy of tumors.

Phthalocyanine-based compounds weakly absorb light at 400–600 nm and practically
do not lead to photosensitivity of the skin [29]. However, their ability to absorb light and flu-
orescence at 650–800 nm and generate singlet oxygen can be used to destroy both skin and
deep tumors [30–33]. The photodynamic and photothermal properties of phthalocyanines
depend on their structure. The efficiency of heating or generation of ROS depends on the
ion at the base of the complex (for example, heavy metal ions can increase the generation
of ROS), and the chemical modification can increase the solubility of phthalocyanines or
change the excitation wavelength of their photosensitizing properties [34,35]. Due to the
high stability of the phthalocyanine molecules [35], they can be used for repeated cycles of
irradiation without any additional injections, in contrast to, e.g., well-studied indocyanine
green photothermal sensitizer.

A number of drugs based on phthalocyanine and its derivatives are at various stages
of clinical trials and even approved in the clinic thus confirming their efficiency for PDT
and PTT. The phototherapy drugs used include hydroxyaluminium trisulfophthalocya-
nine (Photosens), which has been tested on a variety of tumor types, including eye and
eyelid cancer [36], bladder cancer and cervical cancer [37–39]. A number of drugs based
on phthalocyanine derivatives have undergone different stages of clinical trials and in-
clude zinc phthalocyanine derivatives (CGP55847 [40] and Photocyanine [41]), silicon
(Pc 4 [42]). Currently, a large number of phthalocyanine-based drugs are being developed
for photodynamic [43] (Li et al. 2018) and photothermal therapy [44,45] cancer.

In this work, nanoparticles based on magnesium phthalocyanines were obtained,
which are effectively heated when irradiated with light of a wavelength of 808 nm. We
have shown that such particles, when stabilized by chitosan oligosaccharide lactate, are
selectively internalized into cells and can be effectively used for laser-induced cell death in
2D in vitro culture.

However, when 3D cellular spheroids were used, the efficiency of these particles
decreased significantly more than an order of magnitude in terms of IC50. To meet the
challenge and increase the nanoparticle performance, especially their penetration into tight
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multicellular structures, we used the combination of PLGA-based photothermal sensitizers
and the protein JO-4 that weakened intercellular contacts by activating metalloprotease
ADAM17, which breaks down desmoglein of cell contacts and increased tissue permeability.
After the binding to desmoglein 2, these proteins cause temporary transdifferentiation of
cells, a partial epithelial–mesenchymal transition (EMT). JO-4 was obtained by screening
mutant variants and has a higher affinity for desmoglein-2 than JO-1. JO proteins are able
to induce the opening of cell contacts in the normal stratified epithelium; however, JO-1
has been shown to preferentially act on intercellular contacts of tumors and does not cause
serious side effects at therapeutic doses [9,11,12]. This was confirmed for JO-1 in xenograft
models [9,12], the safety of JO-4 has also been shown in macaques [8]. Thus, JO proteins
can be used to overcome anatomical barriers and improve the diffusion of therapeutic
agents within a tumor. At the same time, the change in the cellular phenotype of the tumor
is temporary, and long-term experiments have shown that the use of JO in vivo does not
increase the likelihood of metastases [11].

Of course, the application of photothermal therapy with photothermal nanosensitizers
and NIR light irradiation has serious limitations regarding light penetration into tissues.
However, light sources in the 800–900 nm wavelength range are the most effective for
PTT from UV-Vis-NIR range since the light penetration depth is about 4–5 mm in this
range in comparison with, e.g., 0.5 mm for blue light. The described method of PTT can
be significantly improved with the use of invasive light sources or in the combination
with chemotherapy or radiotherapy that does not require external light sources. Namely,
the PLGA/Pht-Mg sensitizers can be additionally loaded with chemotherapeutic drugs—
doxorubicin or paclitaxel and used in co-administration with junction opener proteins to
perform better for oncotherapy.

Previously the effectiveness of the JO-4 protein in relation to nanoparticles was studied
in relation to PEGylated liposomes and gold nanoparticles only. Thus, the effect of this
protein on enhancing the effectiveness of liposomes loaded with doxorubicin in vivo [8]
was demonstrated, and it was shown that JO protein significantly increases bulk tumor
accumulation of 35 nm but not 120 nm gold nanoparticles [13]. Here we show that targeting
tight junctions is effective for quite large 200 nm polymer nanoparticles acting as sensitizers
of PTT thus opening up new possibilities in cancer treatment using polymer-based nano-
cargo. However, the systemic toxicity of such treatment still remains an open question and
should be thoroughly investigated after this proof-of-concept study. Nevertheless, based on
previous studies [8], we believe that this method is safe for use in oncology in combination
with the use of nanoparticles. Previously, when studying the combination of Doxil and JO-4
in healthy non-human primates the non-significant effects regarding the systemic toxicity
were observed: no changes in animal health/behavior were observed; histological analysis
revealed mild gastro-enterocolitis, the hematological analysis revealed mild lymphopenia
on day 1, and thrombocytopenia at days 1, 2, and 3 after the injection. A mild transaminitis
was observed on day 1 after JO-4 injection which could be related to residual bacterial
endotoxin in the JO-4 preparation. No significant damage of liver, kidney and spleen
was observed. When combined with Doxil, analysis of clinical symptoms and blood
parameters did not show remarkable signs of toxicity. Overall, the study (Richter et al.,
2015) did not show critical JO-4-related toxicity or an increase of Doxil-related side effects,
thus proving the clinical safety of the proposed method for the use in combination with
nanomedications [8].

5. Conclusions

Despite the significant progress achieved in the treatment of oncological diseases in
recent decades, the treatment of solid tumors of epithelial origin possessing intercellular
contacts is still a serious problem. Considerable efforts are being made to enhance the
efficacy of nanoagents of different origins, e.g., aimed at extending their bloodstream circula-
tion [46,47] or changing their biodistribution [48]. Nevertheless, tight intercellular contacts
typical for cancer cells make both traditional chemotherapies and therapy with monoclonal
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antibodies and supramolecular agents ineffective. Therefore, the active targeting of tumor
cell contacts in the development of new and improvement of existing approaches to the
therapy of solid tumors is one of the most urgent areas of modern biomedicine.

Here we show that the co-administration of a junction opener protein JO-4 and quite
large 200 nm PLGA nanoparticles loaded with magnesium phthalocyanine is an effective
method both for therapeutic purposes and for the diagnosis of solid tumors. The developed
technology can also be used for other types of polymer nanoparticles acting as PTT or
PDT sensitizers.

Since several PLGA-based non-targeted drugs formulations are already entered the
clinic, e.g., Lupron Depot (Abbvie Endocrine Inc., North Chicago, IL, USA) and Trelstar
(Allergan Sales Inc., Madison, NJ, USA) for prostate cancer treatment, the described tech-
nique can probably be used for already approved micro- and nanoparticles for improving
their efficiency. We believe that the co-administration of agents targeting tight tumor con-
tacts together with therapeutic nanoparticles can significantly improve both the quality of
diagnosis and therapy of solid, including metastatic, tumors.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/pharmaceutics14010043/s1, Supplementary Note 1: Cytotoxicity tests in 3D in vitro culture,
Figure S1: Comparison of cytotoxicity tests for assessing the efficacy of anticancer drugs in 3D culture
with multicellular spheroids possessing tight contacts.
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Abstract: The aim of present study was to develop radiolabeled NPs to overcome the limitations of
fluorescence with theranostic potential. Synthesis of PLGA-NPs loaded with technetium-99m was
based on a Dean-Vortex-Bifurcation Mixer (DVBM) using an innovative microfluidic technique with
high batch-to-batch reproducibility and tailored-made size of NPs. Eighteen different formulations
were tested and characterized for particle size, zeta potential, polydispersity index, labeling efficiency,
and in vitro stability. Overall, physical characterization by dynamic light scattering (DLS) showed
an increase in particle size after radiolabeling probably due to the incorporation of the isotope into
the PLGA-NPs shell. NPs of 60 nm (obtained by 5:1 PVA:PLGA ratio and 15 mL/min TFR with
99mTc included in PVA) had high labeling efficiency (94.20 ± 5.83%) and >80% stability after 24 h
and showed optimal biodistribution in BALB/c mice. In conclusion, we confirmed the possibility
of radiolabeling NPs with 99mTc using the microfluidics and provide best formulation for tumor
targeting studies.

Keywords: radiolabeled nanoparticles; poly (lactic-co-glycolic acid) (PLGA); nuclear medicine;
microfluidics

1. Introduction

The design of targeted drug delivery systems using nanomaterials has rapidly spread
in medicine, due to the possibility of improving the targeting and release of drugs from
these nano-systems, avoiding their premature biodegradation, off-target and systemic toxi-
city [1]. The ideal delivery system should satisfy several requirements like biodegradability,
biocompatibility, non-immunogenicity and non-toxicity in a biological system. Addition-
ally, they should have the capability of a high load of drugs and administer them to the
target with controlled release and distribution, with minimal losses and a prolonged release
in the desired site [2,3]. Nanomaterials match these characteristics as they can be used
to fabricate several types of nanoparticles (NPs), formulated with organic, inorganic, or
hybrid core. The physico-chemical parameters of NPs such as size, shape, surface charge,
and materials of the structure, are fundamental for their biodistribution, excretion, pharma-
cokinetics, targeting, and therefore therapeutic efficacy [4,5]. Polymeric NPs are composed
of biodegradable and biocompatible polymers, are easily synthetized and can encapsulate
or absorb surface insoluble molecules, therefore they have been extensively studied as
vehicles for controlled drug delivery [6,7]. The polylactide-co-glycolic acid (PLGA) are
polymeric NPs already approved by Food and Drug Administration (FDA) and European
Medicine Agency (EMA) to deliver therapeutic agents parentally administered [8]. PLGA-
NPs are naturally degraded in the body by hydrolysis of ester bonds between the lactic
(PLA) and glycolic acid (PGA) monomers, metabolized by the Krebs cycle, and excreted by
the lungs as carbon dioxide and water or by urine in a non-toxic way [9,10]. The retention
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of PLGA-NPs at the target site and also the effect of the entrapped drug depends on the
composition of polymers. The PLA:PGA ratio influences the degradation kinetics of NPs
since a high PLA monomer ratio causes hydrophobicity of PLGA-NPs and their degrada-
tion occurs more slowly [11]. PLGA with a ratio of 50:50 is the most used copolymer in
nanomedicine, due to its fastest degradation rate and therefore faster drug release rate than
other formulations [12]. Drug release can be achieved by passive diffusion from polymer
barrier or by erosion of the PLGA-NPs structure [13]. When PLGA-NPs are synthetized, it
is important to consider the physical and chemical properties of polymers, and also the
complexity of the process to achieve the optimal drug delivery system [14]. In recent years,
an innovative synthesis method has been explored, called ‘microfluidic technique’, that
overcomes some limitations given by the bulk nanoprecipitation method [15,16]. In this
method, an aqueous solution has been mixed with a solvent phase (as acetonitrile, acetone,
or ethanol) and this causes the precipitation and nucleation of polymers, assembling in
NPs [17]. The bulk-synthesis technique has been extensively studied for NPs production,
but suffers from poor batch-to-batch reproducibility, long preparation times, and several
steps of manipulation that can lead to NPs aggregation [18,19]. The microfluidic method
offers the potential of a controlled system in which the organic and the aqueous phases are
mixed in a microfluidic chip with precision settings, such as the total flow ratio (TFR) and
the flow rate ratio (FRR) [20]. The TFR is the total speed in mL/min at which both the fluids
are mixed in the microfluidic platform, and the FRR is the volumetric ratio of the mixed
organic and aqueous phases. This leads to precise NPs size control and a high degree
of particle uniformity (polydispersity index below 0.2), allowing batch-to-batch repro-
ducibility. These are crucial factors for GMP production of radiolabeled PLGA-NPs to be
used in clinical practice. In our study, we explored the possibility to produce radiolabeled
PLGA-NPs with a novel microfluidic system based on a Dean-Vortex-Bifurcation Mixer
(DVBM) [21]. Despite the wide use of PLGA-NPs as delivery drug system, the knowledge
of a reproducible incorporation of imaging agents into PLGA-NPs is yet to be explored. In
our previous study, we demonstrated how fluorescent PLGA-NPs were able to passively
accumulate in a syngeneic tumor model of sarcoma, with maximum uptake at 72 h [22].
Then, the possibility to combine diagnostic agents with therapeutics molecules in NPs,
makes them a promising theranostic tool. The aim of this study was to investigate a novel
microfluidic process for manufacturing PLGA-NPs loaded with diagnostic isotope, as a
necessary step for future theranostic application. The radioactive isotope allows a signal
detection from deeper tissues, overcoming the limitation of fluorescence and enabling a
translational potential of NPs as imaging probe. Therefore, formulation parameters (TFR
and FRR) were set to achieve the best encapsulation efficiency of technetium-99m (99mTc).

2. Materials and Methods

2.1. Materials

Poly (lactic-co-glycolic acid) (lactide to glycolide ratio 50:50, acid endcap, Mw:
35.000–45.000 Da) was purchased by Akina, Inc. (West Lafayette, IN, USA). Polyvinyl alco-
hol (PVA Mw: 31,000 Da). Acetonitrile (ACN) (HPLC grade) and ultrapure water (HPLC
grade) were supplied by Merck (Darmstadt, Germany). Technetium-99m was obtained by
elution from 99Mo/99mTc generator.

2.2. Synthesis of PLGA-NPs

An innovative microfluidic mixer (NanoAssemblr® Benchtop, Precision NanoSystems
Inc., Vancouver, BC, Canada) was used to manufacture PLGA-NPs. The platform uses
compatible syringes to inject solutions in two different channels on a chip incorporated in
a disposable cartridge inserted into a microfluidic device controlled by a laptop. The chip
is composed by a plurality of mixers, defined as Dean-Vortex-Bifurcation Mixer (DVBM).
Each DVBM is characterized by a bifurcation with four toroidal elements arranged in series
to mix the liquid provided [23]. Each DVBM in turn contains a plurality of toroidal mixing
elements. The fluids under a constant pressure are pumped into the mixer and flow through
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curved channels. The increased speed of the flow in the center of the channel causes it to
deflect outward due to the higher centripetal force. This flow is opposed to another inward
flow at the top and the bottom of the channel, creating a pair of counter-rotating vortices,
known as Dean vortex. DVBM has a fully planar geometry which reduces the possibility
of material clogging or adsorption and also allows for higher flow rates on larger devices.
The non-turbulent process condition ensures reproducible results with high NPs quality.

To synthetize PLGA-NPs, the polymeric materials (PLGA 50:50) were dissolved in
acetonitrile (ACN) at a concentration of 5 mg/mL. PVA (2%, w/v), dissolved in ultra-
pure water, was used as aqueous phase. The solutions were loaded in two different and
disposable syringes and injected into a separate inlet point on the mixer.

In order to evaluate the effect of the different instrument parameters, TFR 8, 12, and
15 mL/min and FRR 1:1, 3:1, and 5:1, were tested. Nine parallel batches were synthetized
and analyzed (Table 1).

Table 1. Selected parameters for the formulation of PLGA-NPs using NanoAssemblr®. FRR = flow
rate ratio; TFR = total flow rate.

Batch
PLGA

(mg/mL)
FRR

(Aqueous:Organic)
TFR

(mL/min)

#1 5 1:1 8
#2 5 3:1 8
#3 5 5:1 8
#4 5 1:1 12
#5 5 3:1 12
#6 5 5:1 12
#7 5 1:1 15
#8 5 3:1 15
#9 5 5:1 15

2.3. Synthesis of 99mTc-PLGA-NPs

In order to find the best radiolabeling approach, two different approaches were tested
for the microfluidic syntheses of 99mTc-radiolabeled PLGA-NPs (Figure S1).

In the first one, 100 µL of 99mTcO4
− (NaCl) were added dropwise to 1 mL of PLGA

polymers (5 mg/mL ACN) and injected into the organic inlet of the microfluidic mixer.
PVA (2%, w/v) dissolved in ultrapure water was injected through the other inlet of the
microfluidic mixer. We called these batches 99mTc-polymer-(PLGA-NPs).

In the second one, 100 µL of 99mTcO4
− (NaCl) were added dropwise to 2 mL of

the aqueous phase (PVA, 2%) and injected into the appropriate inlet of the microfluidic
mixer. PLGA polymers (5 mg/mL ACN) were injected into the other inlet. We called these
formulations 99mTc-PVA-(PLGA-NPs).

For both the radiolabeling approaches, the different instrument parameters described
in Table 1 were tested, thus obtaining a total of 18 different formulations.

To radiolabel each batch with the same activity of 99mTcO4
− (5 mCi), we used different

starting concentrations of isotope, considering the different FFR, as shown in Table 2.

Table 2. Effective incorporation of 99mTcO4
− based on the amount of aqueous and solvent phase used for the synthesis of

99mTc-PLGA-NPs.

FRR
(Aqueous:Organic)

PVA (mL)
PLGA

Polymers (mL)

99mTcO4
− in PVA

(mCi/mL)

99mTcO4
− in PLGA Polymers

(mCi/mL)

1:1 1 1 5 -
3:1 1.5 0.5 3.3 -
5:1 1.67 0.33 2.99 -
1:1 1 1 - 5
3:1 1.5 0.5 - 10
5:1 1.67 0.33 - 15.15
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2.4. Quality Controls

2.4.1. Particle Size Distribution and Zeta Potential (ζ) Measurements

Volume-average diameter (nm) and polydispersity index (PDI) of NPs were analyzed
by dynamic light scattering (DLS) using a NanoZetaSizer analyzer (Malvern Instruments
Ltd., Malvern, UK). After the batch synthesis with NanoAssemblr®, native PLGA-NPs,
99mTc-polymer-(PLGA-NPs), and 99mTc-PVA-(PLGA-NPs) were loaded into the instrument
and analyzed. All the batches were analyzed pre- and post-PD-10 purification step.

Briefly, 10 µL of each sample were suspended with 90 µL of ultrapure water and loaded
in Sarstedt polystyrol/polystyrene cuvettes (10 × 10 × 45 mm) for the measurements
performed at 25 ◦C. To study the surface charge of NPs, the zeta potential analysis was
performed with the same instrument. In total, 20 µL of NPs were suspended with 980 µL of
ultrapure water, sonicated, and loaded in Malvern folded capillary cells for measurements.
All measurements were performed in triplicate and mean values ± standard deviation (SD)
are reported.

2.4.2. Labeling Efficiency and Yield Calculation of 99mTc-PLGA-NPs

The ITLC was used to evaluate the presence of unlabeled 99mTc in the preparation
(free pertechnetate 99mTcO4

−) with sodium chloride (NaCl 0.9%) as mobile phase. The
free pertechnetate present in the solution migrates to the front of the strip (Retention
Factor = 0.9), while the radiolabeled compound remained at the bottom (Retention Factor
= 0.1). ITLC strips were spotted with 2–3 µL of the solution at 1 cm above the bottom, and
immediately put into a falcon vial with the mobile phase. After migration of the mobile
phase up to 1 cm from the top, the strip was dried and analyzed in a Radio-TLC Imaging
Scanner (Bioscan, Inc, Poway, CA, USA). Labeling efficiency was calculated as percentage
of NPs activity over total.

After the synthesis, a PD-10 desalting column containing Sephadex G-25 resin (GE
Healthcare, Uppsala, Sweden) was used to purify the radiolabeled NPs from the unlabeled
technetium present in solution. Briefly, 1 mL of 99mTc-PLGA-NPs was added to column,
then 1.5 mL of PBS were added to completely fill the column volume and the sample eluted
was discarded. In total, 10 mL of PBS were eluted and collected in 20 fractions (500 µL
each). The acetonitrile and the other small contaminants in solution were removed in the
same purification step.

Each fraction was counted in a single-well NaI γ-counter (AtomLab, 500-Biodex) and
the yield was calculated as follows:

YIELD (%) = 100 × [mCi(
99m

Tc-PLGA-NPs)/mCi(tot)]

where mCi(tot) is the starting activity used (5 mCi), while mCi(99m
Tc-PLGA-NPs) is the amount

of mCi from the first 5 fractions in which the labeled NPs were eluted.

2.4.3. “In Vitro” Release Study
99mTc-polymers (PLGA-NPs) and 99mTc-PVA (PLGA-NPs) synthetized with the for-

mulation parameters of batch #9 were selected for further experimentations.
In vitro release of technetium-99 from selected radiolabeled NPs was evaluated in

NaCl 0.9%. The radiolabeled compound was incubated at room temperature for 1, 3, 6, and
24 h. At the end of each time point, each batch was analyzed by ITLC as previously described.

Size and PDI of labeled NPs were also measured by DLS over time, being important
indicators of NPs aggregation.

2.5. In Vivo Biodistribution Studies

All animal experiments were carried out in compliance with the local ethics committee
and in agreement with the National rules and the EU regulation (Study 204/2018-PR).
Biodistribution of 99mTc-PLGA-NPs was studied in 18 normal 8-week-old female BALB/c
purchased from Envigo. Mice were divided in two groups of nine mice each. Group 1 was
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injected 99mTc-polymers (PLGA-NPs) batch #9 formulation, group 2 was injected 99mTc-
PVA (PLGA-NPs) batch #9 formulation. The 100 µCi (100 µL) of radiolabeled nanoparticles
were injected into the lateral tail vein of each animal. After each time point (1, 6, 24 h) three
mice per group were sacrificed; blood samples and major organs (small and large bowel,
kidneys, spleen, stomach, liver, muscle, bone, lungs, heart) were collected and weighted.
The radioactivity from each vial was counted in a single-well γ-counter (PerkinElmer,
Waltham, MA, USA). The percentage of injected dose per organ (%ID) and percentage
of injected dose per gram (%ID/g) were calculated. 99mTc standards were prepared by
dilution method and appropriate decay corrections were applied to all the samples.

3. Statistical Analysis

Continuous variables are shown as mean ± SD (standard deviation). The differences
between native vs. 99mTc-polymers (PLGA-NPs) vs. 99mTc-PVA (PLGA-NPs) of the con-
tinuous variables were tested by GLM (General Linear Model) when the normality of the
residuals was verified or otherwise Kruskal–Wallis. The normality of the residuals was
evaluated by Shapiro–Wilk test. Post-hoc analysis was performed by Tukey method when
the homoscedasticity (homogeneity of the variance) was verified or Games–Howell test in
presence of heteroscedasticity. Homoscedasticity was verified by check of the box-plots
relatively to three groups and also analyzing the studentized residuals.

Analysis of variables pre and post-purification of each group ((native, 99mTc-polymers
(PLGA-NPs) and 99mTc-PVA (PLGA-NPs)) was performed by paired t test and the normality
of the differences pre–post was evaluated by Shapiro–Wilk test. Wilcoxon test was used
when the normality of the differences failed.

The stability over time (baseline vs. 1 h vs. 3 h vs. 6 h vs. 24 h) was analyzed by
GLIMMIX (Generalized Linear Mixed Model) with Gaussian distribution and identity link
for repeated measures.

The analysis of interaction between the groups (99mTc-PVA (PLGA-NPs) and 99mTc-
polymers (PLGA-NPs)) and time (group*time) relative to organs was tested by GLIMMIX
(Generalized Linear Mixed Model) with Gaussian distribution and identity link.

The multiple comparisons were corrected by Benjamini–Hochberg (FDR) method. All
analyses were performed by SAS v. 9.4 and JMP PRO v. 16 (SAS Institute Inc., Cary, NC,
USA). A p-value < 0.05 was considered detectable.

4. Results

4.1. Particle Size Distribution and Zeta Potential (ζ) Measurements

To assess the effects of different microfluidic parameters (batch #1 to #9) on NPs
size, charge and PDI, we first synthetized and analyzed native PLGA-NPs. DLS results
confirmed that particle size is affected by both TFR and FRR as already published by
others [24]. Indeed, by increasing TFR of the two phases (from 8 to 15 mL/min) and
by varying FRR from 1:1 to 5:1 (aqueous:organic phase), we detected a reduction in size,
especially for radiolabeled NPs (Figure 1, Table S1). The uniformity on NPs size distribution
was confirmed by PDI values, ranging from 0.176 to 0.273 (Table S2). All batches had a
negative surface charge (ZP) ranging from −11.62 to −24.14 mV (Table S3). A purification
step, using PD-10 desalting column, was also performed for native PLGA-NPs to remove
the ACN present in solution after synthesis. After PD10 purification we observed a
considerable difference in size for all tested batches, except for batch #9 (Table S4).

In particular, the formulation with an FRR of 1:1 and 3:1 at different TFRs (8, 12, or
15 mL/min) showed the greatest increase in size. By contrast, all formulations with FRR of
5:1 and TFR of 8, 12, or 15 mL/min, had a small increase in size. (Figure 1).

PDI values after purification showed no detectable differences (Table S5).
Zeta potential values of native NPs showed a detectable decrease after purification

only for batch #1 (Table S6).
The same formulations of native NPs were used to synthetize radiolabeled NPs.
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Figure 1. (A) Particle size distribution and zeta potential measurements (bars) and PDI (dot) for each formulation of native
(white bars), 99mTc-PVA (PLGA-NPs) (grey bars), and 99mTc-polymers (PLGA-NPs) (black bars) pre-PD10 purification.
(B) Particle size distribution and zeta potential measurements (bars) and PDI (dot) for each formulation of native (white
bars), 99mTc-PVA (PLGA-NPs) (grey bars) and 99mTc-polymers (PLGA-NPs) (black bars) post-PD10 purification.

Independently from the radiolabeling method (99mTc-PVA- or 99mTc-polymers- PLGA-
NPs), all formulations showed detectable increase in size after labeling as compared to
the respective native formulation (Figure 1, Table S1). 99mTc-PVA-PLGA-NPs of batch
#9 did not show a relivable increase in size after radiolabeling, retaining small size:
p 63.11 ± 2.53 nm vs. 65.80 ± 2.28 nm, p = 0.18 (Table S1).

Similarly to native NPs, labeled NPs showed an increase in size after PD10 purification.
In particular, relivable difference was shown as follows: for batches #1, #2, #4, #5, #7, and
#9 of 99mTc-polymers (PLGA-NPs) with p = 0.009, p = 0.006, p = 0.03, p = 0.006, p = 0.003,
p = 0.01, respectively; for batches #1, #2, #3, #4, #5, #6, and #7 of 99mTc-PVA (PLGA-NPs)
with p = 0.0007, p = 0.008, p = 0.02, p = 0.0009, p = 0.001, p = 0.02, p = 0.0006, respectively
(Figure 1, Table S4).

The smallest NPs size was obtained by labeling batches #5, #6, #8, and #9 with 99mTc
dissolved in aqueous phase (Table S1).

Zeta potential decreased after purification, with values relivable only for batches #1,
#3, #4, #5, and #7 of 99mTc-polymers (PLGA-NPs) (Table S6).

PDI did not show detectable modifications after PD10 purification for batches #3, #6,
#7, and #8 of 99mTc-polymers (PLGA-NPs) and for batches #2, #4, #6, #7, #8, and #9 of
99mTc-PVA (PLGA-NPs) (Table S5).
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4.2. “In Vitro” Studies

ITLC results showed a high LE for all batches ranging from 73 to 99% for 99mTc-
polymers-(PLGA-NPs) and from 85 to 99% for 99mTc-PVA-(PLGA-NPs), as shown in
Table 3. Each batch was then purified with a PD-10 desalting columns to remove unlabeled
technetium and other small contaminants, obtaining a final LE of 100%. Radiolabeled yield
after purification ranged from 11 to 34% for 99mTc-polymers (PLGA-NPs), and from 19 to
41% for 99mTc-PVA (PLGA-NPs).

Table 3. Encapsulation efficiency (%) and yield (%) of 99mTc-PVA (PLGA-NPs) and 99mTc-polymers
(PLGA-NPs). Results represent triplicate measurements.

Batch 99mTc-Polymers (PLGA-NPs) 99mTc-PVA (PLGA-NPs)

N◦ LE
Mean ± SD

YIELD
Mean ± SD

LE
Mean ± SD

YIELD
Mean ± SD

#1 96.87 ± 1.74 26.70 ± 0.14 98.25 ± 2.47 19.06 ± 0.72
#2 99.25 ± 1.06 34.05 ± 0.19 99.20 ± 1.13 27.50 ± 0.58
#3 98.83 ± 0.40 22.54 ± 0.26 99.45 ± 0.78 31.60 ± 0.36
#4 95.50 ± 1.20 22.12 ± 0.17 99.61 ± 0.56 32.93 ± 0.32
#5 85.09 ± 10.96 11.60 ± 0.88 85.28 ± 17.23 29.82 ± 0.18
#6 73.15 ± 26.90 14.78 ± 0.17 92.57 ± 10.51 41.33 ± 0.07
#7 95.70 ± 1.48 19.10 ± 0.21 95.10 ± 2.06 31.73 ± 0.21
#8 95.11 ± 1.92 13.8 ± 0.10 85.83 ± 5.25 20.71 ± 0.27
#9 88.53 ± 1.43 10.92 ± 0.15 94.20 ± 5.83 33.69 ± 0.22

ITLC results showed a high LE of both radiolabeled PLGA-NPs up to 6 h, with a slight
decrease at 24 h (Table 4).

Table 4. Labeling efficiency calculation (%) at different time points (1, 3, 6, and 24 h) to evaluate the
technetium-99m release in 0.9% NaCl from 99mTc-PVA (PLGA-NPs) and 99mTc-polymers (PLGA-NPs)
batch #9. Results represent triplicate measurements.

99mTcPLGA-NPs
1 h

Mean ± SD
3 h

Mean ± SD
6 h

Mean ± SD
24 h

Mean ± SD

99mTc-polymers 98.34 ± 1.79 97.97 ± 1.82 97.92 ± 1.86 84.34 ± 7.57
99mTc-PVA 97.17 ± 3.66 97.92 ± 2.38 97.13 ± 2.65 84.21 ± 8.22

DLS results showed no significant differences in size and zeta potential over time for
both 99mTc-PVA (PLGA-NPs) and 99mTc-polymers (PLGA-NPs) (Figure 2).

4.3. In Vivo Biodistribution Studies

Due to their small size, high LE%, and radiochemical stability, 99mTc-PVA (PLGA-NPs)
and 99mTc-polymers (PLGA-NPs) from batch #9 were selected for biodistribution studies in
BALB/c mice.

As shown in Figure 3, single organ counting at 1 h post-injection (p.i.) indicated a
rapid clearance of radiolabeled PLGA-NPs from the bloodstream and their accumulation
in liver and kidneys. In particular, at 1 h p.i. the highest uptake was detected in the liver
with values of 2.07 ± 0.03 and 1.87 ± 0.43%ID per organ, for 99mTc-PVA (PLGA-NPs) and
99mTc-polymers (PLGA-NPs), respectively. The kidneys showed the highest dose per gram
of tissue at 1 h p.i.: 3.13 ± 0.65 and 3.64 ± 0.32%ID/g, for 99mTc-PVA (PLGA-NPs) and
99mTc-polymers (PLGA-NPs), respectively. Nevertheless, kidney kinetics was fast and
radioactivity almost disappeared after 24 h for both formulations ((1 h vs. 24 h), p < 0.0001
for 99mTc-polymers (PLGA-NPs), and (1 h vs. 24 h) p = 0.0005 for 99mTc-PVA (PLGA-NPs)).

Overall, 99mTc-polymers (PLGA-NPs) showed higher uptake in the liver than 99mTc-
PVA (PLGA-NPs) with a relevant difference at 6 h ((99mTc-polymers (PLGA-NPs) vs.
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99mTc-PVA (PLGA-NPs), %ID/g p = 0.006 and %ID per organ p = 0.01)) and with significant
organ retention up to 24 h (Figure 3).

Tissues or organs such as muscle, bones, large bowel, and heart showed low or
negligible uptake of both radiolabeled NPs.

Figure 2. Particle size distribution and zeta potential measurements (bars) and PDI (dot) of batch #9
for both 99mTc-PVA (PLGA-NPs) and 99mTc-polymers (PLGA-NPs) at different time points (1, 3, 6,
24 h).
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Figure 3. Biodistribution of 99mTc-PVA (PLGA-NPs) (A,C) and 99mTc-polymers (PLGA-NPs)
(B,D) batch #9 in BALB/c mice. Data are ex vivo counts of each organ at different time points
(1, 6, 24 h). The measured activity is expressed as %ID/organ (mean ± SD) (A,B) and %ID
(mean ± SD) (C,D) detected from three different mice per time point.

5. Discussion

Physicochemical characteristics of NPs such as size and PDI have an important impact
for their in vivo distribution and, therefore, for their application. In the process of NPs
synthesis, obtaining reproducible results is a major challenge [25]. The innovative microflu-
idic technique allows to set different parameters to have dimensional uniformity and low
polydispersity of samples [26]. PDI value is important as an indicator of different particles
size in solution, that could have different pharmacokinetics profiles in vivo. Values below
0.2 in PDI indicate a high monodisperse solution [27].

Zeta potential depends on the composition of the polymer and indicates the stability
of the solution. Values close to zero indicate a low repulsion between the NPs which can
lead to the formation of colloids [28]. Stolnik et al. reported as zeta potential of PLGA-NPs,
in neutral buffer without the presence of PVA in the aqueous phase, a value of about
−45 mV, due to the uncapped end carboxyl groups in the particle surface [29]. The use
of PVA 2% in aqueous phase, during the synthesis process, reduces the zeta potential of
PLGA-NPs. Furthermore, by increasing PVA concentration in solution, the zeta potential
becomes less negative, with possible increase of sample instability and NP aggregation
over time [30,31]. However, in our experiments, we did not observe NP aggregation as zeta
potential remained between −7 and −12 mV. Indeed, PVA being a non-ionic surfactant
may promote emulsification of solutions, avoiding aggregation of PLGA-NPs.

Several studies have demonstrated that the innovative microfluidic technique allows
to encapsulate drugs or small-RNA during the synthesis of PLGA-NPs with reproducible
results [32]. Chiesa et al. showed that a small hydrophilic drug can be easily encapsulated
in PLGA-NPs with the novel microfluidic-based device. They demonstrated that settings
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of 15 mL/min TFR and a 1:5 FRR, provided the best encapsulation efficiency over 65% [33].
Furthermore, they showed that using the bulk mixing nanoprecipitation method there
was a high drug release from NPs (90%) in the first 60 min, compared to 20% of release
with microfluidic method. This is important to explain how the microfluidic technique
allows a drug or a radioisotope to be encapsulated inside the NPs, avoiding the rapid drug
release that occurs when they are absorbed on the surface of NPs. A similar approach was
used to encapsulate a hydrophobic drug on PLGA-NPs by Garg et al. They tested different
TFR parameters (2–12 mL/min) to reach the best drug encapsulation efficiency. A TFR of
12 mL/min and FRR of 1:1 showed the maximum encapsulation of 75% [34].

In our study, we found the formulation parameters of batch #9 (TFR 15 mL/min and
FRR 5:1) as the best formulation in terms of LE, labeling yield and size, before and after
PD10 purification.

To perform the encapsulation, the drug can be dissolved in the organic or in aqueous
phase. For this reason, in our study we explored two different approaches of encapsulation:
dissolving the 99mTcO4

− in ACN or in PVA aqueous phase. The advantage of incorporating
a radioisotope into NPs is to avoid its direct exposition to biological molecules in vivo, that
could lead to radiochemical instability. Furthermore, the encapsulation of 99mTcO4

− allows
to avoid the use of reducing agents (as SnCl2), and consequently the possible formation
of radiocolloids [35]. The low release of 99mTcO4

− from NPs up to 6 h also confirmed the
encapsulation of the radioisotope on NPs, avoiding the instability that occurs when it is
absorbed on NPs surface.

It has been previously demonstrated that, in vivo, increased NPs size correlates with
increased recognition by the mononuclear phagocytic system (MPS), like Kupffer cells in
the liver, red-pulp macrophages in the spleen and alveolar macrophages in lungs [36].

Indeed, both formulations analyzed in our in vivo study showed some uptake in
liver, spleen, and lungs, as primary organs of the reticuloendothelial system (Figure 3).
99mTc-polymers (PLGA-NPs) with a colloidal size greater than 99mTc-PVA-(PLGA-NPs),
showed much higher retention in these organs, particularly in liver (Figure 3A,B).

Of particular note is the kidney uptake of radiolabeled NPs.
Considering that the effective threshold of the glomerulus filtration apparatus for

circulating particles is approximately 10 nm, the kidney uptake can be explained by the
size of NPs [37]. Indeed, the glomerulus filtration apparatus is composed by three layers
with different size threshold. The first barrier is composed by the fenestrated endothelial
cells with a size cut-off of ~100 nm. Then, NPs with size below 100 nm are able to access
the endothelial fenestration, reaching the mesangium [38]. Choi et al. demonstrated that
NPs with a size between 20 and 100 nm passing through the endothelial pores accumulate
in the mesangium in different percentages depending on their size. In particular, it has
been shown that NPs with size ~50 nm (hydrodynamic size in water ~70 nm) have the
highest accumulation in the mesangium due to phagocytosis of mesangial cells [39]. After
digestion and degradation 99mTcO4

− is released in the urine with sharp reduction of
renal activity.

In our study, both 99mTc-PVA (PLGA-NPs) and 99mTc-polymers (PLGA-NPs) showed
some kidney uptake (Figure 3C,D). Nevertheless, 99mTc-polymers (PLGA-NPs) did accu-
mulate much more in other RES tissues such as the liver (Figure 3D).

The low accumulation of radioisotope in the stomach indicated a low release of isotope
from NPs, in that free 99mTcO4

- normally accumulated in this organ [40].
More experiments are now being constructed using several formulations of NPs and

different tumor models to investigate the role of NP size in tumor targeting.

6. Conclusions

In this study, we selected an efficient radiolabeling procedure for PLGA-NPs using
an innovative microfluidic method. The ability to load the isotope into PLGA-NPs in a
single step, with high yield, allows PLGA-NPs to be considered an attractive candidate
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for molecular imaging and therapy. Further studies are necessary to explore the tumor
binding and retention capacity of these NPs.
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and 99mTc-polymers -(PLGA-NPs) pre-PD10 purification, Table S2: PDI values of native-, 99mTc-PVA-,
and 99mTc-polymers -(PLGA-NPs) pre-PD10 purification, Table S3: Zeta potential measurements
(mV) of native-, 99mTc-PVA-, and 99mTc-polymers -(PLGA-NPs) pre-PD10 purification, Table S4:
Particle size distribution (nm) of native-, 99mTc-PVA-, and 99mTc-polymers -(PLGA-NPs) post-PD10
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Abstract: Atorvastatin Calcium (At-Ca) has pleiotropic effect as anti-inflammatory drug beside its
main antihyperlipidemic action. Our study was conducted to modulate the anti-inflammatory effect
of At-Ca to be efficiently sustained for longer time. Single oil-water emulsion solvent evaporation
technique was used to fabricate At-Ca into polymeric nanoparticles (NPs). In vitro optimization sur-
vey was performed on Poly(lactide-co-glycolide) (PLGA) loaded with At-Ca regrading to particle size,
polydispersity index (PDI), zeta potential, percent entrapment efficiency (% EE), surface morphology
and in vitro release pattern. In vitro drug-polymers interactions were fully scanned using Fourier-
Transform Infrared Spectroscopy (FTIR) and Differential Scanning calorimetry (DSC) proving that the
method of fabrication is an optimal strategy maintaining the drug structure with no interaction with
polymeric matrix. The optimized formula with particle size (248.2 ± 15.13 nm), PDI (0.126 ± 0.048),
zeta potential (−12.41 ± 4.80 mV), % EE (87.63 ± 3.21%), initial burst (39.78 ± 6.74%) and percent
cumulative release (83.63 ± 3.71%) was orally administered in Male Sprague–Dawley rats to study
the sustained anti-inflammatory effect of At-Ca PLGA NPs after carrageenan induced inflammation.
In vivo results demonstrate that AT-Ca NPs has a sustained effect extending for approximately three
days. Additionally, the histological examination revealed that the epidermal/dermal layers restore
their typical normal cellular alignment with healthy architecture.

Keywords: atorvastatin calcium; poly(lactide-co-glycolide); polymeric nanoparticles; carrageenan
induced inflammation; anti-inflammatory; sustained release

1. Introduction

Statins are classified according to their solubility into lipophilic such as atorvastatin,
lovastatin and simvastatin or hydrophilic-like pravastatin and fluvastatin. In addition,
they are divided into two generations depending on their originality: naturally occurring
(simvastatin and pravastatin) or chemically synthetized (e.g., atorvastatin and rosuvastatin)
agents. Generally, statins have various pharmacokinetics and pharmacodynamic properties
affecting on their ADME (Absorption, distribution, Metabolism and Elimination) behavior,
lipid reducing actions and side effects upon administration [1].

Basically, the antihyperlipidemic effect of statins includes inhibition of HMG-CoA
(β-Hydroxy β-methylglutaryl-CoA) reductase enzyme which converts 3-hydroxy-3-
methylglutaryl-CoA into L-mevalonate (the main precursor for cholesterol formation).
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L-mevalonate pathway has several biofunctions beside cholesterol production, e.g., en-
hancing cellular proliferation and migration, controlling formation of myelin sheath and
dynamicity of filamentous network of cellular proteins. This ensures that statins have some
auxiliary pharmacological effects known as “pleiotropic effects” [2].

Recently, several studies investigated the anti-inflammatory action of statins inde-
pendently on their lipid lowering effect [1–4]. The pattern recognition receptors (PRRs)
of different immune cells such as macrophages, neutrophils, dendritic cells and etc. are
located on cell membrane such as C-type lectin receptors (CTLs) and Toll-like receptors
(TLRs) or embedded in the cytoplasmic microenvironments such as RIG-I-like receptors
(RLRs) and NOD-like receptors (NLRs) [1]. Specially, NLRs and TLRs are two crucial types
acting as a link to induce or inhibit the inflammation process as summarized in Figure 1.
Statins can efficiently interrupt the inflammation cycle via inhibiting and stimulating the
action of NLRs and TLRs, respectively [1]. Rosuvastatin and atorvastatin could suppress
the activation of T cells through oxidized LDL (low-density lipoprotein). T cell activation
via the influence of dendritic cells plays a major role in flaring up the inflammation [5].
Statins could disrupt the miRNA sequencing which effectively regulate NF-kB levels in
dendritic cells leading to NF-kB deactivation as illustrated in Frostegård et al., study [5].
Other supposed anti-inflammatory mechanism is that statin could modulate cellular level
of Rho proteins, one of small guanine triphosphate (GTP) binding proteins, which is highly
expressed in pro-inflammatory cytokines [6].

Figure 1. Pharmacological pathways of statins to inhibit inflammation progression via drug-receptors
interactions of innate immune cells [1].
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Our model drug atorvastatin calcium (At-Ca) has various formulation obstacles pre-
venting implementation of desired release pattern with high bioavailability [7]. At-Ca has
poor aqueous solubility with low oral bioavailability approximately equal to 14% due to
extensive first pass hepatic metabolism [8]. Different formulation strategies have been
utilized to overcome these obstacles such as solid dispersion [9], co-crystallization [10],
incorporation of self-emulsifying vehicle [11], etc.

Our approach is to fabricate At-Ca into polymeric PLGA nanoparticles (NPs). PLGA
is a biodegradable and biocompatible polymer [12]. It is safely employed in oral delivery
systems [13]. Encapsulation powered drug into nanosized polymeric matrix will enhance
aqueous drug solubility. Drug particles would be amorphously formulated achieving
higher dispersibility with better wetting properties [14]. NPs could efficiently escape
enzymatic degradation occurring in liver and gastrointestinal tract. NPs reach directly
to systemic circulation via lymphatic pathway through M-cells [7]. Polymeric NPs is
ultimately considered the optimum delivery system for drug candidate sensitive to first
pass metabolism with poor aqueous solubility.

At-Ca has been previously formulated into polymeric nanoparticles. Zhenbao Li et al.,
used probe ultrasonication and evaporation method to prepare At-Ca loaded PLGA NPs.
The oral bioavailability of At-Ca has been enhanced to approximately 4 folds comparing
with free At-Ca suspension [15]. Additionally, At-Ca chitosan nanocrystals fabricated into
PLGA polymeric background showed minimum drug degradation, optimized pharma-
cokinetic parameters and efficient hypolipidemic action [16]. Furthermore, brain delivery
of At-Ca loaded amphiphilic PLGA-b-PEG NPs was investigated by Soner Şimşek et al.,
demonstrating that the concentration of polyethylene glycol (PEG) and polysorbate 80
have a determining effect on the particle size, drug loading efficiency, release behavior
concurrently with the cellular uptake to endothelial cells. They concluded that At-Ca
loaded amphiphilic PLGA-b-PEG NPs, able to penetrate the blood brain barrier achieving
significant targeting 1 h post injection, are considered promising nanocarriers for treat-
ment of several neurological disorders [17]. In this manuscript, we are concerning with
the anti-inflammatory effect of atorvastatin calcium (At-Ca) after carrageenan induced
inflammation in Male Sprague–Dawley rats. We study the effect of encapsulating At-Ca
into PLGA NPs and compare it with free At-Ca and placebo NPs (contain no medication).

2. Materials and Methods

2.1. Materials

Poly (D,L-lactide-co-glycolide, acid terminated, lactide:glycolide 50:50, MW 24,000–
38,000), Poly (vinyl alcohol) (MW = 31,000–50,000, 87–89% hydrolysed), poly (ethylene
glycol) (PEG) flakes (MW 2000 Da), Carrageenan, suitable for gel preparation, were
all purchased from Sigma Aldrich, Gillingham, UK. Atorvastatin calcium was gifted
from El Obour Modern Pharmaceutical Industries-Egypt. Cal-Ex™ II Fixative/Decalcifier
reagent was purchased from Fisher Scientific, Pittsburgh, PA, USA). Phosphate Buffered
Saline Tablets, Dulbecco A (PBS, OxoidTM, ThermoFisher Scientific, Waltham, MA, USA).
Dichloromethane (DCM), dimethylformamide (DMF) and sodium chloride (NaCL) were
all purchased from Al—Gomhoria Co. for medicines and medical supplies, Egypt. All
other used solvents, reagents and chemical are of appropriate standards with no further
purification needed. Millipore® deionized water was used throughout all the experiments.

2.2. Atorvastatin Calcium (At-Ca) PLGA NPs Fabrication

At-Ca loaded NPs were prepared using single oil-water emulsion solvent evaporation
technique [18] with slight modifications for proper NPs fabrication. Firstly, PEG (5% w/w)
comixed with different concentrations of PLGA (% w/v) were dissolved in DCM (Table 1).
The weight ratio between PLGA and PEG was kept to being 19:1 in all NPs formulae
(Table 1). At-Ca (10 mg) was dissolved in DMF. Then, the organic phase with volume
ratio of DMF (1): DCM (9) was well vortexed for 2 min. O/W emulsion was formed by
probe homogenization (Cole-Parmer Model 50 Cp T 4710 Series Ultrasonic Homogenizer,
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Chicago, IL, USA) at an operating frequency 20 KHz for 3 min of the organic phase into the
aqueous phase containing diverse concentrations of PVA (% w/v) as shown by the formulae
codes in Table 1. The organic/aqueous phase volume ratio was fixed at 1:100 throughout
the study The prepared formulae were stayed overnight on magnetic stirring to allow
the evaporation of organic solvents and ensure solidification of NPs. The nanoparticles
were then collected by centrifugation (Hettich Microliter centrifuge MIKRO 220, Tuttlingen,
Germany) at 10,000× g for 20–25 min at 4 ◦C and washed three times with deionized water
to remove excess PVA and free unentrapped At-Ca in supernatants [7]. Three individually
prepared batches of At-Ca PLGA NPs were employed for each data point’s analysis for
in vitro characterizations mentioned in Sections 2.3, 2.4 and 2.7. The mean ±Standard
Deviation (SD) was calculated.

Table 1. Formulae coding and composition of At-Ca PLGA NPs.

Formula
Code

PLGA Concentration
(% w/v)

PEG Content in Primary
Emulsion (% w/w)

PVA Concentration in
Aqueous External Phase

(% w/v)

Drug Loading
(mg)

Organic/Aqueous Phase
Volume Ratio

F1 2.50
F2 5.00 5.00 0.50 10 1:100
F3 7.50

F4
F5
F6

2.50
5.00
7.50

5.00 1.00 10 1:100

F7
F8
F9

2.50
5.00
7.50

5.00 1.50 10 1:100

2.3. Particle Size and Zeta Potential Measurements

Particle size (diameter, nm), polydispersity index (PDI) and zeta potential of At-
Ca PLGA NPs were determined using laser diffraction technique (NanoBrook 90Plus,
Brookhaven Instruments Corporation, New York, NY, USA). The prepared At-Ca PLGA
NPs samples were appropriately diluted to tenfold of its volume with deionized water
for proper analysis. The measurement parameters were adjusted (wavelength (658 nm),
viscosity (0.798 cP) and refractive index (1.33)) using Broakhaven software.

2.4. Determination of Percent Entrapment Efficiency (EE)

The amount of At-Ca encapsulated into polymeric matrix composed from PLGA and
PEG (19:1) was determined indirectly by assaying the free unentrapped drug dispersed
in the supernatant obtained after centrifugation step mentioned in Section 2.2 [19]. The
amount of At-Ca was measured using UV-visible spectrophotometry (cuvette type) at
detection wavelength of 282 nm (Evolution 300 spectrophotometer, Thermo Scientific,
Waltham, MA, USA) [7]. The indirect % EE was calculated as follow:

Indirect %EE =
Total mass of drug used (mg)− mass of drug in supernatant (mg)

Total mass of drug used (mg)
× 100 (1)

2.5. Morphological Imaging

At-Ca PLGA NPs were loaded on carbon coated Cu grids (200 mesh) and kept for
appropriate time till fixation. At-Ca PLGA NPs were visualized using transmission electron
microscope (TEM) at 200 kV (TEM, HRTEM, JEM 2100, JEOL, Tokyo, Japan).

2.6. Analysis of Drug—Polymer Interaction

2.6.1. Fourier-Transform Infrared Spectroscopy (FTIR)

The FTIR spectrophotometer (Bruker Tensor 27, Borken, Germany) was employed for
detecting the FTIR spectral bands of PLGA 50:50, PEG2000, pure At-Ca and the prepared
At-Ca NPs (F5). The samples in solid state were physically mixed with potassium bromide

154



Pharmaceutics 2021, 13, 1658

and compressed in spherical disks. FTIR was run in the range of 4000 to 400 cm−1 for
each sample.

2.6.2. Differential Scanning Colorimetry (DSC)

Thermal scanning of PLGA 50:50, PEG 2000, free At-Ca and At-Ca NPs (F5) were
investigated using differential scanning calorimeter (PerkinElmer, Inc. STA 6000, Waltham,
MA, USA). Before starting, nitrogen gas should be purged at a rate equal to 40 mL/min
through DSC cell. Heating rate was fixed at 10 ◦C/min to achieve equality of thermal
scanning. the endothermic peaks were recorded in the range of 20–200 ◦C.

2.7. In Vitro Drug Release

In vitro release platform of different At-Ca PLGA NPs formulae was fully investigated
using dialysis membrane method. Bags of dialysis membrane (Molecular weight cut
off 12–14 kDa Fisher Scientific, Pittsburgh, PA, USA) were soaked overnight in release
media (Phosphate Buffer Saline, PBS, 7.4) prior to in vitro release experiment. Using
beaker 100 mL, the prepared nano-formulations containing At-Ca equivalent to 10 mg
were placed in dialysis bags that should be tightly sealed to avoid leakage. Sink condition
was maintained by adjusting the volume of release medium to be three times larger that is
required to prepare a saturated solution of At-Ca [20]. Dialysis bag was immersed in 50 mL
PBS and stirred at 37 ◦C. At predetermined time intervals (1, 2, 4, 6, 8, 24, 48 and 72 h),
two mL samples were withdrawn for analysis. Same volume of fresh medium should be
replaced to keep the volume constant at 50 mL [7]. The concentrations of At-Ca in collected
samples were assayed using UV-visible spectroscopy as mentioned before in Section 2.4. A
release of free At-Ca was performed as a control to evaluate the effect of PLGA NPs on the
sustained release of nano-formulations. Each experiment was carried out in triplicate and
the percent cumulative release was expressed as a mean ± SD.

2.8. In Vivo Study

All animal experiments including handling, study design and euthanization were car-
ried out in accordance with the rules approved by Faculty of Pharmacy and the University
of Tanta’s Animal Ethics Committee guidelines.

2.8.1. Induction of Carrageenan Induced Inflammation

Carrageenan induced inflammation was initiated by subcutaneous (S.Q) injection
of carrageenan solution freshly prepared in normal saline [21]. The experimental animal
model was kept unanesthetized during S.Q injection of 0.2 mL carrageenan solution (1%
w/v) in subplanter right hind paw. The left hind paw acts as control [22].

2.8.2. Experimental Groups

Five groups (n = 6, at each time interval) of male Sprague–Dawley rats weighing
200–250 g were employed throughout this study. The first group serves as a standard
non-inflamed model, not injected with carrageenan. Half an hour before carrageenan
injection, normal saline (untreated control group), placebo NPs (contain no drug), free
At-Ca and At-Ca PLGA NPs were orally administered to the other four remaining groups.
All groups were fasted for approximately eight hours before receiving the medication. The
amount/mass of AT-Ca PLGA NPs was calculated to adjust At-Ca equivalent to 10 mg/kg
of rat’s weight [7]. At different three-time intervals of 6, 24 and 72 h, all right and lefts
paws should be precisely excised at the same place and weighed within maximally 0.5 h to
avoid water loss and hence weight variation [22]. The percent decrease in paw edema’s
weight was calculated using this equation:

% Decrease in paw edema’s weight =
Wt le f t − Wt right

Wt le f t
× 100 (2)
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where, Wt left and Wt right are weights of left (control, not injected) and right (injected with
carrageenan) paws, respectively. Only numerical results were considered regardless of the
negative sign.

2.8.3. Histological Examination

Paws samples were fixed in 10% neutral buffered formalin for 48 h followed by
decalcification using Cal-X II for 14 days, then mid sagittal section was made to the whole
paws using a surgical blade, followed by samples processing using serial grades of ethanol,
cleared in xylene followed by infiltration and embedding in paraplast tissue embedding
media. Five microns 2–3 step serial tissue sections were made by rotatory microtome
from each sample and mounted on glass slides for hematoxylin and eosin (H and E)
staining for general histological examination of tissue samples and grading of recorded
cutaneous lesions. All guidelines for samples fixation, processing and staining were
carried out according to Culling techniques [23]. Samples were examined and micrographs
were obtained by Leica Full High Definition (HD) microscopic imaging system (Leica
Microsystems GmbH, Wentzler, Germany).

2.9. Statistical Analysis

All experiments were performed for at least in triplicates. Results are shown as
the mean ±SD. Prism 5 (Graph-Pad Software) was used for statistical analysis. A one-
way ANOVA, followed by a pairwise comparison post-hoc test, were utilized wherever
appropriate. (p < 0.05) is considered statistically significant.

3. Results

In this study, two formulation variables (PLGA and PVA concentrations) with three
levels of each were conducted as demonstrated in Table 1. The influences of these two in-
dependent factors were screened on the mean particle size, PDI, zeta potential, entrapment
efficiency and In vitro release pattern of At-Ca NPs. TEM was employed to examine NPs
morphology and any interaction occurred between the polymeric content and the encapsu-
lated drug was investigated using FTIR and DSC. In vivo study was further performed to
compare the anti-inflammatory effect of placebo NPs (contain no drug), free At-Ca and the
optimized At-Ca NPs that showed a well-controlled in vitro characterization.

3.1. Effect of Formulation Variables

3.1.1. PLGA Concentration

PLGA constitutes the main ingredient of the polymeric matrix encapsulating At-Ca.
We utilized three different concentrations of PLGA at 2.5, 5 and 7.5% w/v. Increasing PLGA
concentration significantly (p < 0.05) results in NPs with greater mean particle size (nm). As
shown in Table 2 and Figure 2, the particle size of F7, F8 and F9 were equal to 238.1 ± 22.58,
289.5 ± 17.89 and 326.9 ± 16.74 nm for PLGA concentrations of 2.5, 5 and 7.5% w/v, re-
spectively. In addition, variations in size distribution significantly increase with increasing
PLGA concentration. PDI values for F1, F2 and F3 are equal to 0.096 ± 0.011, 0.134 ± 0.025
and 0.145 ± 0.012, respectively (Table 2), for the same previously mentioned different
PLGA concentrations. Zeta potential of At-Ca NPs are highly controlled by PLGA concen-
tration (Table 2 and Figure 2). Increasing PLGA concentration could significantly (p < 0.05)
increase the net negative surface charge of the resulting NPs, for example F7, F8 and F9
have values of zeta potential equal to −11.71 ± 0.78, −14.55 ± 2.95 and −19.28 ± 0.77 mV,
respectively. % EE significantly increases with increasing of PLGA concentration (Figure 3).
Table 2 shows that % EE of F1, F2 and F3 is increasing by approximately 10% when PLGA
concentration increases by 2.5% increments from 2.5% to 7.5% w/v.
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Figure 2. Effect of PLGA and PVA concentrations on the particle size and zeta potential of At-Ca
NPs. Results show mean ±SD (n = 3). (* p < 0.05) and (** p < 0.05), the significant effect of increasing
PLGA and PVA concentrations, respectively, on the particle size of At-Ca NPs. († p < 0.05) and NS,
the significant and non-significant effects of increasing PLGA and PVA concentrations, respectively,
on zeta potential value of At-Ca NPs.

Figure 3. Effect of PLGA and PVA concentrations on the percent entrapment efficiency (% EE) of
At-Ca NPs. Results show mean ±SD (n = 3). (* p < 0.05), the significant effect for increasing PLGA
concentration. (** p < 0.05) and NS, the significant and non-significant effects for increasing PVA
concentration to 1 and 1.5% w/v, respectively.
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Table 2. Physicochemical properties of At-Ca PLGA NPs formulations (F1–F9). Data represent mean
values ± SD of at least three measurements.

Formula Code
Z-Average Polydispersity

Index (PDI)
Zeta Potential

(mV)
% EE

(nm)

F1 200.7 ± 18.85 0.096 ± 0.011 −5.57 ± 0.88 51.78 ± 1.89
F2 238.3 ± 22.43 0.134 ± 0.025 −8.23 ± 0.82 60.42 ± 3.84
F3 257.9 ± 19.53 0.145 ± 0.012 −10.77 ± 0.36 69.81 ± 1.84
F4 217.5 ± 20.87 0.107 ± 0.066 −9.02 ± 3.22 74.52 ± 2.35
F5 248.2 ± 15.13 0.126 ± 0.048 −12.41 ± 4.80 87.63 ± 3.21
F6 280.8 ± 13.55 0.151 ± 0.039 −17.18 ± 0.87 89.36 ± 5.89
F7 238.1 ± 22.58 0.076 ± 0.047 −11.71 ± 0.78 75.15 ± 2.24
F8 289.5 ± 17.89 0.102 ± 0.029 −14.55 ± 2.95 78.95 ± 1.17
F9 326.9 ± 16.74 0.110 ± 0.012 −19.28 ± 0.77 82.02 ± 3.59

3.1.2. PVA Concentration

PVA is a common polymer widely used in multiple drug delivery systems due to
its feasibility and biodegradability [24,25]. PVA was chosen as a surfactant added to
the aqueous phase with varieties of concentrations (% w/v) as demonstrated in Table 1.
Increasing PVA concentration from 0.5 to 1.5% w/v results in a significant (p < 0.05) increase
in particle size (nm) (Table 2 and Figure 2). For example, the particle size of F6 and F9
are equal to 280.8 ± 13.55 and 326.9 ± 16.74 nm for PVA concentration of 1 and 1.5%
w/v, respectively, at the same PLGA concentration equal to 7.5% w/v. NPs fabrication
at higher PVA concentration have lower PDI with homogenous size distribution. As
shown in Table 2, F2, F5 and F8 have PDI values equal to 0.134 ± 0.025, 0.126 ± 0.048 and
0.102 ± 0.029, respectively. The effect of PVA concentration on zeta potential of NPs are
well illustrated in Table 2 and Figure 2 showing non-significant effect of PVA concentration
on NPs net surface charge. PVA concentration has a diverse effect on % EE of NPs. A
significant increase in % EE when PVA concentration increases from 0.5 to 1% w/v, whereas
a non-significant effect observed on the values of % EE between PVA concentration of 1%
compared to 1.5% w/v (Table 2, Figure 3). For example, % EE of F1, F4 and F7 were equal to
51.78 ± 1.89, 74.52 ± 2.35 and 75.15 ± 2.24 for PVA concentrations of 0.5, 1 and 1.5% w/v,
respectively, with a significant difference (p < 0.05) between F1 and F4 and non-significant
variation between F4 and F7.

3.2. Morphological Imaging

Transmission electron microscopy (TEM) is utilized to visualize the geometry and
shape of At-Ca NPs (Figure 4). NPs displayed spherical nanostructure with a clearly
observed increase in particle size of F1, F4 and F7 equal to 180, 216.6 and 276.6 nm (the
particle size is determined by calculating the mean of the individual particles labelled in
Figure 4). These results are closely matched with the numerical values measured by laser
diffraction technique (Table 2).

   
(a) (b) (c) 

−

− − −

− −

A B C 

Figure 4. Transmission electron micrographs of At-Ca NPs. A, B and C for F1, F4 and F7, respectively. Formulae code is
shown in Table 1.
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3.3. In Vitro Drug Stability

3.3.1. Fourier-Transform Infrared Spectroscopy (FTIR)

After fabrication of PLGA NPs encapsulating At-Ca, there is no major shifting in
any of the characteristic peaks for all the components of PLGA, PEG and At-Ca. FTIR
spectrum of At-Ca PLGA NPs (Figure 5) shows peaks at 3456 cm−1 (O-H stretching),
3001-2955-2850 cm−1 (C-H stretching), 1759 cm−1 (C=O stretching), 1457-1386-1275 cm−1

(C-H bending), 1173 cm−1 (=C-O asymmetric stretching ) and 1092 cm−1(C-O-C stretching )
that are closely matched with the positions of their corresponding peaks of PLGA spectrum
(Figure 5, Table 3).

Figure 5. FTIR spectrum of free At-Ca, PLGA 50:50, PEG 2000 and At-Ca NPs (F5).

Table 3. Characteristic IR peaks of PLGA 50:50, PEG 2000 and At-Ca.

Assignment Approximate Frequency (cm−1) Description

PLGA 50:50 [26–28]

O-H (very broad) 3452.21
Stretching

C-O-C 1093.27

=C-O 1169.23 Asymmetric Stretching

C-H

3001.64 (CH3)
Stretching2955.70 (CH2)

2851.21 (CH2)

1455.76 (CH3)
Bending1385.24 (CH3)

1276.49 (CH2)

C=O
1758.52 Stretching

1427.20
1385.24 Bending

PEG [29–31]

O-H (very broad) 3414.43

Stretching
C-H 2886.97

C-O 1112.8

C-C 842.13
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Table 3. Cont.

Assignment Approximate Frequency (cm−1) Description

At-Ca [7,32,33]

O-H (very broad) 3416.25

Stretching

N-H 3366.44

C-H
3059.59
2969.41

29922.27

C=O 1649.89
1579.24

C-C 1515.04
1433.1

CH3 and -CH2 1316.51 Deformation Bending
C-N 1217.72

Stretching
C-O 1157.55

aromatic C-H 843.52
747.00 Out plane Bending

C-H 695.58
623.99 Deformation Bending

Furthermore, peaks at 3365 cm−1 (N-H stretching), 1634 cm−1 (C=O stretching),
1428 cm−1 (C-C stretching), 748 cm−1 (aromatic C-H out plane bending) and 627 cm−1

(C-H deformation bending) are presented on FTIR spectrum of At-Ca NPs (Figure 5)
resembling the same characteristic peaks of free At-Ca (Table 3). It was demonstrated
that peak at 3418 cm−1 become flatter and wider in At-Ca NPs spectrum indicating that
hydrogen bond might be enhanced between O-H stretching peaks of PEG (3414 cm−1) and
At-Ca drug (3416 cm−1) [34].

3.3.2. Differential Scanning Colorimetry (DSC)

DSC study is mainly preformed to investigate the change in the physical state of At-Ca after
encapsulation into polymeric nanocarriers. In our study free At-Ca, PLGA 50:50 and PEG 2000
show their endothermic peaks at 157.75 ◦C [7], 47.75 ◦C [35] and 55.1 ◦C [36,37], respectively
(Figure 6). DSC thermogram of At-Ca NPs demonstrates an endothermic peak at 51.27 ◦C in a
position similar to the individual peaks of PLGA and PEG with no peak in the range of 155 to
158 ◦C (Figure 6) indicating the disappearance of the characteristics At-Ca peak.

Figure 6. DSC thermograms for At-Ca, PLGA 50:50, PEG 2000 and At-Ca NPs (F5).
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All At-Ca loaded NPs showed biphasic release platform with an initial burst at 6 h
followed by sustained release profile extended to 72 h (Figure 7A–C). It is clearly observed
that % cumulative release of free drug reached to approximately 100% at 6 h ensuring that
dialysis membrane method offers no sustained effect for in vitro release study. All NPs
formulations have significant (p < 0.05) more sustained release behavior compared with
free At-Ca (control). At-Ca NPs with smaller diameter exhibits a significant higher initial
burst, for example F7 (238.1 ± 22.58 nm), F8 (289.5 ± 17.89 nm) and F9 (326.9 ± 16.74)
have initial bursts equal to 47.89 ± 2.89, 41.21 ± 5.71 and 37.89 ± 4.45%, respectively.
Additionally, more sustained effect with greater percent cumulative release is significantly
demonstrated for At-Ca NPs with higher values of % EE. As it is shown in Figure 7A,B,
F1 (% EE = 51.78 ± 1.89) and F4 (% EE = 74.52 ± 2.35) display total percent cumulative
release equal to 69.82 ± 9.78 and 79.89 ± 8.79%, respectively. Whereas their initial bursts
are equal to 31.75 ± 5.76 and 45.46 ± 1.74 % for F1 and F4, respectively. This could be
attributed to increasing PVA concentrations which significantly enhances higher initial
burst values (Figure 7A–C). F5 was chosen an optimum formula for further in vivo study
because it offers the highest percent cumulative release (83.63 ± 3.71) with high % EE and
a well-controlled particles size concurrently with proper values of PDI and zeta potential
(Table 2).

Figure 7. In vitro drug release profiles for At-Ca NPs (Formulae code shown in Table 1). For clarity,
data are shown as mean + SD (n = 3). (A–C) patterns were for NPs formulations utilized PVA at
concentrations of 0.5, 1 and 1.5 % w/v, respectively. At-Ca NPs (F5) has significantly higher initial
burst and percent cumulative release (double asterisks, p < 0.05).
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3.4. In Vivo Anti-Inflammatory Study

The optimized At-Ca NPs (F5) showed a significant (p < 0.05) decrease in paw oedema
in all time intervals compared to untreated control, placebo NPs and free At-Ca as demon-
strated in Figure 8. The anti-inflammatory effect of both placebo NPs and untreated control
is statistically non-significant producing similar results of percent decrease in edema’s
weight. At 6 h time interval, it is obviously noted that free At-Ca has a significant reduction
in edema’s weight compared with untreated control and placebo NPs with a non-significant
difference in the remaining time intervals till 72 h (Figure 8).

Figure 8. Percent decrease in paw edema’s weight after carrageenan induced inflammation of
untreated control (circles), placebo NPs (triangles), free At-Ca (cross) and At-Ca NPs, F5 (squares) in
male Sprague–Dawley rats. Results are expressed as means ± SD. (n = 6 per group).

Microscopic examination of normal non inflamed paws tissue demonstrated typical
histological features of skin layers including intact epidermal layer consisting of apparent
well-organized keratinocytes, intact dermal layer containing abundant collagen fibers and
minimal inflammatory cells infiltrates with normal density of subcutaneous muscles and
vasculatures (Figure 9A,B).
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Figure 9. Normal morphological features of non-inflamed paws skin layers. H and E stain. (A) micrograph at ×40. High-
lighted box in (B) micrograph at ×400. Black arrow and star show the epidermal layer and subcutaneous tissue, respectively.

Sever subcutaneous and intermuscular edema, wide dispersion of dermal collagen
fibers, numerous congested subcutaneous blood vessels (BVs) and mild to moderate in-
crease of lymphocytic and neutrophilic infiltrates (Figure 10A–D) were demonstrated in
both untreated control and placebo NPs tissue sections (Table 4A) at 6 h interval after car-
rageenan injection. Moreover, lower cellular infiltrates with less accelerated influx records
were showed in deep subcutaneous tissue of free AT-Ca and AT-Ca NPs (F5) samples
with milder severity of subcutaneous edema (Figure 10E–H and Table 4A). More sever
diffuse subcutaneous inflammatory cells infiltrates and edema extends to periosseous
connective tissue with many necrotic subcutaneous muscles were observed in control un-
treated samples (Figure 11A,B) at 24 h after carrageenan injection. Extensive subcutaneous
edema and necrotic muscle fibers with several congested deep BVs and moderate records
of neutrophilic inflammatory cells infiltrates were shown in tissue samples treated with
placebo NPs (Figure 11C,D and Table 4B). However, Figure 11E–H showed more preserved
morphological features with mild focal records of degenerated muscle fibers for free AT-Ca
and AT-Ca NPs (F5). Significant milder (p < 0.05) subcutaneous edema was observed in
AT-Ca NPs (F5) compared to a moderate record for free AT-Ca samples accompanied with
moderate mixed inflammatory cells infiltrates (Table 4B). More pronounced subcutaneous
persistence of inflammatory reaction was shown at 72 h compared with 24 h post injection
interval in both untreated control and placebo NPs samples (Figure 12A–D) with some
dissolution of subcutaneous edema in placebo NPs samples and minimal records of con-
gested subcutaneous BVs (Table 4C). Non-significant reduction of subcutaneous edema
(p > 0.05) was observed in free AT-Ca samples (Table 4B,C) accompanied with persistent
level of mixed inflammatory cells infiltrates (Figure 12E,F) resembling 24 h samples. Sig-
nificant protective efficacy (p < 0.05) of morphological structures with more accelerated
normalization of subcutaneous tissue components and cellular elements were recorded
in AT-Ca NPs (F5) samples with sporadic few records of inflammatory cells infiltrates,
minimal subcutaneous edema and normal vasculature with no congested blood vessels
were shown in more than 80% of examined samples (Figure 12G,H, Table 4C).
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Figure 10. Histological changes of Paws skin layers in different groups (n = 6 per group), at 6 h time intervals after
carrageenan injection. (A,B): untreated control, (C,D): Placebo NPs, (E,F): Free AT-Ca and (G,H): AT-Ca NPs (F5). H and E
stain. (A,C,E,G) micrographs at ×40. Highlighted boxes (B,D,F,H) micrographs at ×400. Black arrows and stars show
the epidermal layer and subcutaneous tissue, respectively. Red arrows and stars show inflammatory cells infiltrates and
congested BVs, respectively.

164



Pharmaceutics 2021, 13, 1658

Figure 11. Histological changes of Paws skin layers in different groups (n = 6 per group), at 24 h time intervals after
carrageenan injection. (A,B): untreated control, (C,D): Placebo NPs, (E,F): Free AT-Ca and (G,H): AT-Ca NPs (F5). H and E
stain. (A,C,E,G) micrographs at ×40. Highlighted boxes (B,D,F,H) micrographs at ×400. Black arrows and stars show
the epidermal layer and subcutaneous tissue, respectively. Red arrows show inflammatory cells infiltrates.
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Figure 12. Histological changes of Paws skin layers in different groups (n = 6 per group), at 72 h time intervals after
carrageenan injection. (A,B): untreated control, (C,D): Placebo NPs, (E,F): Free AT-Ca and (G,H): AT-Ca NPs (F5). H and E
stain. (A,C,E,G) micrographs at ×40. Highlighted boxes (B,D,F,H) micrographs at ×400. Black arrows and stars show
the epidermal layer and subcutaneous tissue, respectively. Red arrows show inflammatory cells infiltrates.
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Table 4. Score records of histological examined lesions after carrageenan injection at different time intervals. A, B and C for
6, 24 and 72 h, respectively.

A
Inflammatory cells infiltrates
Subcutaneous oedema
Congested BVs

Untreated Control Placebo NPs Free AT-Ca AT-Ca NPs (F5)

+++
+++
++

++
+++
++

++
++
++

++
++
++

B
Inflammatory cells infiltrates
Subcutaneous oedema
Congested BVs

Untreated Control Placebo NPs Free AT-Ca AT-Ca NPs (F5)

+++
+++
++

++
+++
++

++
++
+

++
+
+

C
Inflammatory cells infiltrates
Subcutaneous oedema
Congested BVs

Untreated Control Placebo NPs Free AT-Ca AT-Ca NPs (F5)

+++ +++ ++ +
++ ++ ++ +
++ + + -

- Nil (no lesions were demonstrated). + Mild lesion recorded in less than 15% of examined tissue sections. ++ Moderate lesion recorded in
16–35% of examined tissue sections. +++ Sever lesion recorded in more than 35% of examined tissue sections.

4. Discussion

PLGA utilized in At-Ca NPs fabrication is acid terminated functionalized with car-
boxylic acid groups. Generally, PLGA could be synthesized to be acid or ester termi-
nated [38]. In our study we employed acid terminated PLGA because ester terminated
PLGA could produce larger particle size and less stable NPs [39]. Acid terminated PLGA
is more hydrophilic with negatively charged COOH and hence, more tendency to attract
water molecules producing smaller particle size [39]. In addition, the interparticle electro-
static repulsion between similar negatively charged carboxylate groups might inhibit any
possible aggregation between individually dispersed NPs leading to homogenous NPs
distribution, better dispersibility parallel with increased stability [39]. PLGA concentration
is a key controlling factor that significantly affects on particle size of At-Ca NPs. Higher
concentration of PLGA increases the viscosity of the organic phase with greater oily droplet
consistency which requires more shear force for proper emulsification. Coarser emulsion
will be formulated because the homogenization power and stirring time are fixed at con-
stant values throughout the study leading to NPs with bigger particle size [12]. Inadequate
homogenization and poor drug dispersion occurred concurrently with increasing PLGA
concentration which negatively affect on emulsification efficiency lead to non-uniformly
particle size with high deviation in size distribution and PDI values [40]. The acidic con-
tents of PLGA imparts a negative charge shielding NPs surface which is highly dependent
on PLGA concentration, so increasing PLGA results in higher negative charge covering
NPs surface offering greater electrostatic repulsion with better dispersibility [12,41]. % EE
is an important in vitro parameter should be highly considered during evaluation of NPs
because it mainly affects on release pattern of NPs and also, their in vivo implementation.
Highly viscous organic phase obtained with increasing PLGA concentration leads to pre-
venting drug molecules from diffusion out to the external surface with better incorporation
into PLGA core which results in significant increase in % EE [12,42].

Increasing PVA concentration results in bigger NPs size. This could be attributed to
formation of hydrophobic bonds between the hydrocarbon branches of PVA and the surface
of PLGA NPs synchronously with spontaneous heavy inter/intra molecular hydrogen
bonds constructed due to excessive hydration of PVA hydroxyl groups [12]. Higher
concentration of PVA surfactant in the aqueous phase should enhance NPs hydrodynamic
stability preventing their aggregation, therefore smaller deviation in size distribution and
lower PDI values will be obtained [43]. Three washing cycles were carried out during
NPs preparation to remove extra amount of PVA with micro levels might be attached
on NPs surface which have negligible effect on zeta potential of NPs [12]. At lower PVA
concentration equal to 0.5 and 1% w/v, PVA has a significant influence to increase % EE
because the hydrophobic drug will be tightly encapsulated into PLGA internal core and
its diffusion to the outer PVA surface will be reduced to the minimum. At higher PVA
concentration of 1.5% w/v, the solubilizing power of PVA surfactant starts to improve drug
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solubility enhancing the drug leakage to the outer surface which leads to counteract drug
desirability to be remained centralized in nanovesicle’s core [12,44].

PEG is nonionic polymer, universally employed during fabrication of NPs to en-
hance their residence time in blood circulation leading to achieve better absorption and
hence enhanced pharmacokinetic properties of nano formulations [45]. There are different
methods used to incorporate PEG into polymeric PLGA NPs. Chemically synthesized
coblock polymers is the main approach [45] and also, physically comixing PLGA with
PEG is considered a promising strategy which efficiently affects on NPs physicochemical
features [12,19]. Here in this study, we added comixed PEG for surface modification be-
cause PEG could form a periphery layer surrounding NPs. This layer acts as biological
barrier protecting the nano system from macrophage engulfment which leads to higher
stability and delayed degradation [19]. PEG plays a crucial role in improving in vitro
characterization of NPs. Association of polymeric networks modified after PEG addition
might produce NPs with smaller diameter [12,19,46]. As our model drug At-Ca is highly
hydrophobic, its entrapment will efficiently increase into PLGA hydrophobic core with no
tendency for diffusion out to the external hydrophilic PEG surface [47]. Additionally, PEG
controls the prolonged release of At-Ca NPs for 72 h due to reducing drug release rates
and slowing down its diffusion outside the nanovesicle [47]. PEG aids to exhibit sustained
anti-inflammatory action of At-Ca PLGA NPs.

FTIR is as important analytical study should be fully investigated during NPs prepa-
ration to exclude any physical and chemical interaction might occur between the poly-
meric material and drug, also, to ensure the compatibility between all the components of
NPs. FTIR aids to examine the effectiveness of drug encapsulation into polymeric core of
NPs [7,45]. As illustrated in Section 3.3.1, FTIR spectrum of AT-Ca NPs shows no loss of the
functional groups of free drug and native PLGA negating any chemical interaction occurred
between the drug and polymer. This results proves that our fabrication method used for
NPs preparation is a successful technique protecting the drug stability and integrity [7].
Most of detection peaks regarding to PEG spectrum were not clearly observed on At-Ca
NPs spectrum. The spectral bands of PLGA (major component of polymeric matrix) might
mask the spectral peaks of PEG existed in trace concentration comixed with PLGA [48].
DSC thermogram of At-Ca NPs elucidates that there is no drug in crystalline form after
encapsulation into PLGA core. This ensures that At-Ca might be in amorphous form or dis-
persed homogeneously in polymeric matrix [7,34]. Additionally, this results demonstrate
that At-Ca was efficiently dissolved in the organic phase during NPs preparation with no
tendency to precipitate after solvent evaporation due to the polymeric matrix sufficiently
surrounding drug molecules and preventing their aggregation and/or crystallization [7].

Biphasic release pattern of PLGA NPs could be explained by the initial burst firstly
emerged due to the presence of loosely bound drug molecules on the outer surface that
is highly enhanced by efficient wettability offered by PVA [49]. The second sustained
release phase manifested by PLGA polymer showed a delayed release extended for three
days [12,49]. In vitro release At-Ca from PLGA NPs is highly dependent on particle size.
Smaller particles with larger surface area exposed to release media facilitate drug diffusion
which results in higher initial bursts values [7,12]. Even though At-Ca PLGA NPs were
orally administrated, pH of the release medium was adjusted to 7.4. Intact NPs would be
absorbed directly into blood circulation (pH 7.4) via payer patches’ pathway. All in vitro
release experiments were performed in pH 7.4 simulating the in vivo condition [50].

The results of in vivo study revealed the sustained anti-inflammatory effect of At-Ca
PLGA NPs [19,51] extended for approximately three days compared with free At-Ca which
has rapid onset of action lasted for only six hours. Histological examination showed that
the paw skin tissue could restore its normal histological structure of epidermal/dermal
layers after oral administration of AT-Ca NPs within 72 h. Placebo NPs have similar
results of untreated control which negates any anti-inflammatory effect for PLGA and PEG
forming the main matrix of the polymeric nanoarchitecture.
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5. Conclusions

The anti-inflammatory effect of At-Ca is considered a novel pharmacological action
that could be widely employed in the near future. Polymeric PLGA NPs loaded with At-Ca
provide excellent in vitro features offering a sustained release platform for 72 h. Normal
density of subcutaneous muscles, minimal inflammatory cells, healthy blood vessels and
no subcutaneous oedema were clearly observed in Paw’ tissues of male Sprague–Dawley
rats after orally administration of At-Ca PLGA NPs comparing with placebo NPs (contain
no medication) and free drug.
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Abstract: Peptides hold promise as therapeutics, as they have high bioactivity and specificity, good
aqueous solubility, and low toxicity. However, they typically suffer from short circulation half-lives
in the body. To address this issue, here, we have developed a method for encapsulation of an innate-
immune targeted hexapeptide into nanoparticles using safe non-toxic FDA-approved materials.
Peptide-loaded nanoparticles were formulated using a two-stage microfluidic chip. Microfluidic-
related factors (i.e., flow rate, organic solvent, theoretical drug loading, PLGA type, and concentration)
that may potentially influence the nanoparticle properties were systematically investigated using
dynamic light scattering and transmission electron microscopy. The pharmacokinetic (PK) profile
and biodistribution of the optimised nanoparticles were assessed in mice. Peptide-loaded lipid
shell-PLGA core nanoparticles with designated size (~400 nm) and a sustained in vitro release profile
were further characterized in vivo. In the form of nanoparticles, the elimination half-life of the
encapsulated peptide was extended significantly compared with the peptide alone and resulted in a
much higher distribution into the lung. These novel nanoparticles with lipid shells have considerable
potential for increasing the circulation half-life and improving the biodistribution of therapeutic
peptides to improve their clinical utility, including peptides aimed at treating lung-related diseases.

Keywords: drug delivery system; nanoparticles; poly (lactic-co-glycolic acid) (PLGA); microfluidic;
pharmacokinetics (PK) and biodistribution

1. Introduction

Polymeric nanoparticles have been widely studied for decades as a strategy to produce
sustained release of encapsulated drugs as well as enhanced therapeutic effects [1,2]. Poly
(lactic-co-glycolic acid) (PLGA) is superior to many other polymers used for fabricating
nanoparticles due to its biodegradability and biocompatibility [3]. Importantly, PLGA is
approved for clinical applications involving systemic dosing routes by many international
regulatory agencies including the United States Food and Drug Administration (FDA) [4].

In the last two decades, considerable effort has been directed at improving formulation
methods for producing polymeric nanoparticles. Versatile methods used to fabricate PLGA
nanoparticles include nanoprecipitation, emulsion and hydrogel template methods, the use
of supercritical CO2, spray drying, coacervation, microfluidics, and the PRINT technique
(particle in non-wetting templates) [5–9]. Compared with other methods, the microfluidic
method has significant advantages, including the precise control over particle parameters
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(e.g., size, morphology, and charge) [10,11], monodispersed particles, automated and
single-step formulation, as well as relatively high encapsulation efficiency [12–14]. This
relatively novel formulation method provides homogeneous mixing conditions by precisely
controlling micro flows, which cannot be achieved in conventional bulk methods [15,16].
Using microfluidics, the physicochemical properties of nanoparticles, including size, shape,
structure, rigidity, and surface modification, can be controlled [16,17]. Additionally, lipid
shell coated PLGA nanoparticles fabricated by a microfluidic method further extended the
circulation half-life [18] and enhanced tumour accumulation and therapeutic effect [19].

Particle size and distribution are key parameters of nanoparticle-based drug delivery
systems, because they affect multiple parameters including the blood circulation half-
life [20,21], cellular uptake [21] and tumour penetration [22,23], toxicity, in vivo targeting,
and metabolism [1,21]. The particle size needs to be optimized for different biomedical
applications [22,24,25]. A recent study using a microfluidic method reported that PLGA
particle size influences the drug release characteristics, cellular uptake, and in vivo clear-
ance of the particles thus produced [10]. Our two-stage polydimethylsiloxane (PDMS)
microfluidic chip was developed for the production of lipid-polymeric nanoparticles with
varying water content to regulate the rigidity of nanoparticles [26]. This microfluidic chip
had a maximum flow rate of up to 410 mL/h, enabling high-throughput synthesis of PLGA
nanoparticles [27]. Additionally, this microfluidic chip can generate PLGA nanoparticles of
various sizes by changing the flow rate and the flow rate ratio in the channel. We have also
shown that increasing the total flow rate from 41 mL/h to 246 mL/h in the microfluidic
method tends to form smaller particles [15]. However, particle size will also be influenced
by a range of other factors, including drug loading, polymer chemistry, polymer concentra-
tion, additives, and other formulation conditions [6,28]. The innovation or optimization of
microfluidic systems will be facilitated with the development of advanced manufacturing
techniques [29–31]. Hence, it is important to systematically investigate the chemical and
physical parameters that influence particle size using the microfluidic method.

The hexapeptide, phenylpropanoic acid-[ornithine-proline-d-cyclohexylalanine-trypt-
ophan-arginine] (HC-[OPdChaWR]) is an antagonist of the C5a receptor 1 (C5aR1) of the
innate immune complement cascade [32,33]. It has been shown to have efficacy in several
animal disease models, such as inflammatory bowel disease, amyotrophic lateral sclerosis,
allergic asthma, and spinal cord injury [34–37]. Typical of most peptides, however, it has
a short plasma half-life in vivo (i.e., 0.17 h in mice following intravenous (IV) injection)
and low oral bioavailability [38–40]. Utilising a nanoparticle drug delivery system has
the potential to extend the circulation half-life of peptides, such as the C5aR1 antagonist
investigated herein.

In this study, C5aR1 antagonist peptide-loaded lipid shell-PLGA core nanoparticles
were fabricated using our two-stage microfluidic chip, and various formulation param-
eters were optimized to give the desired particle size distribution as well as a sustained
in vitro release profile. Parameters in the microfluidic method that have the potential to
influence particle size distribution were investigated. These included microfluidic flow
rate, type of organic solvent utilized, theoretical drug loading, as well as PLGA types and
concentration. The best performing nanoparticle formulations were identified for in vitro
release investigation. The optimised peptide-loaded lipid shell-PLGA core nanoparticles
were further characterized for drug incorporation efficiency and morphology. The in vivo
pharmacokinetics (PK) and biodistribution of the optimised nanoparticle formulation were
also assessed in mice.

2. Materials and Methods

2.1. Materials

The C5aR1 antagonist peptide (HC-[OPdChaWR]) was synthesised as previously de-
scribed [41]. Poly (lactic-co-glycolic acid) (PLGA) (50:50, acid terminated, MW 24,000~38,000 Da)
was purchased from Sigma–Aldrich Pty Ltd. (Sydney, NSW, Australia). Methoxy poly
(ethylene glycol)-b-poly (lactide-co-glycolide) MW ~5000:55,000 Da (mPEG5K-PLGA55K)
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was purchased from PolySciTech (Akina, West Lafayette, IN, USA). Additionally, 1,2-
Dihexadecanoyl-sn-glycero-3-phosphocholine (DPPC), 1,2-distearoylsn-glycero-3-phospho-
ethanolamine-N-[methoxy (polyethylene glycol (DSPE-PEG) and cholesterol were obtained
from Avanti Pty Ltd. (Tonawanda, NY, USA). Phosphate-buffered saline (PBS) tablets were
from Astral Scientific (Sydney, NSW, Australia). Dichloromethane (DCM) and ethanol
(EtOH) were from Biolab Pty Ltd. (Melbourne, VIC, Australia). Acetonitrile (ACN) was
from Ajax Finechem Pty Ltd. (Brisbane, QLD, Australia). Methanol (MeOH) was bought
from RCI Labscan Ltd. (Sydney, NSW, Australia). Ethyl acetate (EA), trifluoroethanol
(TFE), and dimethylformamide (DMF) were from Sigma Aldrich (Sydney, NSW, Australia).
All solvents used in the study were of analytical and/or high-performance liquid chro-
matography (HPLC) grade. Zolazepam and xylazine were obtained from Provet, Brisbane,
QLD, Australia.

2.2. Preparation of Peptide-Loaded Nanoparticles

Peptide-loaded nanoparticles were fabricated using an optimised microfluidic
method [42,43]. The two-stage microfluidic chip (Figure 1) was designed and fabricated [15]
in the laboratory of Professor Xingyu Jiang. Briefly, the microfluidic chip was fabricated on
a SU8-2100 master mould based on standard soft lithography. The two-stage microfluidic
chip was composed of a first stage (three inlets and a straight mixing channel, 100 µm in
width and 60 µm in height) and a second stage (a centre inlet and a mixing spiral channel,
300 µm in width and 60 µm in height). To obtain an appropriate ratio of thickness to
height of the channels (60 µm), SU8-2100 photoresist (MicroChem Corp, Westborough,
MA, USA) was spin-coated on a 4 inch silicon wafer at 500 rpm for 10 s and then at
3400 rpm for 60 s. The spin-coated SU8-2100 photoresist was baked at 65 ◦C for 5 min
and at 95 ◦C for 10 min. The spin-coated SU8-2100 photoresist was exposed to ultravi-
olet light (150 mJ·cm−2) through a photomask containing the pattern of channels. The
exposed photoresist was baked at 60 ◦C for 6 min and 110 ◦C for 8 min. SU-8 developer
(MicroChem Corp) was used to dissolve the unexposed photoresist. The method for fabri-
cating the microfluidic chip with polydimethylsiloxane (PDMS) (Sylgard 184, Dow Corning
Inc., Midland, MI, USA) and the master mould was the same as the previous work [27].
A peptide–polymer solution was prepared by dissolving peptide and PLGA in an organic
solvent. The lipid solution was DPPC (4.55 mg/mL), DSPE-PEG (0.85 mg/mL), and choles-
terol (0.48 mg/mL) in ethanol. The peptide–polymer solution, lipid solution, and water
were injected into the microfluidic chip. The peptide–polymer solution and lipid solution
were injected through the middle inlet and central inlet with the same flow rate, respec-
tively. Water was injected from two side inlets with the same flow rate. The flow rate for
each flow inlet was precisely controlled by syringe pumps (PHD ULTRA CP, SDR Scientific
Pty Ltd., Sydney, NSW, Australia). The mixture containing peptide-loaded nanoparticles
was collected from the outlet side of the microfluidic chip.

To remove the organic solvent, fabricated peptide-loaded nanoparticles were stirred
on ice (200 rpm) for 1 h and then placed under vacuum for 30 min using a rotary evaporator
(Rotavapor R-210, BUCHI Ltd., Newmarket, UK) at room temperature (~25 ◦C). Peptide-
loaded nanoparticles were washed twice with Milli-Q water, and centrifuged at 20,000× g
(Avanti JE, Beckman Coulter, Indianapolis, CA, USA) for 15 min. Particles were then
resuspended in a small volume of PBS or 5% glucose for subsequent experiments.

Particle size and peptide release profiles were optimised by investigating a range
of organic solvents (DCM, EA, TEF + DMF (3:7, v/v) [15], ACN or acetone), multiple
sides (mL/h)/centre (mL/h) flow rate ratios (sides/centre, 60/4.5 [43], 120/3 [15] and
120/1), several theoretical drug loadings (5, 10, and 20%), as well as various PLGAs
(PLGA or PLGA + PEG-PLGA) and polymer concentrations (1 or 2%). The flow rates
of the two side (water) inlets were controlled at 60 mL/h, while the centre (polymer +
drug) inlet flow rate was 4.5 mL/h. When the flow rates of the two side (water) inlets
were increased to 120 mL/h, the centre inlet flow rate was reduced to either 3 or 1 mL/h.
Detailed information on the parameters for all formulations prepared is summarised in
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Supplementary Table S1. The flow rates were specified for various total flow rates and
flow rate ratios (water in the side inlets to solvent in the centre inlet) calculated using the
equations listed in Supplementary Table S2.

 
Figure 1. Schematic illustration of the microfluidic chip and the nanoparticle formulation process.
There are four inlets and one outlet in the microfluidic chip. Peptide-PLGA solution is injected
through the middle inlet while water is injected through two side inlets. The peptide-loaded PLGA
nanoparticles were formed at this stage. Lipid injected through the central inlet forms the lipid
shell structure of the PLGA nanoparticles. Fabricated peptide-loaded lipid shell-polymer core
nanoparticles are collected from the outlet.

2.3. Particle Size, Polydispersity Index (PDI) and Zeta Potential

The size, size distribution, PDI, and zeta-potential of the nanoparticles were deter-
mined using dynamic light scattering (DLS) at a scattering angle of 173◦ (Zetasizer Nano
ZS, Malvern Instruments, Worcestershire, UK).

2.4. Incorporation Efficiency

The peptide-loaded nanoparticle suspension (200 µL) was freeze-dried (n = 3) and then
completely dissolved in 1 mL of acetonitrile, and the peptide concentration was quantified
using LC-MS/MS [38]. The actual drug loading (%, w/w) and the drug incorporation
efficiency, expressed as encapsulation efficiency (EE, %, w/w) were calculated using the
equations below. The individual values for three replicate determinations and their mean
values are reported.

Actual drug loading (%) = w(drug)/[w(drug) + w(polymer)] (1)

EE (%) = w(drug in particles)/w(drug added) (2)

2.5. In Vitro Release Profile

The peptide-loaded nanoparticle suspension (200 µL) was transferred into dialysis
tubes (MWCO 10 kDa). Each dialysis tube was sealed, placed into a capped container
containing 5 mL PBS, and then placed into an incubator maintained at 37 ◦C and shaken
horizontally at 100 shakes min−1 (IKA® KS130 shaker; Sigma–Aldrich Pty Ltd., Sydney,
NSW, Australia). On each testing occasion (i.e., 1, 3, 6, 24, 30, 48, 54, and 72 h), the dialysis
tubes were rinsed with 1 mL of PBS and transferred to 5 mL of fresh PBS. Concentrations
of HC-[OPdChaWR] were determined in triplicate by LC-MS/MS [38] at each time of
assessment, and the data are presented.

2.6. Measurement of Peptide by Liquid Chromatography–Tandem Mass Spectrometry
(LC–MS/MS)

The C5aR1 peptide antagonist concentrations were quantified by a previously devel-
oped and validated LC–MS/MS method [38]. Briefly, the LC–MS/MS system consisted of
an API 3200 (AB SCIEX) triple quadrupole LC–MS/MS mass spectrometer coupled with an
Agilent 1200 series HPLC system (Agilent Technologies, Santa Clara CA, USA). For sample
processing, 10 µL of the solution containing the C5aR1 peptide antagonist was mixed with
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10 µL of internal standard (AcF-[OPdChaWR]) dissolved in solvent (ACN) followed by
sample processing, extraction, supernatant isolation, drying, and reconstitution in a 75%
methanol-in-water solution. A small volume of processed sample (approximately 50 µL)
was used for the LC–MS measurement. The autosampler was set at 4 ◦C and the column
oven temperature was maintained in the range of 25 ± 1 ◦C. The system control and
data acquisition were executed by Analyst software (AB SCIEX, Applied Biosystems Inc.,
Framingham, MA, USA, version 1.5.1). Chromatographic separation was implemented
using a Kinetex EVO C18 analytical column (100 mm × 2.1 mm, 100 Å, 5 µm, Phenomenex
Inc., Torrance, CA, USA) under binary gradient conditions using mobile phase A (milliQ
water containing 0.1% formic acid) and mobile phase B (acetonitrile containing 0.1% formic
acid) with a variable flow rate, as described in Kumar et al. [38].

2.7. Morphology

The morphology of nanoparticles was observed under a transmission electron micro-
scope (TEM, Hitachi HT7700, Hitachi High-Technologies Corporation, Tokyo, Japan) at
100 kV. Briefly, 10 µL of diluted nanoparticle suspension (1 mg/mL) was dropped onto a
carbon-coated copper grid and incubated for 10 min to allow nanoparticles to attach to the
membrane. Next, samples were negatively stained with 1% uranyl acetate and viewed.

2.8. Pharmacokinetics Study and Biodistribution

All experimental procedures involving animals were performed following approval
from the animal ethics committee of the University of Queensland (The approval number is
241/18, and the date of approval is 21 August 2018). All experiments were conducted as per
the National Health and Medical Research Council of Australia policies and guidelines for
the care and use of animals for scientific purposes (8th Edition, 2013). Wild-type C57BL/6J
mice (male, 10–12 weeks old) were purchased from the Animal Resources Centre (Perth,
WA, Australia). All animals were housed within the University of Queensland Biological
Resources animal facility in a pathogen-free environment with a 12 h dark/12 h light cycle
and free access to food and water.

The plasma pharmacokinetic (PK) profile and biodistribution of peptide-loaded
nanoparticles (1 mg/kg equivalent dose of free peptide) vs. free peptide were assessed
in mice after intravenous (IV; via tail vein) dosing. Serial blood samples were collected
via a tail vein using a microsampling technique [40]. Blood samples were collected at 0.04,
0.25, 0.5, 0.75, 1, 1.5, 1, 4, 6, and 24 h for both groups and then 48, 72, 96, and 120 h for the
nanoparticle group. The blood samples were centrifuged at 2000× g for 10 min at 4 ◦C, and
the separated plasma samples (10 µL) were collected, diluted with 100 µL of milliQ water
and 10 µL of internal standard, filtered through Microcon®-10 centrifugal filters (Merck,
Melbourne, VIC, Australia) to separate nanoparticles from released peptide, and stored at
−80 ◦C until time of analysis. For tissue distribution, on the terminal day, i.e., day 1 for
native peptide and day 5 for the nanoparticle group, animals were transcardially perfused
using PBS solution to remove circulatory peptide/formulation, and tissue samples were
collected, processed as described in our previously published method [38], and filtered as
mentioned above.

On the day of analysis, samples were processed for C5aR1 peptide antagonist concen-
trations using the above-mentioned LC–MS/MS method as described previously [38]. The
IV route of drug administration was used for this study to achieve 100% bioavailability of
peptide or peptide-loaded nanoparticles in the systemic circulation of the mice.

2.9. Data Analysis

The data are presented as mean (±SEM) unless otherwise specified, and plasma con-
centration versus time curves were prepared using GraphPad Prism (GraphPad Software
Inc., La Jolla, CA, USA, version 7). The statistical significance criterion was p ≤ 0.05.
LC–MS/MS data processing and analysis were performed using Analyst software (AB
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SCIEX, Applied Biosystems Inc., Framingham, MA, USA, version 1.5.1) and Multiquant
software (AB SCIEX, USA, version 2.0).

PK parameters were derived from the plasma concentration versus time profiles using
a two-compartmental model as implemented in the WinNonlin software package (Certara,
L.P, St. Louis, MO, USA, v8.1). The linear trapezoidal rule was applied for the calculation
of area under the curve (AUC 0–t) of the plasma concentration vs. time profiles.

3. Results and Discussion

3.1. Optimisation of Particle Size

3.1.1. Effect of Flow Rate (Side/Centre)

Changing the side (mL/h)/centre (mL/h) flow rate from 60/4.5 to 120/3 then to 120/1
showed similar effects on the mean size of nanoparticles fabricated by the various organic
solvents assessed (Figure 2). The mean size and PDI of particles for all formulations are
summarised in Table S1. By increasing the total flow rate and flow rate ratio (water in
side inlets to solvent in centre inlet) (Table S2), the size of nanoparticles fabricated using
DCM decreased from ~400 to ~150 nm, the size of nanoparticles using ACN decreased
from ~200 to <100 nm, and the size of nanoparticles using TFE + DMF (3:7, v/v) decreased
from 250 to ~30 nm. It is worth noting that increasing the sides/centre flow rate ratio had
a more significant effect on the PDI of nanoparticles formulated with DCM, resulting in
a sharply decreased PDI, from 0.8 to approximately 0.3. In comparison, using a higher
sides/centre flow rate ratio only caused a small effect on the PDI of nanoparticles from the
TFE + DMF (3:7, v/v) formulation and no significant effect on nanoparticles from the ACN
formulation. Generally, a higher total flow rate and higher flow rate ratio (water to solvent)
are believed to provide a higher shear stress, which could produce smaller organic droplets
and subsequently form smaller nanoparticles through precipitation [44]. Subsequently,
the higher side/centre flow rate ratio results in smaller nanoparticles with greater size
homogeneity (lower PDI) [15,42]. Additionally, the higher side/centre flow rate ratio
results in more effective and rapid interfacial deposition, thus generating nanoparticles
with more uniform size [15,42].
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Figure 2. Mean (±SEM) (n = 3) size (a) and PDI (b) of ‘blank’ PLGA nanoparticles formu-
lated using 1% PLGA in DCM, ACN, and TFE + DMF (3:7, v/v) under a range of side/centre
flow rate conditions (water inside inlets to solvent in centre inlet, 60/4.5 = 60 to 4.5 mL/h,
120/3 = 120 to 3 mL/h, 120/1 = 120 to 1 mL/h). Using the same solvent, increasing flow
rate and flow rate ratios significantly decreased the size of nanoparticles. Increasing flow rate
or flow rate ratio caused a dramatic decrease in the PDI of nanoparticles formulated using
DCM but did not significantly affect nanoparticles formulated using ACN or TFE + DMF (3:7).
Two-way ANOVA analysis followed by Tukey test for multiple comparisons (**** p < 0.0001;
** p < 0.01; * p < 0.05; and ns, no significant difference).
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3.1.2. Effect of Organic Solvent

As can be seen in Figure 2, the organic solvent utilized had a significant influence on
the size of nanoparticles, even if all other factors were the same. Therefore, the mean size
and PDI of peptide-loaded nanoparticles (5% theoretical loading) were compared between
different organic solvents. As shown in Figure 3, using ACN resulted in the smallest
size (200 nm) and PDI (~0.2) under all three different side/centre flow rate ratios. The
nanoparticles fabricated under a low side/centre flow rate ratio (60/4.5) using acetone and
the combined solvent, TFE + DMF (3:7, v/v) had a slightly larger size (200–250 nm) and
relatively high PDI (0.5 and 0.3, respectively). On the other hand, nanoparticles fabricated
using DCM were the largest size (~400 nm) and had the broadest size distribution (PDI
0.8) followed by nanoparticles fabricated using EA (size 300 nm, PDI 0.5). The same trend
was observed under high flow rate conditions (side/centre at 120/3), but the difference
between solvents was attenuated (Figure 3c,d). Peptide-loaded nanoparticles performed
similarly to the ‘blank’ nanoparticles (Figure 3e,f), such that particle sizes were 400, 350, and
150 nm, both with and without peptide for nanoparticles formulated using DCM, EA, and
ACN, respectively. However, in comparison to the blank (without peptide) nanoparticles
(PDI 0.3–0.8), the PDI of nanoparticles containing encapsulated peptide was decreased
(PDI 0.2–0.3).

In brief, ACN and TFE + DMF (3:7, v/v) always led to the fabrication of smaller sized
particles, characterized by a narrower size distribution (lower PDI), whereas DCM and EA
resulted in larger particle sizes and a broader size distribution (higher PDI). This fact could
be explained by the differential miscibility of the various organic solvents in water [45].
DCM and EA are water-immiscible solvents, whereas TEF, DMF, ACN, and acetone are
miscible with water. In agreement with others, larger particles were fabricated using
DCM compared with partially/fully water-miscible solvents [45]. Similarly, increasing
the ratio of DCM in a mixed solvent resulted in increased particle size and PDI [46].
Concerning the geometry of the microfluidic chip, the PLGA dissolved in a water-miscible
solvent generated a more efficient shearing force that was beneficial for self-assembly via
nanoprecipitation subsequently resulting in smaller and mono-dispersed nanoparticles [47].
Additionally, liquid viscosity, density, and surface tension also have a dynamic effect on
the droplet formation and particle size distribution [47,48]. However, it was noticed that
the microfluidic chip was blocked easily when using ACN as the organic solvent, and this
caused substantial drug loss, so this method is not feasible for producing particles in a large
quantity. Additionally, the PDI of nanoparticles fabricated using DCM was smaller when
the peptide was encapsulated in comparison with ‘blank’ nanoparticles (Figure 3d,f). For
further investigation, a range of drug loadings were assessed for their impact on particle
size distribution. DCM was used for further formulation development, as its lower boiling
point means that it can be fully removed under ambient temperature and pressure. Another
consideration was that our peptide is soluble in water (1 mg/mL), and so water miscible
solvents are unsuitable for this purpose.

3.1.3. Effect of Theoretical Drug Loading

The size of nanoparticles increased with increased theoretical drug loading (from
400 nm to 600 nm) (Figure 4). However, the nanoparticles loaded with peptide had a nar-
rower size distribution (PDI 0.35–0.45) compared with the blank nanoparticles
(PDI ~0.8). The presence of peptide aided the formation of homogenous nanoparticles,
although the mechanism behind this phenomenon is unclear and needs further investiga-
tion. It is known that, during formulation, nanoparticles undergo nucleation, growth, and
aggregation [49]. The C5aR1 peptide antagonist contains a hydrocinnamate residue and is
sufficiently lipophilic to have a positive effect on nucleation or particle growth [32,50]. It is
plausible that a hydrophobic core may form more readily by adding peptide compared with
particles comprised of pure PLGA when DCM is used as the solvent in the microfluidic
method. Therefore, a lower PDI was observed for particles with encapsulated peptide
(Figure 4b).
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Figure 3. Mean (±SEM) (n = 3) size (a) and PDI (b) of blank nanoparticles formulated using a low
sides/centre flow rate ratio (60/4.5) using 1% PLGA in a range of organic solvents (DCM, EA, TFE
+ DMF (3:7, v/v), ACN, and acetone). Nanoparticles fabricated using DCM had the largest size
(400 nm) and the highest PDI (0.8). By comparison, use of ACN resulted in particles of the smallest
size (<200 nm) and lowest PDI (~0.2). Mean (±SEM) (n = 3) size (c) and PDI (d) of blank nanoparticles
formulated using a high sides/centre flow rate ratio (120/3) using 1% PLGA in different organic
solvents (DCM, EA, TFE + DMF (3:7, v/v), and ACN). Both DCM and EA produced particles of a
larger size (~250 nm) compared with ACN (~100 nm). DCM provided the highest PDI (0.6) while
ACN led to the lowest PDI (<0.2). Mean (±SEM) (n = 3) size (e) and PDI (f) of 5% theoretical
drug-loaded nanoparticles formulated with a low side/centre flow rate ratio (60/4.5) using 1% PLGA
in different organic solvents (DCM, EA, and ACN). DCM provided a larger particle size (>400 nm)
compared with EA (~350 nm) and ACN (150 nm). Solvents did not show a significant difference in PDI
(0.2~0.3). One-way ANOVA analysis followed by Tukey test for multiple comparisons (**** p < 0.0001;
*** p < 0.001; ** p < 0.01; * p < 0.05; and ns, no significant difference).
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Figure 4. Mean (±SEM) (n = 3) size (a) and PDI (b) of nanoparticles with a range of theoretical
drug loadings (0, 5, 10, and 20%) fabricated using 1% PLGA in DCM using a low side/centre flow
rate ratio (60/4.5). The mean size of nanoparticles increased with increased drug loading, with this
effect most marked at 20% peptide loading (0 < 5 < 10 < 20%). The PDI was significantly decreased
for particles containing 5% peptide (<0.4) compared with blank nanoparticles (0.8). PDI increased
with increased drug loading (5 < 10 < 20%). One-way ANOVA analysis followed by Tukey test for
multiple comparisons (** p < 0.01; and ns, no significant difference).

3.1.4. Effect of Polymer

PLGA (1%) was compared with the mixture of 1%PLGA + 1%PEG-PLGA (Figure 5).
There was no significant difference in size and PDI between nanoparticles fabricated
using 1% PLGA or 1% PLGA + 1% PEG-PLGA when using DCM as the solvent and 5%
theoretical drug loading (Figure 5a,b). This finding suggested that the addition of an
extra 1% PEG-PLGA did not greatly affect particle size distribution. However, adding
PEG-PLGA significantly decreased the Z-potential of nanoparticles (−10 mV) compared
with PLGA alone (−40 mV) (Figure 5c). Our finding is consistent with others who have
reported that PEGylation always results in a dramatic decrease in the charge of PLGA
nanoparticles [51–53]. As reported by Garinot et al., the decreased zeta potential close to
neutrality may result from the shielding effect of the PEG chains [53].

✱✱✱✱

 

Figure 5. Mean (±SEM) (n = 3) size (a), PDI (b), and Z-potential (c) of peptide-loaded nanoparticles
(5% theoretical drug loading) fabricated using 1% PLGA in DCM or 1% PLGA + 1% PEG-PLGA in
DCM under low side/centre flow rate ratio conditions (60/4.5). The extra 1% PEG-PLGA showed a
slight increment in size distribution but significantly lower Z-potential. One-way ANOVA analysis
followed by Tukey test for multiple comparisons (**** p < 0.0001; and ns, no significant difference).

To produce drug-loaded polymeric nanoparticles, nanoprecipitation and emulsion-
based methods are commonly used. Nano-precipitation is based upon the interfacial
deposition of polymeric nanoparticles when water-miscible solvents containing dissolved
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polymer are mixed with water [54]. To generate uniform and size-controlled nanoparticles
by nano-precipitation, rapid and sufficient mixing is generally required [55] and often leads
to a wide range size distribution. In agreement with work by others [55,56], our data show
that, using a rapid mixing microfluidic method to co-precipitate the drug and polymer,
more uniform and size-controlled nanoparticles are produced.

3.2. Optimisation of In Vitro Release Profile and Further Characterization

As shown in Figure 6a, peptide-loaded PLGA/PEG-PLGA nanoparticles achieved
a maximum cumulative release of ~25% within 72 h, whereas the release from peptide-
loaded PLGA nanoparticles was only ~13%. Additionally, PEG-PLGA was reported to
form stealth nanoparticles, which have a longer in vivo circulation half-life [52]. However,
more polymer concentrations and other types of PLGA with different L:G ratios, different
molecular weights, and different terminal groups (e.g., ester group) remain for future
investigation to achieve the optimal release profile [1]. 

 

Figure 6. (a) Mean (±SEM) in vitro C5aR1 peptide antagonist release profiles (n = 3) for nanoparticles
formulated using 1% PLGA in DCM or 1% PLGA + 1% PEG-PLGA in DCM using a low side/centre
flow rate ratio (60/4.5). The percentage drug release was calculated based on actual drug loading.
Two-way ANOVA analysis followed by Sidak’s test for multiple comparisons (**** p < 0.0001; and
** p < 0.01). Nanoparticles prepared using 1% PLGA + 1%PEG-PLGA in DCM were characterized for
morphology (b) using transmission electron microscopy (TEM) and size distribution (intensity%)
(c) using DLS. The TEM image indicates that peptide nanoparticles were successfully coated by a
lipid shell as the foggy boundary could be observed. The shadowy particles in the background are
components that did not coat polymer particles. The scale bar is 400 nm.

The modified formulation of 1% PLGA + 1% PEG-PLGA in DCM and 5% theoretical
drug loading using a low side/centre flow rate ratio (60/4.5) was further investigated
before undertaking the in vivo study. The actual drug loading for this formulation was
2.0 ± 0.5% (mean ± SD, n > 3) with EE of 38.2 ± 10.6% (mean ± SD, n > 3). Note that
the formulation with 1% PLGA alone has an actual drug loading of approximately 1.8%
with the encapsulation efficiency at approximately 36%. The core–shell structure of these
nanoparticles was confirmed using TEM (Figure 6b). The size distribution is shown in
Figure 6c, and it is consistent with those previously determined (Figure 5). Although a
few lipid components could be observed in the freshly prepared formulation, they can
be readily removed through washing. The mean size of the particles was relatively large
at 400 nm, consistent with previous work that showed relatively large particles had less
initial burst release compared with smaller particles [57]. Additionally, particles of this

182



Pharmaceutics 2021, 13, 1505

size (<500 nm) are unlikely to be cleared by phagocytosis [58] before releasing their drug
payload. Thus, the precise fabrication of particles at ~400 nm was achieved by using the
microfluidic method and it was selected for the in vivo study.

Previously, we have reported on the release of linear and cyclic peptides from polyurethane
films with different hard and soft segments. Solvent casting of the polyurethane at room
temperature mixed with the various peptides resulted in reproducible efflux profiles
with no evidence of drug degradation. The organic solvent used was DCM. The C5aR1
antagonist peptide retained its biological activity during casting of the polyurethane films
and following release from the films [59].

3.3. In Vivo Pharmacokinetics Study and Bio-Distribution

The innate immune targeted C5aR1 antagonist peptide encapsulated within the
biodegradable nanoparticles had a significantly reduced elimination half-life in mice com-
pared to the peptide itself (Figure 7a). Specifically, the plasma peptide levels after IV
dosing with free peptide were unmeasurable after 6 h post-dosing whereas peptide from
the nanoparticles was measurable in plasma samples for up to five days after a single IV
dose administration. The terminal elimination half-life (t1/2) after dosing of mice with free
peptide was 0.84 h, which is in agreement with the short t1/2 values of 0.17 h and 0.33 h re-
ported previously [38,40]. The half-life of peptide in the form of nanoparticles was extended
significantly (24.9 h). Similarly, peptide-loaded nanoparticles have a much longer mean
residence time (MRT) (32.61 h) compared with that of the free peptide (0.76 h). The systemic
exposure (AUC0–t) of peptide released from peptide-loaded nanoparticles was nearly five
times larger than that for the free peptide (AUC for free peptide = 3825.7 ng.h/mL; AUC
for peptide-loaded nanoparticle = 18,665.6 g.h/mL). Thus, our findings from the mouse
pharmacokinetic study have confirmed that the peptide-loaded nanoparticles significantly
increased the systemic exposure of this peptide when administered via the optimised
nanoparticle formulation.

 

Figure 7. (a) Plasma concentration versus time profile (two-compartmental model) (mean ± SEM,
n = 4) of the C5aR1 peptide antagonist administered by bolus intravenous (IV) injection at a dose
of 1 mg/kg either as free compound (black) or in the form of lipid-shell PLGA nanoparticles (pink).
(b) Biodistribution (mean ± SEM, n = 4) of peptide released from nanoparticles in different organs
(brain, spinal cord, liver, lung, kidney, spleen) (ng/g). Tissues were extracted on day one and day five
after a single IV injection of 1 mg/kg either as free peptide (black on day one due to the short half-life
of this peptide based on our previous PK studies for the free peptide) or in the form of nanoparticles
(pink on day five), respectively. Statistical analysis was conducted by two-way ANOVA, followed by
Sidak’s test for multiple comparisons (**** p < 0.0001).

Additionally, the biodistribution of peptide in mice administered a single IV injection
of the optimised nanoparticle formulation, showing that 18-fold higher concentrations of
peptide were present in the lung tissue of the same animals for at least five days compared
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with animals dosed with free peptide (Figure 7b). In support of this notion, previous work
by others showed that C5aR1 inhibition alleviated influenza virus-induced lung injury
in mice [60]. Recently, other work showed that anti-C5a monoclonal antibody treatment
improved the deteriorating health of patients with COVID-19 [61], and targeting C5aR1
with anti-C5aR1 monoclonal antibodies also has demonstrated mechanistic merit [62].
Compared with peptides, antibodies are expensive, potentially lack tissue penetrance, and
some patients may also develop auto-immune reactions. Thus, alternative drug modalities
that can block the activation of C5aR1 and overcome the limitations of therapeutic antibod-
ies are urgently needed. The C5aR1 antagonist peptide-loaded lipid-shell nanoparticles
described in this study may therefore have potential for more effectively treating lung
inflammation, and this remains an area for future investigation.

4. Conclusions

In summary, our findings provide valuable information on how to precisely con-
trol the fabrication of peptide-encapsulated nanoparticles to achieve a designated size
using a microfluidic device, including flow rate, organic solvent, theoretical drug load-
ing, as well as PLGA type and concentration. Small peptide-encapsulated nanoparticles
(200–400 nm) were successfully produced. This study demonstrated a marked increase in
the systemic exposure and a significant increase in the terminal half-life of the same IV dose
of a C5aR1 peptide antagonist administered to mice in the form of peptide-loaded nanopar-
ticles relative to the corresponding parameters for the free peptide. We also demonstrated
that the lipid-shell-PLGA core nanoparticles significantly increased the biodistribution of
peptide in the lung. Further development of our method has the potential to be developed
into a safe, effective delivery platform for small molecule peptide drugs in general and
pave the way for their progression to clinical development.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/pharmaceutics13091505/s1, Table S1: Formulations of peptide-loaded lipid shell-PLGA core
nanoparticles, Table S2: Parameters of flow rate applied in the study.
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Abstract: The present research investigates the pharmacokinetics and toxicity of a chitosan (CS)
and poly(lactic-co-glycolic) acid (PLGA)-based methotrexate (MTX) intravitreal micro-implant in
normal rabbit eyes. PLGA and CS-based micro-implants containing 400 µg of MTX were surgically
inserted in the vitreous of twenty-four New Zealand rabbits using minimally invasive procedures.
The PLGA-coated CS-MTX micro-implant and the placebo micro-implant were inserted in the right
eye and in the left eye, respectively, of each rabbit. The intravitreal MTX concentration was evaluated
on Days 1, 3, 7, 14, 28 and 56. A therapeutic concentration of MTX (0.1–1.0 µM) in the rabbit vitreous
was observed for 56 days. The release of MTX in the therapeutic release phase followed first-order
kinetics. Histopathologic evaluation on Days 14, 28 and 56 of the enucleated eyes demonstrated
no signs of toxicity or any anatomical irregularity in the vitreoretinal domain. Additionally, the
micro-implants were stationary at the position of their implantation throughout the duration of
the study. The PLGA-coated CS-MTX micro-implant can serve as a potential alternative to the
current treatment modality of intravitreal MTX injections based on its performance, thereby avoiding
associated complications and the treatment burden of multiple injections.

Keywords: methotrexate; chitosan; PLA/PLGA; sustained release; micro-implant; animal model;
minimally invasive

1. Introduction

Methotrexate (MTX), an antimetabolite chemotherapeutic drug, has gained a substan-
tial reputation in treating various types of cancer and autoimmune diseases [1]. In the
domain of ophthalmology, intravitreal injections of MTX have been administered to treat
various vitreoretinal (VR) diseases such as: (1) primary central nervous system lymphoma
(PCNSL) with intraocular (vitreoretinal) involvement [2–4], also known as primary intraoc-
ular lymphoma (PIOL); (2) severe and recalcitrant intraocular inflammation (uveitis) [5–8];
and (3) certain cases of rhegmatogenous retinal detachment associated with elevated risk
for proliferative vitreoretinopathy (PVR) [9,10]. Furthermore, in clinical practice, there has
been a gradual incorporation of the off-label use of this drug, as described hereafter.

Various administration regimens have been employed when treating with intravitreal
MTX injection. A representative dosing regimen would be either two intravitreal injections
every week until apparent clinical improvement is demonstrated or one intravitreal in-
jection every week thereafter until complete clinical regression in the eye(s) is observed.
Alternatively, one intravitreal injection every month for at least three additional months is
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administered. Typically, this regimen accumulates to 20 to 25 injections or more [11]. A sin-
gle intravitreal injection of MTX at the 200 to 400 µg/0.1 mL dose has shown good tolerance.
Nevertheless, all intravitreal injections bear a potential risk of exogenous endophthalmi-
tis, induced rhegmatogenous retinal detachment and elevated intraocular pressure [12].
The cumulative risk of these potential side effects and complications combined with the
inconvenience and discomfort of multiple invasive procedures cannot be ignored when
multiple intravitreal MTX injections are administered. Several cases of corneal epithelial
toxicity [13], induced retinal cotton wool spots and macular edema [14] have been reported
even at a dose of 400 µg/0.1 mL.

The evaluation of in vitro cytotoxic activity of MTX on 63 different cell lines showed
the therapeutic levels of MTX range from 0.1 µM to 1 µM, with a mean IC50 of 0.32 µM [15].
Accordingly, a concentration range of 0.1–1 µM of MTX is considered to be therapeutic.
When administered by intravitreal injection, the hydrophilic MTX drug (log p = −1.85)
undergoes rapid clearance in the intravitreal domain (half-life of 14.3 h) [15]. Previously
intravitreal MTX concentrations of 0.1–1 µM from one injection have been observed to have
therapeutic effectiveness for a limited duration of 48–72 h [15,16]. It is expected that a pro-
longed therapeutic efficacy can be attained by delivering MTX through a sustained-release
intravitreal drug delivery device (micro-implant) in the intravitreal domain, without caus-
ing any collateral complications. Currently, there are several FDA-approved intravitreal
micro-implants, which deliver antiviral medications and corticosteroids [17], which are
relatively hydrophobic in nature. These FDA-approved intravitreal implants along with
other intravitreal drug delivery systems have been based on lipophilic (or hydrophobic)
biodegradable polymers such as lactic and glycolic acid-based matrices such as poly-lactic
acid (PLA), poly-glycolic acid (PGA), their copolymers and derivatives poly(lactic-co-
glycolic) acid (PLGA) [18–20]. The issue with the existing polymer matrices (PLA, PGA
and PLGA) is that they are lipophilic in nature and do not blend well with hydrophilic
drugs such as MTX. Another disadvantage of these lipophilic polymer matrices is that they
degrade very slowly even after the drug has been released, causing local toxicity [21]. At
present, there is no sustained drug delivery platform for hydrophilic drugs, such as MTX,
to treat VR diseases in commercial practice, which poses major challenges to develop a
satisfactory micro-implant device.

Chitosan (CS) was chosen as the polymer matrix to fabricate the micro-implant, as it
has been previously used as a delivery vehicle for MTX (hydrophilic drug) in other drug
delivery formulations due to its similar hydrophilic nature [22–26]. CS is a copolymer of
N-acetylglucosamine and glucosamine, which is a fully or partially N-deacetylated (DA)
derivative of the natural polymer chitin. CS has been recognized as a Generally Recognized
as Safe (GRAS) material by the FDA [27]. It has been reported by de la Fuente et al. [27] that
CS-based ocular drug delivery formulations have shown good tolerance and acceptability
in terms of toxicity. However, to restrict the rapid release of the hydrophilic MTX from the
hydrophilic CS matrix, a lipophilic coating was imperative. Because PLA and PLGA have
been extensively used in FDA-approved intraocular implants [17], they were chosen as the
coating polymer to the hydrophilic CS-MTX matrix.

Our group developed a biodegradable intravitreal micro-implant platform that deliv-
ers a sustained therapeutic dose of MTX to the VR domain for several months [11,28–32].
Initially, a CS and PLA-based MTX intravitreal micro-implant device was developed that
was able to maintain a sustained release of MTX between 0.2 and 2 µg/day in vitro for
more than 50 days [29] and a therapeutic concentration of 0.1–1 µM MTX for ~30 days
in vivo [11]. Non-invasive methodologies such as electroretinogram (ERG) [28] and B-
scan ultrasound (US), as well as histopathology [30], have suggested favorable safety and
toxicity of this micro-implant in normal rabbit eyes.

In a subsequent study, a PLGA and CS-based MTX intravitreal micro-implant was
developed, which demonstrated an improved sustained MTX release rate of 0.2–2 µg/day
for ~3–5 months in vitro [32]. In this in vitro study, the influence of (a) molecular weight
of the PLA/PLGA and (b) the composition of the PLGA polymer on the biodegradation
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characteristics of the micro-implant, including swelling and disintegration of the micro-
implant, was analyzed. The molecular weight of CS used was 50,000–190,000 with a degree
of deacetylation (DA%) ≥ 75%. (Sigma Aldrich, St. Louis, MO, USA). The evaluated
molecular weight of ester-terminated PLGA 5050 (PLA/PGA copolymer ratio in PLGA
is 50:50) (Lactel Biodegradable Polymers, AL) with an inherent viscosity of 0.82 in hex-
afluoroisopropanol at 30 ◦C was Mw = 287,000 with a polydispersity index of 2.78 [32].
The safety and toxicity of this improved PLGA and CS-based MTX micro-implant were
validated in normal rabbit eyes using non-invasive techniques such as ERG, US, slit-lamp
biomicroscopy (SLB), fundoscopy and intraocular pressure (IOP) measurement for a period
of approximately 2 months [31]. Non-invasive evaluation proved the micro-implant to
be safe and well tolerated in rabbit eyes for the whole duration of the study. In the same
pre-clinical trial, we evaluated the pharmacokinetics and gross morphology of the micro-
implant concurrently using minimally invasive techniques for improved knowledge of the
safety of the micro-implant in the vitreoretinal domain.

In our pilot in vivo studies [11,28,30], the PLA-coated CS-MTX micro-implant had
a different composition of the coating polymer, which resulted in a shorter duration of
release (~1 month in vivo). Additionally, the scope of the pilot studies was limited due to
the limited number of rabbits (n = 8). Subsequently, a recent study involving the improved
PLGA-coated CS-MTX micro-implant was focused on non-invasive parameters only (ERG,
US, SLB, fundoscopy and IOP) [31]. This study is novel because it presents findings on the
invasive parameters, such as pharmacokinetics and toxicity evaluation of the PLGA-coated
CS-MTX micro-implant, in thirty rabbit eyes. Additionally, this improved micro-implant
design resulted in a significant increase in the release duration (~2 months in vivo), as
presented hereafter.

2. Materials and Methods

Fabrication of the Micro-implant: In this in vivo study, the PLGA 5050 (PLA/PGA ratio
= 50:50)-coated CS-MTX micro-implant was used. It was fabricated based on the method
described in our earlier study [29,32]. Briefly, CS-MTX fibers were obtained by freeze-
drying the mixture of CS and MTX in 0.1 N HCl in Tygon® tubing (Saint-Gobain, Malvern,
PA, USA) of a 1/16-inch internal diameter. Subsequently, these fibers were cut to desired
lengths under a microscope, and then a ~200 µm coating of PLGA 5050 was applied on the
surface using dip-coating techniques. As described earlier [29,32], the microstructure and
the morphology of the micro-implant were evaluated using optical microscopy (Keyence
Digital Microscope, VHX-600, Osaka, Japan) and scanning electron microscopy (SEM)
(FEI XL 30-FEG, FEI, Hillsboro, OR, USA) using an accelerating voltage of 15 KV. The
morphology and microstructure of the PLGA-coated CS-MTX micro-implant are shown in
Figure 1.

The final dimensions of the PLGA-coated CS-MTX micro-implant containing 40% w/w
MTX were ~4.3 mm in length and ~1.2 mm in diameter. The weight of the micro-implant
containing 40% w/w MTX was ~1 mg, which translated to a drug loading of ~400 µg of
MTX. The placebo micro-implant was fabricated following the same procedure without
the drug. The rationale behind using the 40% w/w MTX loading was to compare the
same dosage of MTX (400 µg of MTX), as administered in an intravitreal injection used in
clinical practice. The micro-implants were sterilized under UV radiation for 20 min prior
to surgical procedures.

Design of the Non-invasive In Vivo Experiment: Thirty immune-competent New Zealand
albino rabbits, each weighing 2–3 kg, were used in this study. A sterilized MTX-loaded
micro-implant and a sterilized placebo micro-implant (without MTX) were surgically im-
planted in the right eye and in the left eye, respectively, as per the study plan shown in
Table 1. All procedures for the rabbit surgery were in accordance with the Institutional An-
imal Care and Use Committee protocol (IACUC No. 12-09-13-01, University of Cincinnati,
dated: 21 November, 2012) and followed the ARVO Statement for the Use of Animals in
Ophthalmic and Vision Research.
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Figure 1. Optical microscopy images of the PLGA-coated CS-MTX micro-implant showing the top view (A) and the cross-

–

Figure 1. Optical microscopy images of the PLGA-coated CS-MTX micro-implant showing the top view (A) and the
cross-sectional view (B). The microstructure of the micro-implant can be observed in the SEM images showing the top view
(C) and the cross-sectional view (D).

Table 1. Design of the minimally invasive study.

Time-point
Number of

Rabbits
Pharmacokinetic

Evaluation
Gross Inspection of the

Cross-Section of the Eye Globe
Histopathology ˆ

Day 1 3 + 1 (control *) 3 rabbits None None

Day 3 3 + 1 (control) 3 rabbits None None

Day 7 3 + 1 (control) 3 rabbits None None

Day 14 5 + 1 (control) 3 rabbits 2 rabbits 2 rabbits

Day 28 5 + 1 (control) 3 rabbits 2 rabbits 2 rabbits

Day 56 5 + 1 (control) 3 rabbits 2 rabbits 2 rabbits

Nomenclature: * For control rabbits, no pharmacokinetic evaluation, gross inspection of the eye globe and histopathology were conducted;
ˆ No pharmacokinetic evaluation was conducted in the eyes used for histopathology evaluation.

Surgery: The details of the surgery for this study are reported in our recent study [31]
involving the non-invasive evaluation of safety and toxicity of the same micro-implant.
Briefly, each animal was evaluated for the vital signs (heart rate, respiration rate, tem-
perature) prior to surgery (PS) and verified to be within normal limits. Each rabbit was
anesthetized with a mixture of xylazine hydrochloride (5 mg/kg) and ketamine hydrochlo-
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ride (45 mg/kg) by intramuscular injection. Buprenorphine hydrochloride (0.02 mg/kg
(Sub-Q)) was administered as an analgesic, and glycopyrrolate (0.006 mg/kg (IM)) was
administered to stabilize the heart rate. For further supplementation of the anesthesia,
tetracaine hydrochloride (0.05%) eye drops were administered topically to the eyes. The
body temperature of the rabbit was maintained at 37 ◦C. An eyelid speculum was inserted
to expose the right eye. A full-thickness eye wall incision was carried out parallel to the lim-
bus at a distance measured 6 mm from the limbus in the superotemporal quadrant using a
1.1 mm side port paracentesis surgical knife. Subsequently, a PLGA-coated CS-MTX micro-
implant was inserted through the eye wall incision using McPherson forceps (Figure 2). The
conjunctival–scleral wound was immediately closed using a full-thickness mattress suture
of 7-0 polyglactin 910 (suture material: Ethicon, Cincinnati, OH, USA). Then, the same
procedure was repeated on the left eye except for the insertion of a placebo micro-implant
(without MTX loading) in that eye. Immediately after suturing the conjunctival–scleral
wound, Meloxicam 0.2 mg/kg (Sub-Q) was administered in each eye along with 2 drops of
admixed neomycin sulfate (3.5 mg/mL)-polymyxin B (10,000 units/mL)-dexamethasone
(1 mg/mL). In addition to standard animal care, each animal was given one drop of ad-
mixed neomycin sulfate (3.5 mg/mL)-polymyxin B (10,000 units/mL)-dexamethasone
(1 mg/mL) eye drops to each eye twice daily for the first five post-surgical days.

–

–

 

Figure 2. (A) MTX micro-implant before surgical insertion; (B) surgical insertion of the MTX micro-implant.

Euthanasia: On Day 1, Day 3, and Day 7, four rabbits were euthanized, and on Day 14,
Day 28, and Day 56, six rabbits were euthanized by administration of sodium pentobarbital
(150–200 mg/kg) IV.

Procurement of Ocular Specimens: Both eyes of each animal were removed immedi-
ately after euthanasia at each specified time-point. The eye globes were inspected to
evaluate the insertion site of the micro-implant and observe any evident abnormalities
of that site. For pharmacokinetic evaluation of the MTX concentration in the vitreous,
the vitreous (~1 mL) was extracted manually from the eyes of the rabbits designated for
pharmacokinetic evaluation and collected in a sterile transport vial. The vials containing
the vitreous specimens were stored in dry ice and then kept frozen until the date of phar-
macokinetic testing (see Pharmacokinetics Study below). The eye globes of the animals
designated for histopathological evaluation were immersed immediately in 10% neutral
buffered formalin for subsequent pathological processing and histopathological analysis
(see Histopathological Study below).

Pharmacokinetics Study: The concentration of MTX in the vitreous samples obtained
from the eyes receiving the MTX micro-implant and the placebo micro-implant for each
time-point was analyzed using high-performance liquid chromatography (HPLC). The
HPLC method was carried out as described in the United States Pharmacopeia assay for
MTX [33]. This method has been previously described in our previous publication on the
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in vivo study of a similar PLA-coated CS-MTX micro-implant [11]. Briefly, the Agilent®

1100 HPLC system (Agilent Technologies, Santa Clara, C, USAA) with a diode array
detector was used for the HPLC analysis. A C-18 column measuring 150 mm × 4.6 mm
with a pore size of 80 Å was used. The column temperature was set at 23 ◦C. Acetonitrile
and phosphate/citrate buffer (pH 6.0) mixed in the ratio of 10:90 was used as the mobile
phase. A flow rate of 1 mL/min of the mobile phase was used with an injection volume
of 10 µL. The characteristic UV wavelength of 302 nm was used for the detection of MTX.
For each time-point, (a) n = 3 vitreous samples obtained from the eye receiving the MTX
micro-implant and (b) n = 3 vitreous samples obtained from the eye receiving the placebo
micro-implant were analyzed.

Histopathological Study: Similar to our previous study, the globes were grossed and
sectioned to display the micro-implant and surgical wound in pupil–optic nerve (P-ON)
sections [11]. The globes were then processed and stained as previously described [11].
The stained histopathology slides were then evaluated by one of the authors (Z.M.C.) to
evaluate any potential toxicity or complications.

3. Results

There were no complications during the surgical insertion of the micro-implants.
The gross inspection of the position of the micro-implant relative to the crystalline lens
and the eye wall incision showed (a) there was no migration of the micro-implants from
their respective initial implantation site; (b) the gross appearance of the micro-implant
and the vitreous surrounding the micro-implant was not appreciably different in the eyes
that received an MTX-containing micro-implant and those that received a placebo micro-
implant; and (c) there were signs of swelling of the micro-implant in the eyes on the Day
28 and Day 56 time-points (Figure 3).

Pharmacokinetics Study: The concentration profile of MTX in the vitreous of the eye
post-implantation on Days: 1, 3, 7, 14 and 56 is shown in Figure 4. The drug concentration
is observed to be within the therapeutic window (0.1–1 µM) from Day 3 to Day 56. No MTX
concentration was detected by the HPLC in the vitreous samples obtained from the eyes
containing the placebo micro-implants. The MTX concentration data of our study have
been compared with prior clinical study results [34] and the pre-clinical study results [15]
obtained from a 400 µg MTX intravitreal injection and also with our prior in vitro study
involving the same micro-implant as used in this study [32] (Figure 4).

A peak MTX concentration (Cmax-MTX) of 360 µM and 400 µM was observed from
the clinical study [34] and the pre-clinical study [15], respectively, and the total duration of
MTX release lasted for 2–6 days. In comparison, the MTX release profile observed in this
current in vivo study showed a Cmax-MTX of 28.88 µM on the first day and subsequent
delivery of MTX in the therapeutic window (0.1–1 µM) for about 2 months (56 days).
The MTX concentration, obtained from our prior in vitro study [32] involving the same
micro-implant, is comparatively higher than that of the MTX concentration observed in
this in vivo study. The higher concentration of MTX in the in vitro study can be potentially
attributed to the lack of realistic representation of the physiological convective–diffusive
transfer of the vitreous in the in vitro environment. Additionally, phosphate-buffered
saline (PBS) of pH 7.4 at ~38 ◦C used as the dissolution media in the in vitro study may
not accurately replicate the solubility, diffusivity and convective clearance of MTX in the
in vivo vitreous.

A regression value of R2~0.86 is obtained by fitting the in vivo vitreous concentration
of MTX in the therapeutic release phase to the characteristic first-order equation model.
The regression value worsens (R2~0.31) by fitting the in vivo vitreous concentration of
MTX of the whole duration of release to the characteristic first-order equation model. This
indicates the release mechanism of MTX in the therapeutic release phase follows first-order
kinetics. Similarly, the half-life (t1/2) of MTX is 40.76 days, as obtained from the first-order
fit (first-order constant k = 0.017) in the therapeutic release phase. The t1/2 of MTX worsens
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to ~14.43 days, as obtained from the first-order fit (first-order constant k = 0.048) of the
whole duration of release.

Histopathology Study: The details of the histopathological findings have been reported
in the non-invasive study of toxicity and performance of the same micro-implant on the
same rabbits, as used in this study [31]. Briefly, the issues identified in the histopathol-
ogy analysis were associated with surgical procedures. Otherwise, the micro-implant
showed no signs of toxicity and appeared to be safe for application in the VR domain.
Histopathology findings include focal vitreoretinal traction without any apparent predom-
inance between MTX and placebo micro-implants (Figure 5). The retina appeared to be
anatomically healthy in all the eyes.

 

—
— —

–

Figure 3. The position of the micro-implant relative to the lens can be seen in all the eye globes. The
vitreous is clear in all the eye globes, indicating no toxicity caused by the MTX micro-implant and
placebo micro-implant on the 14th day ((A,B), respectively); on the 28th day ((C,D), respectively);
and on the 56th day ((E,F), respectively). Note the swelling of the micro-implants on the Day 28
and Day 56 time-points. Nomenclature of the eye globes—Dxx_y, where xx = time-points (14, 28,
56), and y = eye (R—right eye receiving the MTX micro-implant; L—left eye receiving the placebo
micro-implant).
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Figure 4. Comparison of concentration of MTX in the vitreous (therapeutic window—shaded region).

 

–

–

Figure 5. Histopathology findings using H&E staining. (A) microslide (4× shows the placebo micro-implant (Day 28) surrounded by a
more pronounced inflammatory capsule; (B) microslide (4×) shows the MTX micro-implant (Day 28) with mild non-granulomatous
inflammatory infiltrate surrounding the micro-implant and localized vitreous traction causing wrinkling of the retina. The retina
appears anatomically healthy.
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4. Discussion

Oral administration of MTX is used to treat uveitis (typical dose of 7–25 mg once
weekly), often with supplemental oral folic acid to reduce systemic toxicity [7]. Additionally,
administration of a single intravitreal MTX injection (typical dose of 200 to 400 µg/0.1 mL)
or a series of injections over a several-month period has been used as an off-label treatment
for severe or recalcitrant uveitis [8]. In selected cases of PIOL, intravitreal MTX (usually at
the 400 µg/0.1 mL dose) [35] has been administered off-label to one or both eyes in addition
to systemic MTX-based chemotherapy. Additionally, in patients without evidence of active
brain–cerebrospinal fluid involvement, the intravitreal MTX injections are administered to
the affected eye(s) alone [3].

This development of a sustained-release MTX intravitreal micro-implant stems from
our motivation to create an alternative clinical approach to the current treatment modality
of intravitreal MTX injections to treat VR diseases such as PIOL, uveitis and to prevent
PVR. The FDA-approved sustained-release intraocular implants only deliver hydrophobic
drugs (e.g., corticosteroids, ganciclovir, dexamethasone, fluocinolone acetonide) [17]. In
comparison, this micro-implant platform offers a major advantage of delivering a sustained
therapeutic concentration of hydrophilic drugs with a short half-life, such as MTX, over a
prolonged duration. This study demonstrated the PLGA-coated CS-MTX micro-implants
were able to deliver a therapeutic concentration of MTX (0.1–1 µM) over a period of 56 days
in normal rabbit eyes without any signs of potential toxicity.

The PLGA-coated CS-MTX micro-implant showed a peak MTX concentration (Cmax-
MTX) of 28.88 µM in the vitreous on the first-day time-point. This Cmax-MTX obtained
from the PLGA-coated CS-MTX micro-implant is ~92% lower than the Cmax-MTX observed
in intravitreal MTX injections (360–400 µM) [34]. Although the Cmax-MTX of 28.88 µM is
beyond the therapeutic window (0.1–1 µM), it is anticipated to have an insignificant toxic
effect, as it is still ~92% less than the Cmax-MTX of the intravitreal injections. Furthermore,
the PLGA-coated CS-MTX micro-implant releases the same quantity of MTX (400 µg) over
a duration of 56 days as compared to clearing after 2–3 days after intravitreal injection.
Therefore, it can be expected that the PLGA-coated CS-MTX micro-implant will be well
tolerated in the VR domain.

The t1/2 of our MTX micro-implant, as obtained from the first-order fit of the whole
duration of release, is ~14.43 days. This is very similar to the t1/2 of MTX (13.1 days),
as observed in the same PLGA-coated CS-MTX micro-implant in the in vitro study [32].
Additionally, the t1/2 of our MTX micro-implant is prolonged to 40.76 days when the first-
order fit is applied to the concentration data points in the therapeutic release phase (excluding
the Cmax-MTX on Day 1). Therefore, it is likely that the PLGA coating further extends the
duration of release in addition to reducing the peak MTX vitreous concentration (Cmax).

In our previous in vivo study on the PLA-coated CS-MTX micro-implant (400 µg of
MTX), a therapeutic concentration of MTX (0.1–1 µM) was observed for 33 days without any
signs of toxicity in rabbit eyes (Figure 4). Based on (a) our experience of limited time-points
from that study (Days: 5, 12, 19 and 33) [11] and (b) the in vitro release profile of the MTX
and swelling profile of the PLGA 5050-coated CS-MTX micro-implant [32], we introduced
more time-points in this study (Days: 1, 3, 7 14, 28 and 56) for improved knowledge of
the drug release profile in the intravitreal domain. Additionally, due to prior experience
from the in vivo study involving the PLA-coated CS-MTX micro-implant, histopathology
was conducted only at later time-points (Days 14, 28 and 33), as insignificant changes
due to either toxicity or inflammation in the intraocular domain were expected at early
time-points (Days: 1, 3 and 7).

The swelling of the micro-implants, as observed in cross-sections of the eye globes
(Figure 3), on Day 28 and Day 56 is consistent with the findings of the in vitro study [32]
and the findings of the SLB, fundoscopy and US in the non-invasive in vivo study on
the same micro-implant [31]. Additionally, in the in vitro study [32], the PLGA-coated
micro-implant showed peak swelling (6.2 times its original weight) around 30 days, which
is similar to swelling observed on Day 28 of this study, and finally disintegrated around
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66 days in vitro, which is approximately the duration of this study (~56 days). Furthermore,
the ultrasound study also showed that (a) none of the micro-implants migrated in the
vitreous; (b) the overall shape of each of the micro-implants was stable during the study
barring the swelling towards the end of the experiment; and (c) fully attached peripheral
retina and no evident abnormalities of the peripheral vitreous adjacent to the micro-implant
in any of the evaluated eyes.

This study did not manifest any evidence of histological retinal deterioration at any
postsurgical time-point related either to the PLGA-coated CS-MTX micro-implants or to
the placebo micro-implants. This corroborates the findings of the electroretinogram (ERG)
evaluation on the same rabbits across the duration of this study [31]. Statistical evaluation
of the ERG analysis showed there was no change in the retinal functional integrity due to
the micro-implants over the entire duration of the study.

Lastly, the histopathological evaluation corroborated the absence of toxicity such
as thinning of the inner retina, photoreceptor atrophy and vascular events at later time-
points [31], indicating observed changes are associated specifically with the implantation
procedure and not caused by any toxicity associated with the micro-implants. Additionally,
the materials used to fabricate the micro-implant are considered to be biodegradable. PLGA
is known to be metabolized under physiological conditions to produce carbon dioxide and
water, and CS is expected to be degraded by lysozyme, an enzyme present in the vitreous
to form amino sugars [36].

While this study provides an improved evaluation of the pharmacokinetics and
toxicity performance of this micro-implant, further studies are required in the future such
as (a) cell invasion evaluation at later time-points; (b) assessment of MTX concentration
in the aqueous humor; (c) improved sample size; (d) inclusion of more time-points for an
improved resolution of the release concentration; and (e) immunohistochemistry.

5. Conclusions

Our investigation showed that the PLGA-coated CS-MTX micro-implant delivered
a therapeutic concentration of MTX in rabbit eyes for ~56 days. Histopathology analysis
demonstrated that the micro-implant appeared safe and well tolerated in the rabbit eyes.
Our PLGA-coated CS-MTX micro-implant may serve as a potential platform for sustained
release of a therapeutic concentration of MTX or other similar hydrophilic drugs in the VR
domain. Additionally, it can be used as a promising alternative to the current treatment
modality of recurrent intravitreal MTX injections, thereby avoiding the complications,
discomfort and treatment burden associated with the intravitreal MTX injections.
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Abstract: One of the key requirements for successful vaccination via the mucosa is particulate antigen
uptake. Poly-lactic-co-glycolic acid (PLGA) particles were chosen as well-known model carriers
and ovalbumin (OVA) as the model antigen. Aiming at application to the respiratory tract, which
allows direct interaction of the formulation with the mucosal immune system, this work focuses
on the feasibility of delivering the antigen in a nanoparticulate carrier within a powder capable of
pulmonary delivery. Further requirements were adequate antigen encapsulation in order to use the
characteristics of the particulate carrier for (tunable) antigen release, and capability of the production
process for industrialisation (realisation in industry). For an effective particulate antigen uptake,
nanoparticles with a size of around 300 nm were prepared. For this, two production methods for
nanoparticles, solvent change precipitation and the double emulsion method, were evaluated with
respect to antigen incorporation, transfer to a dry powder formulation, redispersion and antigen
release characteristics. A spray drying step was included in the production procedure in order to
obtain a respirable powder with an aerodynamic particle size of between 0.5 and 5 µm. The dried
products were characterised for particle size, dispersibility and aerodynamic behaviour, as well as for
immune response and cytotoxicity in cell culture models. It could be shown that the double emulsion
method is suitable to prepare nanoparticles (270 nm) and to incorporate the antigen. By modifying
the production method to prepare porous particles, it was possible to obtain an acceptable antigen
release while maintaining an antigen load of about 10%. By the choice of polyvinyl alcohol as a
stabiliser, nanoparticles could be dried and redispersed without further excipients and the production
steps were capable of realisation in industry. Aerodynamic characteristics were good with a mass
median aerodynamic diameter of 3.3 µm upon dispersion from a capsule-based inhaler.

Keywords: double-emulsion method; dry powder inhalation; antigen release; porous PLGA parti-
cles; microfluidics

1. Introduction

As a target for vaccination, the respiratory tract offers the advantage that most
pathogens enter the body via this pathway. Hence, this route allows direct interaction with
the mucosal immune system [1]. This is attractive not only for the efficient prevention of
infections such as SARS-CoV-2, which threatens the world with its pandemic spread which
started 2019 [2], but also in the course of therapeutic vaccination [3]. Mucosal vaccination
is based on the idea that a particulate vaccine formulation is taken up and processed
locally. This requires efficient particle uptake by endocytosis or phagocytosis. These pro-
cesses are clearly size-dependent; the smaller the particles, the better they can be taken
up. Hence, it is obvious to use nanoparticles rather than microparticles as antigen carriers
for mucosal vaccination, despite the higher amount of antigen per carrier which can be
formulated in microparticles. Within the nanometre range, the particles should be large
enough not to be drained via the lymphatic route (i.e., larger than 100 nm) and small
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enough not to be cleared by macrophages to a larger extent. Macrophages generally take
up particles of 500 nm and above [4]. For respiratory administration, it is reported that
alveolar macrophages predominantly take up particles between 3 µm and 6 µm [5]. Hence,
nanoparticulate vaccine carriers should best have a size between 100 nm and 500 nm
(possibly up to 3 µm). For the present work, a target size of 300 nm was determined [6].
Nanoparticles can be prepared by a range of different techniques using “top down” tech-
nologies, such as milling, or “bottom up” technologies, such as precipitation, ionic gelation
or double emulsion/solvent evaporation techniques [7]. All these processes take place
in liquid phase and result in a suspension of nanoparticles in the respective dispersion
media, mostly an aqueous system. Nonetheless, physical and thermal stability may be
greatly increased when the product can be dried. A drying process shall not harm the
antigen, and it also has to retain the nanoparticle being formulated in the preceding step.
This comprises retention of primary nanoparticle size and redispersion capability. Spray
drying (or freeze drying) is a feasible technique, but further efforts need to be made to
stabilise the nanoparticles and allow redispersion. If a nanoparticle suspension is spray
dried without excipients, the nanoparticles will probably aggregate to a great extent due
to their large surface. Depending on the carrier material, they may also coalesce to larger,
undefined material and completely lose their initial small size during wet storage or drying
without excipients. This is detrimental for nanoparticulate uptake of antigen and also with
respect to pulmonary delivery, where an aerodynamic particle size between 0.5 µm and
5 µm is aimed at [8]. To facilitate redispersion, the nanoparticles are hence embedded into
a microparticulate matrix during spray drying, resulting in Nano-in-Microparticles (NiMs).
With this, nanoparticle agglomeration and aggregation are prevented and the product is
easier to handle. If the matrix is water soluble, such as a carbohydrate, the matrix can
dissolve upon water contact (e.g., deposition on the wet mucosa) and release the embedded
nanoparticulate vaccine carrier, which can then be taken up.

Ideally, a polymer for vaccination should be degradable in the body to allow the
release of antigen and clearance of the drug. It should be biocompatible, of low toxicity
and without intrinsic immune response. It needs to be water insoluble to allow particulate
uptake, but sufficiently soluble (under non-physiological conditions) in (non-chlorinated)
aqueous/organic solvents to allow formulation. The polymer needs to be compatible
with proteins and has to be solid at room temperature and up to about 40 ◦C to allow
formulation and storage as a dry powder. Poly-lactic-co-glycolic acid (PLGA), which was
used as the model polymer in this study, is a synthetic polymer, which is only soluble in
organic solvents. The polymer can be degraded hydrolytically over time [9], resulting in
the monomers lactic acid and glycolic acid. Degradation is a function of polymer length
(molecular weight) and composition and may take up to several months, making it suitable
for sustained-release dosage forms [10]. The shortest degradation time is described for a
50:50 (lactic acid to glycolic acid) polymer, which is used in this work. The polymer can
further be functionalised [11,12]. It has been proved that nanoparticles made of, e.g., PLGA
can be used as carriers for the antigen to increase the elicited adaptive response by means
of increased antigen uptake, processing and presentation [13,14]. PLGA particles have been
shown to be effective vaccine carriers upon respiratory administration [15,16]. However,
due to their slow degradation, PLGA particles appear to be more suitable for sustained
release or depot formulations [10], whereas for vaccination, an immediate and sustained
presence of the antigen is required. It had been shown that a more rapid release from
PLGA derivatives was associated with better immune response [17], but the use of novel
polymers goes along with safety issues. Thus, the well-known PLGA was used as model
and nanoparticle preparation was modified to allow less-sustained release of the antigen.

The aim of this work was to design a formulation which can be administered by dry
powder inhalation, and which can be prepared using industry-realisable and scalable processes.
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2. Materials and Methods

Nanoprecipitation
For solvent-change nanoprecipitation, 1.6% (m/V) polylactic-co-glycolic acid (PLGA,

Resomer 503 H, Evonik, Darmstadt, Germany) was dissolved in a mixture of 9 + 1 acetone
(J.T.Baker, Deventer, The Netherlands) and methanol (J.T.Baker, Deventer, The Netherlands).
This organic phase was added dropwise in an aqueous phase containing 0.5% (w/w) HPMC
(Metolose 60 SH 50, Shin-Etsu, Tokyo, Japan), or other stabilisers such as 0.1% Polysorbate
80 or 0.1% Poloxamer 188 in ultrapure water. The mixture was stirred with an Ultra-Turrax
(IKA, Staufen, Germany) at 9500 rpm. When the addition of organic phase was completed,
the speed was raised to 13,500 rpm for three minutes. Afterwards, the dispersion was
stirred with a magnetic stirrer (IKA, Staufen, Germany) at 600 rpm in order to evaporate
the organic solvents. After the evaporation process, the dispersion was sonicated in an
ultrasonic bath (Sonorex Super RK 106, Bandelin electronic GmbH, Berlin, Germany) for
10 min in order to disperse agglomerates. To determine the suitability of micromixers
(interdigital slit mixer and impinging jet mixer, IMM, Mainz, Germany), the two phases
were pumped by HPLC pumps (Knaur, Berlin, Germany) into the respective mixing device.
The resulting nanosuspension was collected in a glass and was stirred to remove the organic
solvent as described above. To load the antigen to the particles, ovalbumin (Sigma, St. Louis,
MO, USA) as the model antigen was adsorbed to the particle surface. An ovalbumin stock
solution (2 mg/mL) was produced by dissolving ovalbumin in phosphate buffered solution
at pH 7.4. For adsorption, the nanoparticle dispersion was mixed with the ovalbumin stock
solution at a ratio of 2 + 1 (dispersion + ovalbumin stock solution) and shaken for 4 h at
37 ◦C prior to spray drying.

Double emulsion method
For NP preparation via the double emulsion method, 2.5% (m/V) PLGA was dissolved

in ethyl acetate (Merck, Darmstadt, Germany) as organic phase. This organic phase was
homogenised for two minutes at 20,500 rpm by Ultra-Turrax (IKA, Staufen, Germany) with
a first hydrophilic phase containing 4% (m/V) ovalbumin (Sigma-Aldrich, St. Louis, MO,
USA) in phosphate buffered solution of pH 7.4, resulting in a W/O emulsion. Afterwards,
a second hydrophilic phase containing 5% (m/V) PVA (Mowiol 4-88, Hoechst, Frankfurt,
Germany) dissolved in ultrapure water was added and homogenised for two minutes. The
produced W/O/W-emulsion was transferred into a stabilising solution with 1% PVA in
water and stirred with a magnetic stirrer (IKA, Staufen, Germany) at 400 rpm in order
to harden the produced particles and to evaporate the organic solvent. Afterwards, the
particles were washed to remove free ovalbumin. For this, the dispersion was centrifuged
at 14,000 rpm (Centrifuge 5430 R, Eppendorf, Hamburg, Germany), leading to a clear
supernatant. The supernatant with free ovalbumin was removed and replaced by a fresh
1% (m/V) PVA solution (and in some experiments 0.01% (m/V) l-leucine) for redispersion
of the nanoparticles.

Porous nanoparticles
Porous particles were produced by the double emulsion technique. Here, the first

hydrophilic phase was prepared by dissolving 4% (m/V) ovalbumin as well as trehalose
(5% to 50% (m/V), British sugar plc, Peterborough, UK) in phosphate buffered solution
with pH 7.4. Preparation of W/O and W/O/W emulsion and washing was performed as
described above. The supernatant was replaced by a solution containing 1% (m/V) PVA in
water for redispersion.

Dry powder formulation by spray drying
The nanoparticle dispersion was spray dried using the Mini-Büchi B-290 (Büchi,

Flawil, Switzerland) equipped with a two-fluid nozzle and a high-performance cyclone.
No further matrix excipients were added prior to spray drying. Drying was performed at
an inlet temperature of 100 ◦C and an outlet temperature of about 42 ◦C in order to not
melt the polymer.

Particle size distribution and morphology
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Nanoparticle size was characterised by dynamic light scattering (Zetasizer, Malvern
Instruments, Malvern, UK) before spray drying and after redispersion of the dry powder
in water to determine the particle diameter and polydispersity index (PDI). For this, every
sample was assayed in triplicate. Particle size of the dry powder after spray drying
was characterised by laser diffraction using dry dispersion at 3 bar (Helos with Rodos
module, Sympatec GmbH, Clausthal-Zellerfeld, Germany). To visualise particle size and
morphology, SEM pictures of the respective formulations were taken (Smart SEM Supra
55VP or Zeiss DSM 940, Zeiss, Oberkochen, Germany).

Antigen content
For antigen quantification, the micro-BCA assay (Thermo Scientific, Rockford, IL,

USA) with an OVA calibration was used. When antigen content of intact nanoparticles was
determined, PLGA particles were degraded in 0.1N NaOH and samples were neutralised
with 0.1 N HCl prior to protein quantification.

Dispersion behaviour and aerodynamic characterisation
For device dispersion experiments and aerodynamic characterisation of the formula-

tions, two capsule-based inhalers, the Unihaler (Figure 1) and the Cyclohaler (Figure 2),
were used.

Figure 1. Unihaler.

Figure 2. Schematic of the Cyclohaler.

Capsules (HPMC capsules, size 3, Qualicaps Europe, Alcobendas, Spain) were filled
manually with 20 mg of the respective powder. Particle size distribution upon device
dispersion was measured with the INHALER module (Helos, Sympatec GmbH, Clausthal-
Zellerfeld, Germany) at the respective flow rate, creating a pressure drop of 4 kPa over
the device (59 L/min for the Unihaler and 100 L/min for the Cyclohaler). Aerodynamic
characterisation was performed with the Next Generation Pharmaceutical Impactor (NGI,
Copley Scientific, Nottingham, UK). One capsule was used per run. The measurements
were performed in a conditioned environment at 21 ◦C and 45% rH. All stages were coated
with a mixture of propylene glycol and isopropanol 50:50 to minimise particle bounce.
Deposited powder was dissolved in 0.1 M NaOH. After neutralisation with 0.1 M HCl, the
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samples were analysed for ovalbumin content with a Micro BCA Protein Assay Kit (Thermo
Scientific, Rockford, IL, USA). As reference, 20 mg of powder was dissolved and analysed
with the BCA assay. All samples were analysed four times. The fine particle fraction and
mass median aerodynamic diameter of the delivered dose were calculated using the Copley
Inhaler testing data analysis software (Citdas, Version 3.10, Copley, Nottingham, UK).

Antigen release
For release studies, 10 mg of the spray dried powder was weighed in 2 mL centrifuge

tubes in duplicate for every time point. Afterwards, 1 mL of release medium (phosphate
buffered solution at pH 7.4 or pH 5.5, prepared according to Ph. Eur. 7.0) was added.
Samples were agitated in a water bath with 40 rpm at 37 ◦C. At predefined time points over
24 h, the respective samples were removed and centrifuged at 14,000 rpm for 10 min to
separate any particles from the supernatant. The supernatant was analysed for ovalbumin
content. All samples were analysed four times.

Formulation toxicity by MTT assay and endotoxin content
Formulation toxicity in vitro on Calu-3 cells and endotoxin content by an LAL test

were assessed. For cytotoxicity testing, 3 × 104 cells were used per well and the test was
performed after 3 days of cell growth. In every well, 200 µL of sample was added and
incubated for 4 h at 37 ◦C and 5% CO2. The samples contained spray dried formulation
suspended in Hanks balanced salt solution (HBSS) with 30 mM HEPES, a negative control
(HBSS) or a positive control (5 mM SDS in HBSS). Every sample was determined 4-fold.
After 4 h of incubation, the samples were replaced by 25 µL MTT solution and incubated for
2 h. Afterwards, 100 µL lysis solution (5% SDS in 50:50 DMF:water with pH 4.7) was added
into each well. Then, the absorbance of every well was determined by using a plate reader
(Spectra Thermo Reader with Software easyWINfitting V6.0a, Männedorf, Switzerland)
at 570 nm (reference wavelength of 690 nm). By using the absorbance of the negative and
positive control, the cell viability in each well was calculated.

For the determination of endotoxin content, 20 mg of spray dried formulation was
redispersed with 5 mL LAL reagent water (Acila, Weiterstadt, Germany) and lightly shaken
for 60 min. Afterwards, the particles were removed by centrifugation, 45 min at 7800 rpm,
and the endotoxin content in the supernatant was determined by using LAL reagent
Limusate® (sensitivity 0.03 E.U./mL, Waku Chemicals, Richmond, VA, USA). Therefore,
different dilutions of the supernatant were prepared, and the LAL reagent was added.
After 60 min of motionless incubation at 37 ◦C, the samples were tested for gelling. From
sample dilution and sensitivity of reagent, the endotoxin content was determined semi-
quantitatively. These tests were performed to ensure the prepared nanoparticles and
resulting dry powders were not harmful to the cells and did not induce an unspecific
immune response during further in vitro testing.

Storage stability
Storage stability of the dry powder was assessed over time (0, 1, 3 months, 6 months,

ongoing) at ambient conditions (21 ± 1.3 ◦C and 32 ± 3% rH). At the respective time points,
a sample was analysed with respect to redispersion and nanoparticle size, protein content,
dry powder particle size, dispersion and aerodynamic characteristics.

3. Results and Discussion

The absence of chlorinated solvents was one prerequisite for the formulation of
PLGA nanoparticles due to toxicological considerations. Therefore acetone, methanol and
ethyl acetate were used as solvents for PLGA, unlike in many other studies which use
methylene chloride. An advantage of acetone and methanol is their fast evaporation, which
eases removal from the formulation. Ethyl acetate is more challenging to remove and is
further the most toxic solvent of the aforementioned. Hence, special attention needs to be
given to possible residues in the final formulation. Both evaluated formulation processes,
nanoprecipitation and the double emulsion technique, resulted in solid nanoparticles of the
targeted size range with an acceptable low-size distribution as seen from the PDI (Table 1). It
had been assessed earlier how preparation parameters influence the particle characteristics
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of the resulting particles [18], and parameters had been optimised to achieve the targeted
size. For nanoprecipitation, different stabilisers had been screened (polysorbate, Poloxamer
188, HPMC and PVA), with PVA resulting in the smallest nanoparticles below the target
size. HPMC, being a macromolecule of moderate surface activity, was able to increase the
size concentration-dependently. As HPMC is also favourable if the product is to be dried
afterwards, this has been used for nanoprecipitation. For the double emulsion method,
HPMC could not be used as the concentration needed for stabilisation, resulting in an
unmanageable viscosity. Here, the nanoparticle size was governed by the emulsion droplet
size and as such by the homogenisation, whereas an efficient stabiliser (namely PVA) was
required to quickly cover interfaces and prevent droplets from growing.

Table 1. Characteristics of solid nanoparticles produced with the different techniques (manual process).

Solvent Change Precipitation Double Emulsion

Mean particle size 250 ± 7 nm 270 ± 20 nm
PDI 0.11 ± 0.02 0.13 ± 0.03

Redispersibility good good
OVA loading by adsorption incorporation in first hydrophilic phase

Loading capacity (OVA) 4% (w/w) 10% (w/w)

SEM image of nanoparticles

Nanoprecipitation is a process which can easily be automated and may run in a semi-
continuous mode by the use of a central mixing device which is constantly supplied with
the polymer solution and non-solvent by two pumps providing constant flow rates [19,20].
This has been evaluated in this study for an interdigital slit mixer and an impinging jet
mixer. The advantage of an impinging jet mixer is that precipitation takes place externally.
With this, the device is less prone to blocking. For the interdigital slit mixer, resulting
particles were comparable to the manual process, but showed a broader distribution (PDI
of 0.3) and tended to block the mixing chamber. Initial experiments with the impinging
jet mixer resulted in smaller particles of about 100 nm (PDI 0.1), which would be too
small for the intended use as an antigen carrier, but the size was shown to be tuneable by
parameter optimisation [18]. Industrialisation of a micromixing setup can be performed
by “numbering up” (simultaneous use of many micromixing devices) without changing
the dimensions of the individual mixing element. The micromixers were used at a flow
rate of 24 mL/min, resulting in a solid output of 424 mg/min. For the double emulsion
method, focused ultrasound was evaluated by a partner and was found to be a suitable
preparation technique, which can be scaled to industrial size [21]. Utilising the same
equipment, namely a focused ultrasound system (S220x, LGC-KBioscience, Teddington,
UK), batch sizes between 1 mg and 2.5 g could be prepared uniformly.

One important difference in the two preparation methods (precipitation vs. emulsion)
is the incorporation of antigen. Nanoprecipitation results in solid PLGA particles, where
the antigen needs to be adsorbed to in a second step. If the antigen is present in the
non-solvent during precipitation, it might be incorporated into the polymer matrix in parts
but will mostly be present at the surface due to its surface activity. Adsorption on the
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surface will further be hindered by stabiliser molecules which also adsorb to the interface.
Hence, comparably low amounts (4% w/w in this study) were associated with the particles
and release of the antigen is predominantly guided by desorption and diffusion. This
leads to soluble antigen being present around the particles as soon as they are deposited
on wet mucosal surfaces. This effect is unwanted as particulate uptake of the antigen
is a prerequisite for local processing. For this reason, nanoprecipitation is not the best
technique for the formulation of antigen-carrying nanoparticles with sustained release.
If solvent-change precipitation can be used to prepare nanocapsules by coating antigen
crystals, the product could have superior characteristics. This approach was not followed
further in this work, but it focussed on the double emulsion method, which incorporates
the antigen being dissolved in the inner phase of the primary emulsion into the polymer
matrix. Here, loading capacities of 10% and a size of 270 nm with narrow distribution were
reproducibly achieved (Table 1).

The formulations were transferred to a dry powder by spray drying to increase
storage stability and allow direct application of the dry powder by inhalation. Here,
only HPMC and PVA were suitable as stabilisers of the nanosuspension as the stabiliser
cannot be removed completely prior to spray drying. If a liquid surfactant, such as
Polysorbate 80, was used as stabiliser, the resulting product after spray drying was highly
aggregated and sticky, and hence unsuitable for dry powder dispersion. HPMC and
PVA as stabilisers resulted in a dry powder with good bulk characteristics and dispersion
behaviour without the need of further matrix components. During spray drying, the
nanoparticles were incorporated into the polymeric stabiliser, being present in excess and
forming microparticles (Figure 3). The particle size of the spray dried powder is governed
by atomisation and solid content of the feed liquid [22].

Figure 3. SEM pictures of spray dried powder. Left: PLGA nanoparticles loaded with OVA prepared by solvent change
evaporation and 0.5% HPMC as stabiliser/matrix. Right: PLGA nanoparticles with OVA prepared by the double emulsion
technique and 1% PVA as stabiliser/matrix.

Both dry powder formulations were easily redispersible in water and nanoparticle
size was unchanged (data not shown). The powders were well dispersible in dry air and
resulting particle size distribution was monomodal with a mean size below 3 µm (Figure 4).

As nanoparticles prepared by the double emulsion technique reveal preferable char-
acteristics for vaccination in terms of antigen incorporation, this formulation approach
was used for more detailed characterisations. When the dry powder was dispersed from
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a capsule-based device, particle size distribution is almost identical to 3 bar pressurised
air dispersion as seen in Figure 5. This shows that the powder is excellently dispersible to
individual primary microparticles by both tested devices. A slight difference between the
two tested devices can be seen, which is probably due to differences in device setup, but
this effect does not translate to the aerodynamic assessment.

Figure 4. Particle size distribution of spray dried powders with nanoparticles prepared via solvent change precipitation
(green) or double emulsion technique (blue) as measured by laser diffraction (3 bar pressurised air dispersion). Data is
average of n = 7, error bars show min–max.

Figure 5. Particle size distribution of spray dried powder with nanoparticles prepared via double emulsion technique
dispersed from the Cyclohaler (red) or the Unihaler device (blue) as measured by laser diffraction. Data is average of n = 10,
error bars show min–max.
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Aerodynamic assessment with the NGI revealed a good distribution profile in the NGI
(Figure 6), resulting in a fine particle fraction of about 50% of the loaded dose. Nonetheless,
it could be observed that a proportion of the formulation remains in the capsule and the
device, which is unwanted. Moreover, it would be favourable to maximise FPF further. An
excipient which could decrease capsule and device retention and could maximise FPF is
leucine, which has already been assessed as a dispersion modifier and surface coating in
dry powder inhalation formulations [23,24].

Figure 6. Deposition profile of the NGI of spray dried powder with nanoparticles prepared via double emulsion technique
dispersed from the Cyclohaler (red) or the Unihaler (blue) device. n = 3, error bars show min–max.

An addition of 0.01% leucine in the hydrophilic stabiliser phase prior to spray dry-
ing resulted in a slightly decreased particle size of the spray dried powder and lower
capsule/device retention, but did not improve FPF further (Table 2).

Table 2. Mean particle size from laser diffraction measurements (3 bar), mass median aerodynamic
diameter (MMAD) and fine particle fraction (FPF) < 5 µm from aerodynamic characterisation in the
NGI utilising two capsule-based devices for different dry powder formulations (average of n = 3).
n.d. = not determined.

Formulation
Mean Particle Size

(x50, 3 Bar)

Cyclohaler Unihaler

FPF MMAD FPF MMAD

solvent change
precipitation, HPMC 2.3 µm n.d. n.d. n.d. n.d.

double emulsion, PVA 2.9 µm 51% 3.3 µm 49% 3.1 µm
double emulsion, PVA +

0.01% leucine 2.6 µm 45% 3.5 µm 42% 3.2 µm

One important measure for PLGA as a sustained-release polymer is the release of
the antigen from the formulation over time. Upon uptake of PLGA nanoparticles, they
are routed into intracellular compartments which are acidified [25]. Here, they need to
release the antigen, which should then leave the endosome to be processed and presented.

209



Pharmaceutics 2021, 13, 1196

Hence, release studies at a reduced pH of 5.5 representing the endosome [26] are relevant
to estimate the possibility of the antigen to be released at these conditions.

The immune effect of solid antigen-loaded PLGA particles is limited, as shown in
in-vitro models [17], and this finding goes along with a low release of the antigen over
the first 24 h (Figure 7, black line). To increase antigen release, porous nanoparticles were
developed (Figure 8).

Figure 7. Release of OVA from OVA-loaded PLGA nanoparticles produced by double emulsion
technique (without (solid) and with different % amounts of pore builder) in % of loaded OVA over
24 h. n = 3, error bars are standard deviation.

Figure 8. Preparation steps for the formulation of porous PLGA nanoparticles.

Depending on the percentage of pore builder, an increased amount of OVA was
released over 24 h (Figure 7). Nonetheless, the release profile remained similar: antigen
release was dominated by an initial burst release followed by a plateau. This is due to the
antigen being incorporated closely to the surface of the particles as PLGA will not degrade
that fast. If release is followed over a much longer time period, PLGA degradation leads to
further release, but for a vaccination setup, antigen released over the first 24 h after uptake
is most interesting [27]. With increasing amounts of pore builder, loading capacity of the
nanoparticles decreased and a maximum of 1498 µg OVA released per 100 mg of polymer
was observed when pores were formed from 10% trehalose in the first hydrophilic phase
(Table 3). When compared to the data from [17], even a low pore builder concentration of
5% should be sufficient to increase the release to be sufficient to provoke a sound immune
response while maintaining a good loading capacity.
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Table 3. Effect of trehalose addition on OVA loading capacity and OVA release.

Formulation Loading Capacity, % Released OVA after 24 h Normalised to 100 mg Polymer, µg

50% trehalose 3.6 1024
20% trehalose 4.6 1120
10% trehalose 9.8 1498
5% trehalose 8.6 1283

solid particles (no pore builder) 11.5 789

Endotoxin contamination can play an important role in immunological setups, as
endotoxins can activate the immune system themselves, leading to false positive results
in in vitro experiments and to unforeseeable reactions in vivo. Endotoxin content of the
spray dried powders was between 0.37 and 0.75 I.U./mg depending on the formulation
components, which is in an acceptable range [28]. Cell culture experiments revealed no
acute toxicity of the dry formulation in concentrations up to 20 mg powder/mL (data not
shown). If biocompatibility should be shown, the assay would need to be performed for
longer. However, the general biocompatibility of PLGA is well known. The purpose of
this study was to assess possible acute toxic effects, which would exclude the prepared
particles from further in vitro and in vivo examinations.

Stability of the dry powder formulation (solid PLGA NP prepared by double emulsion)
was assessed for storage at room temperature. Particles were redispersible after storage
and mean nanoparticle size increased marginally (264 nm ± 5 nm vs. 278 nm ± 9 nm)
due to a slightly increased PDI (0.109 vs. 0.180). Dry powder dispersion and aerodynamic
characteristics, which started at a lower level than the batches tested before, were improved
over storage, resulting in a higher FPF of 34% after 3 months compared to 27% directly
after preparation.

4. Conclusions

As the double emulsion technique allowed the removal of non-incorporated OVA
prior to spray drying with a washing step, and with this, minimisation of free OVA in
the formulation was possible, this preparation technique is preferred for the preparation
of nanoparticulate PLGA systems for mucosal vaccination. The primary nanoparticles
of a size between 250 nm and 300 nm incorporated about 10% OVA as model antigen.
Particles were formulated to a dry powder which is easily dispersible by capsule-based
dry powder inhalers, resulting in a good fraction of fine particles < 5 µm (aerodynamic
particle size) which can enter the lung upon oral inhalation. Immunological evaluation
of PLGA particles showed that they are capable of antigen delivery and can provoke an
antigen-specific immune response.
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Abstract: Fluorescently labeled nanoparticles are widely used for evaluating their distribution in the
biological environment. However, dye leakage can lead to misinterpretations of the nanoparticles’ biodis-
tribution. To better understand the interactions of dyes and nanoparticles and their biological environment,
we explored PLGA nanoparticles labeled with four widely used dyes encapsulated (coumarin 6, rho-
damine 123, DiI) or bound covalently to the polymer (Cy5.5.). The DiI label was stable in both aqueous
and lipophilic environments, whereas the quick release of coumarin 6 was observed in model media
containing albumin (42%) or liposomes (62%), which could be explained by the different affinity of these
dyes to the polymer and lipophilic structures and which we also confirmed by computational modeling
(log PDPPC/PLGA: DiI—2.3, Cou6—0.7). The importance of these factors was demonstrated by in vivo
neuroimaging (ICON) of the rat retina using double-labeled Cy5.5/Cou6-nanoparticles: encapsulated
Cou6 quickly leaked into the tissue, whereas the stably bound Cy.5.5 label remained associated with the
vessels. This observation is a good example of the possible misinterpretation of imaging results because
the coumarin 6 distribution creates the impression that nanoparticles effectively crossed the blood–retina
barrier, whereas in fact no signal from the core material was found beyond the blood vessels.

Keywords: PLGA nanoparticles; fluorescent labeling; DiI; coumarin 6; rhodamine 123; Cy5.5; quan-
tum yield; brightness; stability of fluorescent label; confocal microscopy; intracellular internalization;
in vivo neuroimaging
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1. Introduction

Polymeric nanoparticles hold promise as carriers for the targeted delivery of diag-
nostics or drugs. By altering the biodistribution of drugs, nanoparticles can improve their
therapeutic efficacy and reduce adverse side effects. Therefore, comprehensive knowledge
of a nanocarrier biodistribution profile is of paramount importance for the successful
development of delivery systems [1]. Radioactive labeling is probably an unsurpassable
technique for the quantitative analysis of bulk nanoparticle uptake in the organs, using,
for example, single-photon emission computed tomography (SPECT) or positron emission
tomography (PET). However, besides the extra efforts necessary for synthesizing and han-
dling the radioactive marker substances, this approach offers little information regarding
the precise localization of nanocarriers in target tissues and cells due to the intrinsically
limited spatial resolution [2,3]. This information can, however, be obtained by fluorescence
imaging. Because of the availability of highly sensitive imaging techniques, such as laser
confocal fluorescent microscopy, flow cytometry and systems for the in vivo imaging of
fluorescence, fluorescently labeled nanoparticles have become increasingly important in
biomedical research (reviewed in several papers [4–9]).

Polymeric nanocarriers used for drug delivery are usually not fluorescent per se, and
therefore their visualization in a biological environment requires labeling with fluorescent
dyes. According to Fili and Toseland, an ideal “fluorescent label should be small, bright
and stable, without causing any perturbation to the biological system [10].” The original
phrase refers to the labeling of biological molecules; however, the same principle can be
applied to the labeling of nanoparticles. These requirements can be fulfilled by certain
small-molecule organic dyes. Obviously, fluorescently labeled nanoparticles serving as a
prototype for preclinical evaluation of the nanoparticulate formulation or delivery system
should be as similar as possible to the final nanoparticle system. Along with the neces-
sary similarity of their basic parameters such as size and charge, the essential parameter
defining the suitability of fluorescent nanoparticles as a prototype model is its stable dye
retention. However, fluorescent nanosystems can be used for different purposes: (i) using
the fluorescent dye as a model for a drug, which should be delivered by the nanocarrier to
a target organ, (ii) developing a stable dye-nanoparticle unit for diagnostic purposes or (iii)
following the distribution of the nanocarrier itself. In this respect it is of utmost importance
to differentiate between the distribution patterns of the label and the carrier and to know
when they exist as one entity and when they are separated.

Widely used approaches to prepare fluorescently labeled nanoparticles from prefab-
ricated non-fluorescent polymers are the physical entrapment of a dye in nanoparticles,
achieved by encapsulation during the nanoparticle formation, and the covalent binding
of a dye to a core polymer [11]. Both approaches have their advantages and limitations.
The encapsulation of a dye in nanoparticles is a relatively simple method based on an
emulsification–solvent evaporation technique or nanoprecipitation. After solvent removal,
the dye remains physically entrapped/adsorbed in the polymer matrix. One potential limi-
tation of this technique is the dependence of adsorption or encapsulation efficiency on the
physicochemical properties of both dye and polymer. Moreover, the encapsulation of a dye
might change the properties of nanoparticles and the fluorescence properties of a dye, for
example, by inducing fluorescence quenching or, on the contrary, enhancing emission [12].
As mentioned above, another potential drawback for nanoparticle tracking is that the dye
might be prone to leakage from the nanoparticles under in vivo conditions [13]. This would
eventually decrease their brightness and may create a background signal preventing proper
determination of nanoparticle locations.

In contrast, the “covalent” approach enables the preparation of labeled nanoparticles
with more predictable parameters that are sufficiently stable under physiological condi-
tions [14,15]. This approach is only applicable, however, when both the polymer and the
fluorophore have suitable groups for conjugation.

Stability of labeling has been evaluated previously in a number of studies (for exam-
ple [13,16–21]); however, these studies employed different nanoparticles and experimental
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techniques for individual dyes. Based on a non-systematic pool of data, it is not easy to
select the optimal experimental strategy for the preparation of the labeled particles with
the desired fluorescence properties.

The objective of the present study was to study the influence of the essential parame-
ters, such as the nanoparticle preparation procedure and the dyes’ physicochemical prop-
erties, on the label performance and properties of the resulting fluorescent nanoparticles.
PLGA nanoparticles labeled with four common fluorescent dyes—DiI [22,23], coumarin
6 [24–27], rhodamine 123 [28–30] and Cy5.5 [31,32] were employed.

The labeled PLGA nanoparticles were compared with regard to how a dye influences
their distribution, brightness (which, in turn, depends on the dye loading efficiency and
quantum yield) and stability of the dye retention. Computer simulation and empirical
measurements were applied for the modeling of dye leakage from the nanoparticles and the
interaction of the dye molecules with lipid membranes. The stability of the encapsulated
label in vitro and in vivo was then monitored using the double-labeled nanoparticles
containing both the conjugated Cy5.5 and one of the encapsulated dyes. Furthermore,
the nanoparticle–cell interactions were studied using confocal microscopy and in vivo
neuroimaging to verify their potential value for medical applications.

2. Experimental

2.1. Materials

Poly(lactic-co-glycolic acid) (PLGA, Resomer RG 502 H, LA/GA ratio 50:50, acid
terminated, Mw 7–17 kDa, η = 0.21 dL/g) was purchased from Evonik Nutrition &
Care GmbH, Germany. The cyanine5.5 amine (Cy5.5 analogue) was obtained from Lu-
miprobe Life Science solutions (Cockeysville, MD, USA). Rhodamine 123 hydrochloride
(Rh123) was purchased from Acros Organics (New Jersey, NJ, USA). Block-copolymer
PLGA-PEG (PEG MW 2000 Da, PLGA MW 11,500 Da), DiI (1,1′-dioctadecyl-3,3,3′,3′-
tetramethylindocarbocyanine perchlorate), coumarin 6 (Cou6), poly(vinyl alcohol) (PVA, 9
10 kDa, 80% hydrolyzed), poloxamer 188 (Kolliphor P188, BASF), N-hydroxysuccinimide
(NHS), N,N-diisopropylethylamine (DIPEA), N-(3-dimethylaminopropyl)-N-ethylcarbodiimide
hydrochloride (EDC), bis(2-ethylhexyl)sulfosuccinate sodium salt (AOT) and other reagents
were purchased from Sigma-Aldrich (St. Louis, MO, USA). Gel filtration media Sepharose
CL-2B and Sephadex G-25 were from GE Healthcare BioSciences (Uppsala, Sweden).
L-α-phosphatidylcholine (egg, chicken) were purchased from Avanti Polar Lipids Inc.
(Alabaster, AL, USA). All organic solvents were of analytical grade.

2.2. Preparation of Fluorescently Labeled Nanoparticles

PLGA nanoparticles labeled with DiI or coumarin 6 (Cou6). The PLGA nanoparticles
labeled with the hydrophobic dyes DiI and Cou6 were produced by a high-pressure
emulsification–solvent evaporation technique. Briefly, the polymer and the dye were
dissolved in dichloromethane (DCM). The dye-to-polymer mass ratios ranged from 1:2353
to 1:39 in the case of DiI and from 1:300 to 1:25.5 in the case of Cou6. Then the organic
phase was mixed with a 1% aqueous PVA solution (aqueous-to-organic phase ratio = 5:1,
v/v), and the mixture was emulsified using a high shear homogenizer (Ultra-Turrax T18
digital, IKA, Staufen im Breisgau, Germany) followed by high-pressure homogenization
at 1000 bar (Microfluidizer M-110P, Microfluidics, Newton, MA, USA) to obtain an o/w
emulsion. After the removal of the organic solvent under vacuum, the resulting suspension
was filtered through a glass-sintered filter (pore size 90–150 µm). Free dye was washed
from the nanosuspension by two-step centrifugation (48,384× g, 5 ◦C, 30 min at the first
step and 40 min at the second step, Avanti JXN-30, Beckman Coulter, Brea, CA, USA);
each time the precipitates were resuspended in distilled water. Additionally, AOT, a bulky
hydrophobic counterion, was added in the equimolar ratio to DiI during the nanoparticle
preparation process (PLGA-DiI-AOT NPs) in order to decrease the self-quenching of the
dye inside the nanoparticles [33]. Finally, D-mannitol was added to the suspension in an
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amount sufficient to produce 1% (w/v) concentration to act as a cryoprotectant, and the
nanoparticle suspension was frozen at −70 ◦C and freeze-dried.

The PEG-PLGA nanoparticles labeled with coumarin 6 (PEG-PLGA-Cou6) were pre-
pared using blends of PLGA and PLGA-PEG with varying mass ratio (PLGA:PLGA-PEG =
10:1 and PLGA:PLGA-PEG = 5:1, w/w). The amount of Cou6 varied from 0.3 to 3.7% (w/w).
Homogenization was carried out as described above (15,000–20,000 psi for 1 min). A coarse
nanoparticle fraction with a size >1000 nm was separated by centrifugation (15,000× g at
18 ◦C for 5 min, Avanti JXN-30, Beckman Coulter, Brea, CA, USA), and then the supernatant
was additionally filtered through a 0.45 µm membrane. These conditions were sufficient
to sediment the aggregated dye but not sufficient to cause significant loss of the PLGA
nanoparticles in suspension. Afterwards, the nanoparticles were freeze-dried with addition
of 10% (w/v) of mannitol. Nanoparticles were washed from the free dye as described
above. Two types of the reference preparations were produced for comparison by a similar
high-pressure emulsification solvent evaporation procedure: non-labeled nanoparticles
(placebo PLGA nanoparticles) produced by the same technique, without adding the dye
and without subsequent washing and/or coarse fraction separation, and a dye nanosus-
pension stabilized with PVA (polymer-free control), produced by the described techniques
without adding the polymer to an organic phase and also without washing and/or fraction
separation.

PLGA nanoparticles were labeled with rhodamine 123. The PLGA-Rh123 nanopar-
ticles were produced employing a high-pressure double emulsion solvent evaporation
technique as follows. An aqueous solution of Rh123 was added to the PLGA solution
in DCM at a ratio of 1:48.4 (w/w) and emulsified using an Ultra-Turrax T18 (23,600 rpm,
1 min). Then, the obtained emulsion (w/o) was added to a 1% aqueous PVA solution
(9–10 kDa) and passed through a multi-step homogenization process as described above.
Non-encapsulated (free) dye was removed from the nanosuspension by gel filtration chro-
matography using a Sephadex G-25 column. The nanoparticles were freeze-dried with 1%
mannitol.

Preparation of nanoparticles using PLGA conjugated with cyanine5.5 amine (PLGA-
Cy5.5). The cyanine5.5 amine was covalently bound to a carboxylic terminal group of PLGA
via a carbodiimide coupling reaction as described earlier [15]. For a detailed description of
the procedure, see the electronic support information. The PLGA-Cy5.5 nanoparticles were
produced by an o/w emulsion solvent evaporation technique. PLGA and PLGA-Cy5.5 (total
amount 200 mg, content of pre-modified polymer 0, 50, 100, 150, 200 mg) were dissolved
in 4 mL of DCM. The obtained solution was added to 20 mL of a 1% aqueous solution of
PVA, mixed, and then passed through a multi-step homogenization process as described
above. The organic solvent was removed using a rotary evaporator. The nanoparticles
were freeze-dried with 1% mannitol.

Preparation of double-labeled PLGA nanoparticles. The double-labeled nanoparticles,
i.e., the Cy5.5-PLGA nanoparticles labeled additionally with DiI, coumarin 6 or rhodamine
123 were prepared as described above using a 1:1 (w/w) mixture of PLGA-Cy5.5 and PLGA
polymers. Thus, the PLGA-Cy5.5/DiI NPs were prepared similarly to the PLGA-DiI
nanoparticles. PLGA (100 mg), PLGA-Cy5.5 (100 mg) and DiI (0.8 mg) were dissolved in
4 mL of DCM and added to a 1% aqueous solution of PVA (9–10 kDa). Cy5.5 and DiI were
used in an equimolar ratio (8.6 × 10−7 mol). The PLGA-Cy5.5/Cou6 NPs were prepared
by the same procedure as the PLGA-PEG-Cou6 nanoparticles using a blend of PLGA and
PLGA-PEG polymer (5:1, w/w). The PLGA-Cy5.5/Rh123 nanoparticles were produced
similarly to the preparation of PLGA-Rh123 nanoparticles.

2.3. Physicochemical Characterization

Particle size and zeta potential characterization. Average particle sizes (hydrodynamic
diameter) and polydispersity indices (PDI) of the nanoparticles were measured by dynamic
light scattering (DLS) using a Zetasizer Nano ZS particle size analyzer (Malvern Panalytical
Ltd., Malvern, UK, equipped with He-Ne with 633 nm laser, maximum power 4 mW) at a
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scattering angle of 173◦ and a temperature of 25 ◦C. Samples were diluted to a concentra-
tion of 0.2 mg/mL polymer with milli-Q water. Zeta potentials were measured using the
same instrument by electrophoretic light scattering (ELS) in a U-shaped disposable folded
capillary cell either without dilution or diluted the same way as for the size measurements.
All measurements were repeated 4 times. Sizes were evaluated immediately after prepa-
ration, before lyophilization, after lyophilization and several hours after resuspension to
assess colloidal stability.

Dye content and encapsulation efficiency. The dye encapsulation efficiency (EE%) was
calculated as a ratio of the dye amount entrapped in the nanoparticles to the total amount
of a dye found in a sample:

EE% =
mtotal − munbound

mtotal
· 100% (1)

The total amount of a dye was determined spectrophotometrically after dissolving
samples in DMSO. Each measurement was performed in triplicate.

PLGA content. The amount of PLGA in the samples was analyzed by the amount of
lactate formed after the nanoparticle destruction by hydrolysis in 1 M NaOH (37 ◦C, 24 h,
constant shaking at 200 rpm) using capillary electrophoresis (CAPEL 105M, Lumex, St.
Petersburg, Russia) as described in our previous work [15].

Scanning electron microscopy. Images of the PLGA-Cou6 nanoparticles were obtained
using a scanning electronic microscope, JSM 6510LV (Jeol, Tokyo, Japan). Resolution HV
mode was up to 5 nm; magnification/zoom was up to 300,000. Before the microscopical
investigation, the nanoparticle samples were washed from stabilizer (PVA) and cryoprotec-
tant (D-mannitol) by centrifugation. A drop of the resulting suspension was placed on a
glass slide, dried in air and then sputter-coated with platinum for 6–30 s using an Auto
Fine Coater JFC-1600 (JEOL, Tokyo, Japan). Studies were performed using the equipment
of D. Mendeleev University’s Center for Collective Use equipment.

Evaluation of physical labeling stability. Stability of the nanoparticle labeling was
evaluated by the assessment of the amount of the dye released from nanoparticles at
chosen time points. The freeze-dried nanoparticles labeled with Rh123, Cou6 and DiI
were resuspended and diluted 25-fold with the release media (1% solution of poloxamer
188 in 0.15 M PBS, pH 7.4). Then the resulting suspensions were incubated at 37 ◦C
under continuous shaking. At chosen intervals, 1.5 mL aliquots of the suspensions were
sampled, and the nanoparticles were separated by centrifugation at 48,380× g for 30 min at
18 ◦C (Avanti JXN-30, Beckman, USA). The centrifugation conditions were preliminarily
optimized for the residual polymer content in the supernatant, measured by the capillary
electrophoresis, as described in 2.2 (data not shown). Thus, after centrifugation of a 1.5 mL
sample at 48,380× g at 5 ◦C, the PLGA content in the supernatant did not exceed 5% of
the total amount. In addition, the presence of the particles was not detected by the DLS
method.

The amount of the released dye in supernatants was determined spectrophotometri-
cally upon dilution with ethanol to 50%. The experiment was performed in triplicate. The
release profiles of DiI and Cou6 were additionally assessed using 1% solution of human
serum albumin (HSA) in 0.15 M PBS (pH 7.4) as the release medium.

The coumarin 6 release profile from the PLGA-PEG nanoparticles was also evaluated
using the dialysis technique with frequent medium replacement (Float-A-Lyzer dialysis
device, cellulose ester membrane, MWCO 50 kDa, Spectrum Laboratories Inc., Rancho
Dominquez, CA, USA. The release medium was a 1% solution of poloxamer 188 in 0.15 M
PBS at pH 7.4. A nanosuspension of coumarin 6 was used as a non-polymeric control. At
the end of the experiment, the membrane samples from the dialysis bags were dissolved
in DMSO, and the amount of coumarin 6 adsorbed on the membrane was measured
spectrophotometrically. The experiment was performed in triplicate.

Fluorescence measurements. Fluorescence quantum yields (QY) were determined
using an adaptation of the comparative method described by Rhys Williams et al. [34]
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and the measurement conditions recommended by IUPAC [35]. The method is based on
measurements of the fluorescence spectrum of the sample and comparison of its integrated
intensity with the same quantity of a reference system, i.e., a certain standard with a known
absolute QY and similar maxima of absorption and emission.

The general procedure was as follows. A series of standard solutions with varied
concentrations and a series of suspensions of varied dilutions were prepared. Standards
were chosen, when possible, based on the data of Brouwer [35]. The following standard
solutions were used: rhodamine 6G solution in water for the PLGA-DiI nanoparticles,
coumarin 153 solution in ethanol for the PLGA-Cou6 nanoparticles and Rh123 in ethanol
for PLGA-Rh123, Cy5.5 in 96% ethanol for PLGA-Cy5.5 nanoparticles. Then, absorbance
was measured for each sample at the relevant excitation wavelengths (488 nm for PLGA-DiI
NPs, 450 nm for PLGA-Cou6 NPs, 480 nm for PLGA-Rh123 NPs, 684 nm for PLGA-Cy5.5
NPs). Absorbance values used were ≤0.25 in order to minimize the reabsorption effects.
The fluorescence spectra were recorded for the same suspensions and solutions using
the aforementioned wavelengths for excitation (RF-6000, Shimadzu, Japan). Optical path
length was 10 mm, and slit widths for excitation and emission were held constant (5 nm).
Integrated intensities were obtained for each sample. To calculate the relative quantum
yields (QYR), the intensities were plotted against absorbances of the corresponding samples.
The slopes of the acquired graphs were used in the following equation:

QYr = QYst·
tgαx

tgαst
· n2

x

n2
st

(2)

where QYst is the absolute quantum yield of the reference (0.90 for rhodamine 6G [36],
0.20 for cyanine5.5 amine (manufacturer’s data) and 0.53 ± 0.02 for coumarin 153 [37]);
tgαx and tgαst are the slopes of the graphs of nanoparticles and standards, respectively; nx

and nst are the refractive indexes of solvents (1.3333 for water and 1.3617 for ethanol). The
specific brightness of fluorescence was calculated accordingly as:

Specific brightness = ε·QY·n (3)

where ε is the molar extinction coefficient of the dye loaded in nanoparticles calculated for
a given sample calculated using the Beer–Lambert law, l/mol·cm; QY is the quantum yield,
dimensionless (fraction of 1); n is the amount of substance of fluorophore molecules per
mg of PLGA, mol/mg.

For nanoparticles labeled with both DiI and Cy5.5, FRET efficiency was calculated as
described in the work of Majoul et al. [38] (See Supplementary Materials.)

Dye partitioning in liposomes. The liposomes were prepared by lipid membrane hy-
dration. Briefly, L-α-phosphatidylcholine (20.4 mg) and cholesterol (4.8 mg) were dissolved
in 5 mL of chloroform. The organic solvent was removed under vacuum at 40 ◦C until the
lipid film was formed. Further, 20 mL of 0.01 M PBS (pH 7.4) was added, and the mixture
was sonicated in an ice bath for 2 min at 100% power (Sonopuls HD2070, Bandelin, Berlin,
Germany). The resulting suspension was filtered through a glass porous filter (pore size
100–160 µm).

For evaluation of the dye leakage, the liposomes (2–5 mL) were mixed with the
fluorescent PLGA nanoparticles resuspended previously in 1 mL of 20% sucrose solution
in 0.01 M PBS (pH 7.4). The control samples were prepared without the addition of
liposomes. All samples were incubated for 1 h at 37 ◦C at constant shaking (200 rpm). Then
the nanoparticles and the lipid fraction were separated by centrifugation (5 ◦C, 30 min,
15,000× g). The supernatants containing liposomes were removed, and the precipitates
(nanoparticles) were resuspended, frozen and freeze-dried. The amount of the dye in
precipitates was measured spectrophotometrically after their dissolution in DMSO, as
described above. The total amount of the dye transferred to liposomes was calculated as
the difference between the concentrations in control and in the sample (ccontr − clipo). The
amount of a free dye was taken into consideration through encapsulation efficiency. To
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calculate the fraction of a dye transferred to liposomes (T), the following equation was
applied:

T =

(

Ccontr − Clipo

)

·EE

Ccontr
·100%, (4)

where ccontr is the total amount of the dye, measured in precipitate of the control sample;
clipo is the residual amount of the dye in the nanoparticles after incubation with liposomes;
EE is the encapsulation efficiency.

In this experiment, two types of DiI samples were used: in one case, the free dye
was removed by centrifugation (5 ◦C, 48,380× g, 30 min), in another by means of GPC
(Sepharose CL-2B), followed by centrifugation as described above.

Differential scanning calorimetry. Glass transition temperature (Tg) was measured for
the Cou6-PLGA and DiI-PLGA nanoparticles. Non-loaded PLGA nanoparticles and bulk
polymer were used as control. The samples of Cou6-PLGA and DiI-PLGA nanoparticles
used for the DSC analysis were prepared as described above at the dye/polymer weight
ratio of 1:20 and were not subjected to washing procedure. The calorimetric measurements
were performed using differential scanning calorimeters TA-4000 equipped with a DSC-30
heating cell and DSC823e (Mettler Toledo GmbH, Greifensee, Switzerland) at a heating
rate of 10 ◦C/min under argon. The samples were measured in aluminum pans. The
temperature range was −20 ◦C to 100 ◦C. A blank aluminum pan was used as reference.
All glass transition temperatures (Tg) were reported as the onset of the transition.

Modeling of dye interaction with lipid membranes. The model lipid membranes
consisted of either dipalmitoylphosphatidylcholine (DPPC) or dimyristoylphosphatidyl-
choline (DMPC) bilayers. The analysis of the dyes’ conformational isomers (conformers)
– their structure and stability—was carried out using a composite hierarchical approach.
Molecular mechanics (MM) was employed to perform the initial screening of conform-
ers with the OPLS3e force field [39] as implemented in the conformer advanced search
script [40]. At this step, for each type of the dye molecules, 100 lowest-energy conformers
were selected, the structures and energetics of which were further refined in semi-empirical
electronic structure calculations at the PM6-D3H4 level [41] using the MOPAC2016 pro-
gram package (MOPAC2016, supported by J.P. Stewart, Stewart Computational Chemistry,
Colorado Springs, CO, USA). Next, the results were clustered with RMSD and energy to
determine the most stable conformers, which were further used for the DFT calculations
with the solvation model. Finally, the COSMO-RS approach was used to figure out the
Boltzmann distribution of conformers for each dye, which allows us to find solubilities and
partition coefficients more accurately. DFT calculations were carried out using the Turbo-
mole program package (TURBOMOLE V7.2 2017, development of University of Karlsruhe
and Forschungszentrum Karlsruhe GmbH) at the BP86/TZVPD level of theory [42–45]
as a recommended procedure for COSMO-RS calculations [46]. The solubility of dyes
and their partition coefficients in bi-phase systems were then computed using a hybrid
COSMO-RS solvation model [46,47] with CosmoTherm 16 program [48]. Polymers (PLA
and PLGA) were simulated with CosmoTherm 16 program according to the recommended
approach [49].

2.4. Biological Studies

In vitro visualization. The 4T1 murine breast carcinoma cells were purchased from the
American Type Culture Collection (ATCC, Manassas, VA, USA). The cells were cultured at
a seeding density of around 50,000/cm2 in Ham’s F-12K medium (2.5% fetal bovine serum,
15% horse serum and 1% penicillin) and DMEM (10% newborn calf serum, 100 U/mL
penicillin and 100 mg/mL streptomycin), respectively, at 37 ◦C in 5% CO2 for 24 h to
allow cell attachment. Before use, nanoparticles were additionally coated with a surfactant,
which was accomplished by resuspending the samples in a 1% poloxamer 188 aqueous
solution and incubating them for 30 min. Then, nanoparticles at a final concentration
of 100 µg/mL were added to the fresh medium, and the cells were incubated from 0 to
20 min. After the incubation, the cells were gently washed three times with PBS and
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further incubated with 2.5 µg/mL of Hoechst, 50 nM/mL of Lysotracker Green DND26
for 20 min and then again washed three times with PBS. The cells were observed using a
confocal laser scanning microscope (inverted multiphoton confocal microscope Nikon A1
MP, Nikon Instruments Inc., Tokyo, Japan) for 20 min. FRET imaging was applied to the
double-stained nanoparticles after their incubation with the cells for 20 min.

In vivo confocal neuroimaging (ICON). All procedures were performed with eth-
ical approval according to the requirement of the German National Act on the use of
experimental animals (Ethic committee Referat Verbraucherschutz, Veterinärangelegen-
heiten; Landesverwaltungsamt Sachsen-Anhalt, Halle, approval code: 203.6.3-42502-2-1469
UniMD_G/09.07.2018). Adult male Lister hooded rats (Crl: LIS strain; Charles River) were
housed on a 12 h light/12 h dark cycle under standard environment conditions at ambient
temperature of 22 ◦C at 50–60% humidity. Animals had access to food and water ad libitum,
except on the day before the induction of narcosis, when food was removed. Animals were
kept at least one week for adaption in group cages and were handled before starting the
experiment to reduce stress.

Cy5.5-PLGA-Cou6 NPs for ICON imaging were dispersed in 0.5 mL of a sterile 1%
poloxamer 188 solution in deionized distilled water (dd water). Fluorescent signals of
Cy5.5-PLGA-Cou6 NPs were observed as described in previous studies [50,51]. Briefly,
the animals were anesthetized by an intraperitoneal injection of ketamine (75 mg/kg) and
medetomidine (0.5 mg/kg) and kept on a heating pad. A cannula was inserted into the
tail vein for application of the NP solution. The irises of the eyes of anaesthetized rats
were dilated with neosynephrine-POS 5%. A contact lens was adjusted onto the cornea
and immersed in Vidisic eye gel. Then, the rats were fixed under a confocal scanning
microscope with the eye positioned in working distance underneath the objective of a
Zeiss LSM 880 microscope, and in vivo confocal neuroimaging (ICON) of the retina was
performed. The images were captured at time point 0 min (baseline before NP injection)
and post-injection at 40 min (excitation/emission wavelengths used for coumarin 6 and
Cy5.5 were 488/502 nm and 633/708 nm, respectively). The rats were kept on the heating
pad throughout the in vivo imaging process. All the images were obtained with the same
resolution (5× magnification and same image size).

Statistical analysis. Student’s t-test and ANOVA on ranks were used to investigate the
differences statistically. The differences were considered significant at values of p < 0.05.
All values were expressed as mean ± SD.

3. Results & Discussion

The dyes investigated in this study are widely used to visualize nanoparticles in vitro
and in vivo. However, data regarding their properties, especially the values of partition
coefficients characterizing the distribution of the dyes in various media, differ from one
source to another or are absent in the literature. This is mostly due to the variety of software
used for calculation based on various algorithms or, in the case of experimental values,
it is because these dyes are so poorly soluble that it is hard to obtain a reliable value.
Nevertheless, one can with certainty claim that the dyes’ hydrophobicity increases in the
following order: Rh123—Cou6—DiI and that DiI is significantly more hydrophobic than
Cou6 and Rh123 (Table S1). Those properties (namely, poor solubility in aqueous media
and hydrophobicity) in many cases determine the choice of dye used in the visualization
of nanoparticles. Researchers believe that these properties allow the dyes to be easily
encapsulated into nanoparticles and to remain in the nanoparticles during in vitro/in vivo
experiments. Moreover, for the same reasons, coumarin 6 is used not only as a bright and
convenient label for the visualization of various nanocarriers [25,26] but is also consid-
ered a suitable model of a hydrophobic drug [52,53]. In order to further investigate the
acceptability and reliability of the aforementioned dyes as labels for nanoparticles, we
have conducted this study concerning various aspects that are important for fluorescent
nanoparticles: colloidal stability, brightness, dye retention, interaction with biological
media, etc.
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3.1. Preparation and Basic Properties of the Labeled Nanoparticles

Due to their hydrophobic nature, DiI and coumarin 6 are insoluble in water but readily
dissolve in dichloromethane (DCM), as does the polymer PLGA; therefore, these nanopar-
ticles could be obtained by a simple (o/w) emulsification–solvent evaporation method.
Similarly, for the polymer conjugated with Cy5.5, the same technique was employed. Rho-
damine 123 hydrochloride is more soluble in water than in DCM; therefore, in this case the
PLGA-Rh123 nanoparticles were obtained by a double (w/o/w) emulsification technique.
Initial dye-to-polymer ratios were chosen based on preliminary experiments so that they
could enable the visualization of the nanoparticles in the in vitro and in vivo experiments.

In general, the encapsulation of both DiI and rhodamine 123 was efficient and did
not produce any considerable changes in the basic parameters of the nanoparticles: these
nanoparticles had mean diameters of ~100 nm with relatively low PDI (<0.2) and negative
zeta potentials (Table S2). In the case of the nanoparticles labeled with DiI, the final dye-
to-polymer ratio varied in the range of 0.2–12.5 µg/mg (initial loadings were in the range
of 0.4–25.6 µg/mg) due to losses during the preparation and washing procedures. In this
range, no influence of the dye-to-polymer ratio on the encapsulation efficiency of DiI was
observed; the average value was around 70%.

Resomer RG 502 H used in this study as a core polymer has a terminal carboxylic end
group that enabled the labeling of the nanoparticles by its conjugation with the reactive
amine derivative of Cy5.5. Labeling of PLGA with cyanine5.5 amine was performed using a
carbodiimide method. The absence of fluorescence in the aqueous phase upon purification
of the conjugate by washing signified the quantitative conjugation. The absence of unbound
dye in the final preparation was evidenced by TLC. TLC also demonstrated that the label
was stable after the nanoparticle preparation.

The PLGA-Cy5.5 nanoparticles were produced using different ratios of pre-modified
PLGA-Cy5.5 polymer and the original polymer while keeping the total polymer amount
constant. The presence of the modified polymer did not exert any influence on the nanopar-
ticles’ basic parameters: the average size of all PLGA-Cy5.5 nanoparticles was about 120 nm
(PDI < 0.2), with a zeta potential of around −22 mV (Table S2).

In the double-labeled PLGA nanoparticles, containing one of the aforementioned dyes
and covalently attached Cy5.5, the latter served as a marker, allowing for a more accurate
analysis of the localization of both the particles and the physically entrapped dye, whether
it is still associated with the nanoparticles or has leaked out. This approach is often a
much-needed tool because otherwise it is hard to recognize the difference between a signal
generated by a nanoparticle and a signal of the released dye, in part due to resolution
limitations. The data obtained in this study indicate that double labeling represents a useful
tool to verify the stability of the fluorescent dye incorporated into the nanoparticles (see
below).

Among the nanoparticles prepared and investigated in this study, the PLGA-Cou6
nanoparticles labeled with coumarin 6 exhibited a distinctive behavior. These nanoparticles
were characterized by a high encapsulation efficiency of 93–99% with a dye content of
12–17 µg/mg PLGA at the initial dye-to-polymer ratio of 1:170 (w/w). Interestingly, despite
the higher solubility of coumarin 6 compared to DiI (Table S1) and its lower hydrophobicity
(calculated logP 5.0 and 10.3, respectively see Section 3.5), the PLGA-Cou6 nanoparticles
had a higher polydispersity index (PDI >0.2) and a less negative surface charge (−8.5 ±
0.6 mV) than the PLGA-DiI nanoparticles, which obviously was due to the dye adsorption
on the nanoparticle surface leading to their increased hydrophobicity and the formation of
aggregates. A tendency towards agglomeration with the formation of unusual clusters was
also observed in the SEM images of these nanoparticles (Figure 1a,b).
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Figure 1. (a): SEM image of PLGA-Cou6 nanoparticles (non-PEGylated); (b): nanoparticles clusters (broader view); scale
bar 1 µm; (c): PLGA-PEG-Cou6 nanoparticles (scale bar 500 nm).

This unwanted phenomenon could be avoided by using a mixture of PLGA and
PEG-PLGA in nanoparticle preparation (Figure 1c), a technique frequently used to increase
colloidal stability [54]. The hydrophilic brush on the nanoparticle surface created by the
PEGylated polymer could considerably decrease agglomeration, and, accordingly, lead to
the formation of smaller Cou6-labeled nanoparticles with lower polydispersity (see Sup-
plementary Materials). However, the presence of the PEG moiety also changed the surface
properties of these nanoparticles compared to the plain PLGA nanoparticles. Overall, it is
hard to consider coumarin 6 a “neutral” fluorescent label. Therefore, it is advisable to use
Cou6 in small concentrations as a fluorescent label; moreover, the nanoparticles should
be thoroughly washed from the free dye, however, the washing procedure might not be
possible if the target therapeutic nanoparticles preparation procedure does not imply it. At
the same time, the encapsulation of DiI and Rh123 did not lead to significant changes in
the nanoparticles’ physicochemical properties.

The double-stained nanoparticles were obtained to get insight into the process of
dye leakage in biological media. The physicochemical parameters of the double-labeled
nanoparticles were similar to those of the respective single-labeled and non-labeled nanopar-
ticles (Table S5). For the PLGA-Cy5.5/DiI nanoparticles, the encapsulation efficiency of DiI
was on average higher compared to the PLGA-DiI nanoparticles.

3.2. Stability of the Nanoparticle Labeling

After having determined the optimal dye-to-polymer ratio, it is equally important
to evaluate the stability of the fluorescent label in nanoparticles under conditions simu-
lating the biological environment (lipophilic or hydrophilic or with different pH levels).
However, it is challenging to mimic the physiological conditions in test tube conditions
for release investigation, especially for hydrophobic substances [55]. As highlighted by
Simonsson et al. [56], the classical methods based on employment of water or buffer as
the release medium will not mimic the release in an in vivo environment, where multiple
compartments are present. Various methods are used to evaluate the transfer of dye from
nanocarriers to the cells: the incubation of the nanoparticles with cells at 4 ◦C to avoid
the active transport [17]; the use of lipid acceptor compartments mimicking the cell mem-
brane, such as liposomes, oils and other lipids [16,57]; and the application of the FRET
phenomenon [20]. In this study, we applied three complementary approaches: common
in vitro dye release studies in aqueous media, incubation with liposomes and computer
simulations (prediction of dye interaction with lipid bilayer).

The stability of nanoparticle labeling was evaluated by an assessment of the dye
fraction released after 2 h and 24 h of incubation (Table 1). The in vitro release of the encap-
sulated agents from the nanoparticles is generally analyzed in aqueous media simulating
body fluids, such as, for example, phosphate buffered saline (PBS, pH 7.4). However,
among the dyes used for encapsulation in this study, only rhodamine 123 was slightly
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soluble in PBS, others were practically insoluble. To prevent precipitation of the dyes
during the continuous experiment, a 1% solution of poloxamer 188 in 0.15 M PBS (pH 7.4)
was used as a release medium. However, even in the presence of the surfactant, the reli-
able results were obtained only within 2 h of incubation. At later time points, the dyes’
precipitation interfered with the accuracy of measurements. Therefore, considering that
studies on nanoparticle trafficking are mostly performed using plasma-containing media
(i.e., in cell culture experiments or upon administration of the particles in the bloodstream),
the stability of label retention was also evaluated in the presence of human serum albumin
(HSA, 1% solution in PBS) as the most abundant plasma protein.

Table 1. Stability of labeling of the PLGA nanoparticles. In vitro release of DiI, Rh123, and Cou6
from PLGA nanoparticles (HSA, 1% solution in PBS, pH 7.4, 37 ◦C, n = 3).

Type of
Nanoparticles

Fraction of Released Dye, %

1% Solution of Poloxamer 188 1% Solution of HSA

2 h 2 h 24 h

PLGA-DiI 9.8 ± 1.5 1.2 ± 0.1 42.3 ± 1.7
PLGA-Cy5.5/DiI 4.1 ± 0.3 <0.1 15.2 ± 0.7
PEG-PLGA-Cou6 17.0 ± 0.4 42.4 ± 2.1 65.0 ± 2.9

PLGA-Rh123 57.0 ± 3.5 n/d n/d

All dyes demonstrated a different behavior in the release studies. Rhodamine 123 was
quickly released from the nanoparticles. For PEG-PLGA-Cou6 nanoparticles, the release
rate depended by the medium: Cou6 was released slowly in a 1% poloxamer 188 solution
but much faster in a 1% HSA solution, as HSA enhanced its solubilization. In contrast, the
initial release of DiI was much slower in an HSA solution compared to the poloxamer 188
solution. However, after 24 h incubation in the presence of HSA, the free dye concentration
substantially increased (Table 1).

In the protein-free medium, DiI labeling was the most stable: approximately 10% of
the dye was released from the PLGA-DiI nanoparticles after 2 h incubation. The PEG-
PLGA-Cou6, nanoparticles released 17% of the dye content in these conditions. In contrast,
the PLGA-Rho123 demonstrated a considerable burst-effect: 57% was released during the
first 2 h (more likely desorbed from the surface); however, after this period the release was
slow and, after 24 h, about 45% of the dye remained bound to the nanoparticles. There was
no release of the conjugated Cy5.5 during 24 h incubation and up to 7 days.

Importantly, while the retention of DiI and coumarin 6 was seemingly sufficient in the
protein-free medium, in the presence of HSA, the release rates of both dyes were enhanced
considerably. This phenomenon is most probably explained by the known ability of HSA to
form complexes with lipophilic molecules, which contributes to their more effective transfer
from the nanoparticles into the aqueous medium. However, while the released fraction
of coumarin 6 after 2 h of incubation was above 40%, only 1% of DiI was released from
the nanoparticles at this time. Thus, in terms of label stability, the PLGA-DiI nanoparticles
appear to be a reliable system for short-term imaging experiments in vitro and in vivo.

Both DiI and coumarin 6 are known for their ability to stain cell membranes, which
is in line with their lipophilicity. Moreover, the rapid redistribution of coumarin 6 from
nanocarriers into cell membranes was observed in the in vitro experiments [58,59]. The rate
of coumarin 6 redistribution also depended on the type of the carrier and was higher in the
case of the liposomes compared to the solid lipid nanoparticles. The role of the nanocarrier
in the dye partitioning into the cell membranes probably explains the different results
obtained for the lipid nanocapsules and PEG-polystyrene nanoparticles labeled with DiI:
whereas the lipid-based carrier enabled a stable retention of the dye in the presence of
cell membranes [56], in the case of polymeric nanoparticles, the release rate was strongly
facilitated [60]
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The use of dialysis for the separation of the nanoparticles from free coumarin 6 was
unsuccessful due to the dye adsorption on the membrane (6.3%) and its slow diffusion
through the membrane (after 96 h, the amount of the released dye in the medium was
<1.6%). Similar results were obtained for the non-polymeric formulation of Cou6 (suspen-
sion). Hence, in the case of coumarin 6, the use of the dialysis technique may lead to the
misinterpretation of the dye release rate from the nanoparticles.

No leakage of the covalently linked dye (Cy5.5) was observed for at least 24 h in
various media (water, poloxamer 188 or HSA solution) (data not shown). Interestingly,
labeling with DiI appeared to be more stable in the double-labeled PLGA-Cy5.5/DiI
nanoparticles: after two weeks of incubation, 27.5% of DiI was released from the PLGA-DiI
nanoparticles, whereas, in the case of the PLGA-Cy5.5/DiI nanoparticles, only 13.8% of the
dye was released during this time (discussed below).

Covalently bound Cy5.5 label was not found in liposomes indicating that, under the
experimental conditions, all of the dye remained associated with the nanoparticles. This
result confirms that covalent conjugation of the dye with the core polymer is one of the
most reliable ways to provide a stable staining of the nanoparticles. As shown in our
previous study, the doxorubicin-loaded PLGA nanoparticles labeled with covalently bound
Cy5.5; this approach yields accurate results on the nanoparticle uptake and localization
within cells [15].

An interesting phenomenon of a higher encapsulation efficiency and slower release
rate in the case of the double-stained PLGA-DiI/Cy5.5 nanoparticles was probably caused
by the π-stacking between the molecules of these dyes, which contributed to the retention
of DiI in the polymeric matrix due to electrostatic interaction [61]. A similar approach is
described for polymeric micelles loaded with doxorubicin: a part of the total amount of
doxorubicin was covalently bound to the carboxylic groups of poly(aspartate) micelles,
whereas another part was physically loaded into the micelles. This approach enabled the
better retention of doxorubicin in the polymeric micelles due to π-π interactions between
free and covalently bound doxorubicin molecules [62]

3.3. Fluorescent Properties of the Labeled Nanoparticles

A very important characteristic of a fluorescent label is its brightness, which deter-
mines the sensitivity of its detection. In the case of suspension of polymeric nanoparticles
labeled with a dye, the difficulty of brightness evaluation lies in the contribution of light
scattering, which may interfere with the accuracy of measurements. In addition, the
polymer environment and the dye–dye interaction, depending on the dye-to-polymer
concentration, can influence the fluorescent properties (QY, ε) of dye molecules inside
the nanoparticles. These factors complicate comparison of the properties of fluorescent
nanoparticles in suspension with a solution of the dye itself. In this study, the specific bright-
ness values were determined, because this parameter is very convenient for comparing
different types of fluorescent particles [63]

3.3.1. PLGA Nanoparticles with a Single Label

The extent to which a dye-to-polymer mass ratio influenced the optical properties
(quantum yield and brightness) of nanoparticles varied. In the case of the PLGA-DiI
nanoparticles, the highest QY (14.91 ± 0.16%) was observed for the nanoparticles with
a DiI content of 6.3 µg/mg PLGA (0.63 wt.%). (Figure 2). These particles also exhibited
the maximal brightness (7.3 × 10−5 ℓ cm−1/mg PLGA). As a result, the DiI content in the
nanoparticles that provided the maximal brightness was found to be ~5 µg/mg PLGA.

A further increase of the dye concentration in the nanoparticles led to a decrease
in the quantum yield and brightness, which is most likely associated with aggregation-
caused quenching (ACQ). Interestingly, in contrast to our expectations, a bulky counter-ion,
bis(2-ethylhexyl) sulfosuccinate (AOT) that was added in order to prevent fluorescence
self-quenching of DiI (PLGA-DiI-AOT nanoparticles) led to a two-fold decrease in the
fluorescence QY (from 13.72 ± 0.16% to 6.58 ± 0.03%); at the same time, their brightness
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increased by about 1.5 times (from 2.06 × 10−5 to 3.14 × 10−5 ℓ cm−1/mg PLGA) due to
the increased number of fluorophore molecules in the PLGA core. Possibly this decrease
of the fluorescence QY is associated with the formation of a non-luminescent ion pair
DiI-AOT. Moreover, the zeta potential of the PLGA-AOT-DiI nanoparticles was almost
neutral, thus being substantially different from the negatively charged non-labeled and
DiI-labeled nanoparticles prepared without AOT (−0.2 ± 0.2 mV versus −40.7 ± 2.1 mV,
respectively).

Figure 2. Influence of DiI content in PLGA nanoparticles on their specific brightness (left) and on quantum yield (λEX

488 nm) (right).

The optical properties of the PEG-PLGA-Cou6 nanoparticles also depended on the
dye content (thoroughly washed nanoparticles were used for the measurements). The
maximal QY (91.9 ± 0.2%) was observed for the nanoparticles containing 12.2 µg of dye
per 1 mg of PLGA (Figure 3). These nanoparticles also demonstrated the highest specific
brightness, ranging from 3.39 × 10−4 to 13.37 × 10−4 ℓ cm−1/mg PLGA A, and the number
of fluorophore molecules per mg PLGA was ten times higher than in the PLGA-DiI NPs.
At higher dye concentrations, the QY of the fluorescence decreased due to concentration
quenching.

Figure 3. Influence of Cou6 content in PEG-PLGA nanoparticles on their specific brightness per mg of PLGA (left) and on
quantum yield (right) (λEX 450 nm).

The Rh123-labeled nanoparticles had a QY of 46.8% and specific brightness of 2.02 ×
10−4 ℓ cm−1/mg PLGA that was 3-fold higher than that of the brightest PLGA-DiI NPs
but lower compared to the PLGA-PEG-Cou6 nanoparticles. No further optimization of the
Rh123-labeled nanoparticles was performed because of the fast release of this dye.

Quantum yield of Cy5.5 in the PLGA-Cy5.5 nanoparticles was significantly higher
than that of a free dye in ethanolic solution (~50% versus 20%, respectively), which is
probably due to the known increase in the fluorescence properties of indocyanine dyes in a
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viscous microenvironment [64,65]. In this case, no significant influence of the fluorophore
amount on the quantum yield was observed in the range from 0.41 µg/mg to 1.66 µg/mg
PLGA: in all cases, QY was about 50%. Brightness, however, increased along with the
PLGA-Cy5.5 content in the nanoparticles (Figure 4).

Figure 4. Influence of the PLGA-Cy5.5 content in nanoparticles on brightness (left) and quantum yield (right).

As shown in Figure 5, the PEG-PLGA-Cou6 nanoparticles were by far the brightest
among the single-labeled nanoparticles.

–

–
–

Evaluation of the Dyes’ Partitioning in Liposomes

Figure 5. Maximal specific brightness values for the PLGA nanoparticles with a single label.

3.3.2. PLGA Nanoparticles with a Double Label

Emission spectra of the dyes, which were used in pairs, do not overlap significantly,
and all dyes retained their characteristic emission peaks (Supplementary Materials, Figures
S1–S4). The absence of overlap is advantageous for the signal discrimination in in vitro
and in vivo experiments. On the other hand, the overlap between emission and excitation
spectra of two dyes indicates that the pair will display Förster resonance energy transfer
(FRET), where the magnitude of the effect depends on the area of overlap. Among the pairs
used, such overlap was the greatest for Cy5.5 and DiI, followed by the Cy5.5–Rh123 and
Cou6–Cy5.5 pairs.

Accordingly, the most considerable FRET phenomenon was observed for the DiI/Cy5.5
pair (not reported previously). The efficiency of FRET calculated according to Equation (4),
using the quantum yields for DiI in the double-labeled (Cy5.5-PLGA-DiI) and DiI-labeled
(PLGA-DiI) nanoparticles of 11.3% and 32.5%, respectively, was 65.2%, which correlated
with the molar ratio of the dyes in the nanoparticles. FRET was also observed in the case of
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DiI and Rh123. However, the efficiency of Rh123/Cy5.5 energy transfer was not sufficient
for application in the in vitro and in vivo experiments.

A rather considerable overlap between the fluorescence spectrum of DiI and ab-
sorbance spectrum of Cy5.5 offers the possibility of using FRET as an additional method
of monitoring nanoparticle stability. The fact that an intensive FRET signal was observed
in the cells after 1 h of incubation confirms that no leakage occurs at that time, which
correlates with the results of the release studies.

3.4. Evaluation of the Dyes’ Partitioning in Liposomes

Both DiI and Cou6 exhibit affinity to plasma membranes and other lipid struc-
tures [66,67], which is in line with their lipophilicity. Thus, rapid redistribution of coumarin
6 from nanocarriers into cell membranes was observed in the in vitro experiments [58,68].
The rate of coumarin 6 redistribution also depended on the type of the carrier and was
higher in the case of the liposomes as compared to the solid lipid nanoparticles. The role of
the nanocarrier in the dye partitioning into the cell membranes probably explains also the
different results obtained for the lipid nanocapsules and PEG-polystyrene nanoparticles
labeled with DiI in the presence of cell membranes: whereas the lipid-based carrier enabled
a stable retention of the dye [56], in the case of the polymeric nanoparticles, the release rate
was strongly facilitated [60].

Therefore, for the proper evaluation of nanoparticle biodistribution, it is important
to evaluate the affinity of the encapsulated dyes to the cell membranes. Liposomes can
act as the model cell membranes mimicking the arrangement of the lipids in natural cell
membranes and therefore are frequently used for this purpose. For this purpose, in order to
evaluate the role that lipid components may play in the dye leakage from the nanoparticles,
the dye retention was tested in the medium containing liposomes. The Z-average diameter
and PDI of the liposomes employed in the present study were 307 ± 21 nm and 0.139
± 0.010, respectively. The dye-loaded and washed nanoparticles were incubated with
liposomes for 1 h; then, the liposomes and nanoparticles were separated by centrifugation
in 20% sucrose, followed by analysis of both fractions. In the case of properly washed
PLGA-DiI and PLGA-Cy5.5 nanoparticles, no dye transfer to the lipid layer was observed,
whereas for the non-washed PLGA-PEG-Cou6 or PLGA-DiI nanoparticles, the fraction of a
dye transitioned into liposomes was about 62% and 38%, respectively (Table 2).

Table 2. Dye partitioning in liposomes.

Type of Nanoparticles
Fraction of a Dye Transitioned

to Liposomes, %
Amount of Dye Found in

Liposomes, µg/mg

PLGA-Cou6 62.4 ± 7.1 0.93
PLGA-DiI 38.7 ± 0.6 1.45

PLGA-DiI * 0 0
PLGA-Rh123 8.1 ± 1.4 0.20
PLGA-Cy5.5 0 0

* Nanoparticles washed by centrifugation and subsequent GPC.

3.5. Modeling of Dyes’ Interaction with Model Lipid Membranes

Thorough the removal of non-encapsulated DiI (preferably by GPC, followed by
centrifugation) is important for a reliable interpretation of the imaging results in vitro and
in vivo, since dye molecules that are loosely associated with nanoparticles easily distribute
into the cell membranes, and, therefore, may create artifacts upon visualization. This
pattern of the DiI behavior was further confirmed by computer simulation data (DFT). DiI
is the most hydrophobic of the studied dyes and is practically insoluble in water (Table 3).
It appears that the affinity of DiI to the model lipid membrane (DPPC/DMPC) is much
higher than its affinity to the polymer. This relatively low affinity to the polymer explains
the appearance of a considerable fraction of the dye adsorbed onto the surface of the
nanoparticles, which is due to its tendency to form its own phase at the boundary of the
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emulsion droplet during the particle preparation process. In an aqueous medium, the
molecule of that dye will “prefer” the lipid membrane to the polymeric matrix, given
that there is a choice. In the absence of direct contact with the lipid layer, the probability
that the dye molecule will transit from the nanoparticle surface into water and then to
the membrane is negligible, since the solubility of DiI is very low. However, when the
PLGA-DiI nanoparticles come in contact with the lipid membrane, the partition of the
surface-adsorbed DiI into this membrane is a quick and efficient event, as was observed in
the experiment wherein the PLGA-DiI nanoparticles were incubated with the liposomes.
Indeed, in the case of the insufficiently washed PLGA-DiI nanoparticles, ~38% of DiI
leaked into the liposomes. The results concerning the DiI affinity to the cell membrane
in various publications are rather different [17,20,56]. Although lipophilic DiI is widely
used as a cellular membrane tracer in biological studies [69], we observed that both the
PLGA-DiI nanoparticles and non-polymeric DiI nanosuspension were internalized into the
cells and distributed within the cytoplasm (Figure 6). No membrane staining was observed.
Moreover, confocal images of the double-stained PLGA-Cy5.5/DiI nanoparticles confirmed
the colocalization of DiI and Cy5.5 fluorescence signals. The stabilization of the dye in
aqueous media could possibly prevent its diffusion into the cellular membrane. Indeed,
according to several protocols recommended for staining of cellular membranes and for
retrograde and anterograde neuronal labeling, the lipophilic dyes (DiI, DiO, DiD) should
be first dissolved in DMSO and then applied to the samples in ethanolic solution [70].

Table 3. Calculated parameters of the dyes’ distribution in different phases.

Parameter DiI Coumarin 6 Rhodamine 123

Topological polar surface area, Å2 (“polarity”) 6.25 * 42.43 * 91.48 *

log POCT/WAT ** (hydrophobicity) 10.3 5.0 0.04

log PDPPC/WAT **
(affinity to a lipid bilayer) 8.6 5.2 −0.6

log PDMPC/WAT **
(affinity to lipid bilayer) 8.7 5.2 −0.6

log PPLGA/WAT **
(affinity to NPs’ polymeric matrix) 5.3 1.2 −3.6

log PDCM/PLGA ** 0 0 0

log PDPPC/PLGA ** 2.3 0.7 2.6

log PDMPC/PLGA ** 1.6 0.7 2.1
* Data calculated using MarvinSketch software, ChemAxon Ltd.; ** quantum mechanical calculation (25 ◦C, pH 7).

Computer simulation is another useful approach for predicting the behavior of a fluo-
rescent dye loaded in nanoparticles in vitro. To estimate the possibility for each of the dyes
to exit the nanoparticles into the aqueous medium and to enter a model lipid membrane
composed of either dipalmitoylphosphatidylcholine (DPPC) or dimyristoylphosphatidyl-
choline (DMPC), we have employed the DFT simulations in the frames of a COSMO-RS
model. This model allows the calculation of the chemical potentials of substances depend-
ing on the temperature, pressure, concentrations and composition of the mixture. Thus, it
is suitable for the computation of various physicochemical properties. This approach is a
well-known method used for the evaluation of the solubilities and partition coefficients of
small organic molecules in polymers [49,71]. Also, the chosen computational approach is
quite sensitive for predicting the partition coefficients of the drug-like molecules, which
was demonstrated in the blinded test challenges SAMPLE5 [72] and SAMPLE6 [73].

To investigate the activity of the studied dyes in complex multicomponent media,
phase distributions for each compound in all examined systems were calculated. For
each dye, only the most common conformers in vacuum, liquids and DPPC or DMPC
bilayers were obtained. The final conformers of both DPPC and DMPC molecules were
chosen as the components of a membrane lipid bilayer (see section of Supplementary Data
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“Modeling of dye interaction with lipid membranes” and Supplementary Table S6). Since
nanoparticle formation occurs at ambient temperature, the computations were conducted
at 25 ◦C (298.15 K). At this temperature, the DMPC bilayer exists in the liquid crystalline
state (gel-to-liquid crystalline transition temperature 24 ◦C), whereas the DPPC bilayer
exists in the gel state (gel-to-liquid crystalline transition temperature 41 ◦C) [74].

— —
— μm.

the components of a membrane lipid bilayer (see section of Supplementary Data “Model-
ing of dye interaction with lipid membranes” and Supplementary Table S6). Since nano-

Figure 6. Laser scanning confocal microscopy of 4T1 cells after 40 min of incubation with DiI
nanosuspension: PLGA-DiI NPs (A,B) and non-polymeric DiI formulation, stabilized with 1% PVA)
(C,D). (A,C)—merged image and differential interference contrast (DIC); (B)—PLGA-DiI fluorescence;
D—non-polymeric DiI fluorescence. Scale bar 50 µm.

According to the obtained data, rhodamine 123 hydrochloride is the only dye that
dissolves well both in water and in hydrophobic media: log PDPPC/WAT and log PDMPC/WAT
is equal to −0.58, and the calculated log POCT/WAT value is equal to 0.04. Both DiI and
Cou6 are soluble in hydrophobic liquids only. For coumarin 6, the log POCT/WAT value
is equal to 5 and both log PDPPC/WAT and log PDMPC/WAT values are equal to 5.2. Inter-
estingly, the difference in the lipid bilayer composition and phase state did not affect the
dyes’ distribution between the membrane bilayers. Thus, we considered only the DPPC
membrane. The results are presented in Table 3, featuring topological polar surface areas
(polarity measure) calculated using MarvinSketch software, ChemAxon Ltd.

According to our in silico calculation, a rather small amount of coumarin 6 is able to
saturate the membrane—1% (w/w) is the saturation level. Expectedly, the maximal amount
of the dye transferred to liposomes, about 68%, was detected for PLGA-PEG-Cou6 NPs.
Active dye leakage was also confirmed by confocal imaging for the double-stained PEG-
PLGA-Cy5.5/Cou6 nanoparticles: the absence of co-localization for Cy5.5 and Cou6 in the

231



Pharmaceutics 2021, 13, 1145

4T1 cells (see below, Section 3.7). Coumarin 6 is actively released from the nanoparticles
and distributed in the cell membrane.

Rhodamine 123 also easily incorporates into the nanoparticles. However, it can just
as easily leave it and then migrate through the membrane in both directions. Rho123
had little affinity to liposomes but was mostly transferred to the aqueous phase (Table 2).
Rho 123 was the most unstable as a fluorescent label demonstrating a fast release and the
subsequent staining of mitochondria (see Section 3.7.).

In the system of polylactide/dichloromethane, the affinity of any dye to PLGA is the
same as its affinity to the solvent (log PDCM/PLGA = 0). That means that when the solvent is
being removed the dye molecules are distributed evenly in the nanoparticle matrix, and the
maximum loading of the substance is limited by its solubility in dichloromethane (Table 3).

By their hydrophobicity, the dyes are arranged in the following order: DiI > Cou6 >
Rho123 and, by their polarity, they are arranged in the opposite one: DiI < Cou6 < Rho123.
The dyes’ affinity to polymers (polymer/water system, log PPLGA/WAT) and their affinity
to lipid bilayers (log PDPPC/WAT) are arranged in the same order as hydrophobicity. The
affinities of DiI to both polymers and lipids are much higher than those of coumarin 6, let
alone rhodamine 123. In practice, this should mean that the probability of DiI leaking into
water is rather low and is much lower compared to coumarin 6 and rhodamine 123.

3.6. Differential Scanning Calorimetry Assay of Interaction between Dyes and PLGA

The influence of DiI and coumarin 6 on PLGA thermal behavior was analyzed by
differential scanning calorimetry (DSC). The dye-to-polymer ratio in the nanoparticle
samples used for this assay was increased to 1:20 (w/w) to better reveal the influence of a
dye on the polymer properties. As shown in Table 4, the glass transition temperatures (Tg)
of both labeled nanoparticles were lower compared with that of non-loaded PLGA NPs
and a bulk polymer, which indicates that coumarin 6 and DiI act as plasticizers for PLGA.

Table 4. Glass transition temperature (Tg) of PLGA (bulk) and PLGA nanoparticles, both non-loaded
and loaded with DiI or coumarin 6.

Sample Tg, ◦C

PLGA (bulk) 43.27
Non-loaded PLGA nanoparticles 44.90

Cou6-PLGA nanoparticles 43.91
DiI-PLGA nanoparticles 42.35

3.7. In Vitro Behavior of PLGA-Cou6 Nanoparticles

Among the nanoparticles produced, several samples possessing the optimal physic-
ochemical qualities as outlined previously were used in further in vitro experiments. A
brief characterization of them is given in Table 5. The non-polymeric DiI formulation was
used in this experiment to mimic the behavior of free dye in aqueous media when the
nanoparticles are not properly separated from unbound dye. Surprisingly, the intracellular
distribution patterns of free DiI (non-polymeric DiI formulation) and DiI encapsulated in
the nanoparticles (PLGA-DiI) were similar (Figure 6).

This phenomenon could be explained by the precipitation of the dye in the aqueous
medium (PBS buffer), as was shown by molecular dynamic simulation. Interestingly, both,
PLGA-DiI NP and non-polymeric DiI nanosuspension, appeared to be internalized into
the cells without staining the cell membrane. Therefore, it was important to distinguish
between the free dye nanoparticles and the PLGA nanoparticles to prevent the misinter-
pretation of the imaging data. Double-stained PLGA-Cy5.5/DiI nanoparticles were used
for this purpose. However, as seen in Figure 7, both the DiI-labeled nanoparticles and the
DiI nanosuspension displayed significant colocalization (Pearson’s correlation coefficient
is 0.68; Mander’s overlap coefficient is 0.85) which suggests that, at this time, the DiI
molecules are located mostly within the nanoparticles and, moreover, they are located close
to the Cy5.5 molecules. The FRET signal in Figure 8 demonstrated that NP preserves their
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integrity during internalization process within 1 h of incubation. To determine the FRET
signal, the samples were exited with a 561 nm laser (donor excitation wavelength), and
the fluorescence was captured with both detectors simultaneously (both green and red
fluorescent channels). Detectors from 570 to 620 nm and from 650 to 730 nm for DiI and
Cy5.5 imaging, respectively, were used. Then the samples were exited with both 561 and
647 nm lasers, separately, for DiI and Cy5.5 excitation, respectively.

Table 5. Characteristics of fluorescent PLGA NPs used in in vitro experiments.

Type of NPs Dye Content, µg/mg PLGA EE, %
Mean Diameter

Z-ave, nm
PDI

Zeta
Potential, mV

PLGA-DiI 6.4 76.6 156 ± 5 0.156 ± 0.016 −27 ± 2

Non-polymeric DiI formulation 23.6 µg/mL * - 333 ± 93 0.355 ± 0.077 −21 ± 6

PEG-PLGA/Cou6 27.2 99.7 139 ± 2 0.036 ± 0.028 −15 ± 3

Non-polymeric Cou6 formulation 32.6 µg/mL * - 1086 ± 166 0.830 ± 0.111 −6.6 ± 0.1

PLGA-Cy5.5/DiI DiI 6.2 77 137 ± 1 0.136 ± 0.022 −18 ± 1Cy5.5 0.8

PEG-PLGA-Cy5.5/Cou6 NPs Cou6 5.7 91 128 ± 1 0.137 ± 0.022 −22 ± 1Cy5.5 0.8

PLGA-Cy5.5/Rh123 Rh123 6.8 96.6 98 ± 1 0.196 ± 0.031 −24 ± 4Cy5.5 0.8

* For non-polymeric forms the dye content is given per ml of a suspension.

−27 ± 2

−21 ± 6

−15 ± 3

−6.6 ± 0.1

−18 ± 1

−22 ± 1

−24 ± 4

—
— — — Cy5.5 fluorescence; €—

—Merged image. Scale bar 10 μm.

Figure 7. 4T1 murine mammary carcinoma cells after 40 min incubation with the PLGA-Cy5.5/DiI nanoparticles: maximum
intensity projection of a z-stack (Laser Scanning Confocal Microscopy, Nikon A1 MP). (A)—merged image and differential
interference contrast (DIC); (B)—cell nuclei (Hoechst). (C)—DiI fluorescence; (D)—PLGA-Cy5.5 fluorescence; €—Scatterplot
representing colocalization between DiI and Cy5.5 fluorescent signals. (F)—Merged image. Scale bar 10 µm.

Coumarin 6 rapidly released from the double-stained nanoparticles and accumulated
in the cells within the first minutes of incubation, while significant internalization of
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nanoparticles into the cells (traced by Cy5.5 signal) was observed only within 60 min of
incubation (Figure 9).

–

— — —
ning confocal microscopy (Nikon A1 MP). Scale bar 10 μm.

– – – –
—

— — Cy5.5 fluorescence. Scale bar 20 μm.

Figure 8. Imaging of 4T1 cells after 1 h of incubation with PLGA-Cy5.5/DiI NPs. Upper panels (A–C) represent the FRET
signal at donor excitation wavelength (561 nm) -FRET phenomenon; lower panels represent DiI and Cy5.5 fluorescence
separately (ex 561 and 647 nm); (A,D)—merged images; (B,E)—DiI fluorescence; (C,F)—Cy5.5 fluorescence. Laser scanning
confocal microscopy (Nikon A1 MP). Scale bar 10 µm.

–

— — —
ning confocal microscopy (Nikon A1 MP). Scale bar 10 μm.

 

– – – –
—

— — Cy5.5 fluorescence. Scale bar 20 μm.

Figure 9. Internalization of PLGA-Cy5.5/Cou6 nanoparticles into 4T1 cells after 15–25 min (A–C) or 60–75 min (D–F)
incubation (laser scanning confocal microscopy, Nikon A1 NP). (A,D)—merged image and differential interference contrast
(DIC); (B,E)—coumarin 6 fluorescence; (C,F)—PLGA-Cy5.5 fluorescence. Scale bar 20 µm.
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The same phenomenon was determined for rhodamine 123-loaded PLGA-Cy5.5 NP.
However, rhodamine 123 penetrates into cells slower than coumarin 6, which correlates
with computer simulation data (see Table 3). The dynamics of the nanoparticle and dye
accumulation into the cells are shown in Figure 10. Moreover, rhodamine 123 was localized
mainly in mitochondria (stained with MitoTracker Red, Life Technologies). The cells
were imaged within 40 min of incubation with NPs. To track NP uptake by the cells and
rhodamine 123 release and accumulation in real time, cells were not washed from the NP
suspension. The graph in Figure 10M represents the increase in the fluorescence intensity
of rhodamine 123 colocalized with mitochondria recognized in Figure 10K–O (applied blue
channel). Rhodamine 123 accumulation was assessed in the cell mitochondria defined as
regions of interest (ROI). ROI were obtained by thresholding based on the mitotracker
fluorescence intensity profile.

3.8. In Vivo Behavior of PLGA-Cou6 Nanoparticles

To observe the in vivo distribution of Cou6 as the encapsulated label and Cy5.5 as
a covalently linked label, the retinae of rats were imaged using in vivo confocal imaging
after intravenous injection of the nanoparticles. As shown in Figure 11A, in the case of
the Cy5.5-PLGA-Cou6 nanoparticles, the signal of Cy5.5 concentrated in the blood vessels
(Figure 11A); however, the Cou6 signal was extremely bright in the tissue background of
the retina, confirming the different distribution between the fluorescent labels encapsulated
or covalently linked to the nanoparticles. The intensity analysis further confirmed that
most of the Cy5.5 signals were visible inside the blood vessels, whereas the Cou6 signals
were mainly distributed outside the blood vessel and in the tissue background.

–

 

Figure 10. Cont.
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– – —
— —

– —
—

– onfocal microscopy (Nikon A1 NP). Scale bar 20 μm.

–
–

–

Figure 10. Imaging of 4T1 cells after 1 min (A–D) and 30 min (E–H) of incubation with PLGA-Cy5.5/Rh123 NPs. A,E—
merged images and differential interference contrast (DIC); (B,F,J)—rhodamine 123 fluorescence; (C,G,K)—PLGA-Cy5.5
fluoresce; images (I,L) represent rhodamine 123 fluorescence intensity in the regions of mitochondrial fluorescence intensity
(thresholding by mitochondrial fluorescence intensity of the images (E–H) was applied); (M)—Dynamic of rhodamine
123 accumulation within the mitochondria (ROIs are selected based on mitotracker fluorescence intensity—artificial blue
channel (I,L)); 0–30 min of incubation. Laser scanning confocal microscopy (Nikon A1 NP). Scale bar 20 µm.

In the case of Cou6 the in vivo neuroimaging (ICON) data for the PLGA-Cy5.5/Cou6
nanoparticles corresponded to the data obtained above: the nanoparticle signal (Cy5.5)
was found in the retinal vessels, whereas the Cou6 signal was distributed in the tissue
background. Retinal vessels are characterized by the presence of the blood–retinal barrier,
which in many ways is similar to the blood–brain barrier [75]. The obtained results can
be easily misinterpreted, creating an impression that the nanoparticles effectively cross
the blood–retina barrier, when in fact, no signal from the core material is found beyond
the vessels. This was expected, because it was shown [76] that coumarin 6 dye stains
liposomes and cells with no significant release into aqueous media, and therefore, it
would most likely leak in vivo. The in vivo behavior of DiI and Rh123 was described
in our previous study [77]: Preliminary tests for PLGA nanoparticles loaded with DiI
showed that the results depended on the amount of loosely-bound dye: washed DiI
nanoparticles did not stain liposomes and cells, while non-washed did. DiI and rhodamine
123 colocalized with the cyanine5.5 signal well at early stages of the experiment; however,
the kinetics of the signal fading was different, especially for rhodamine 123, which leaked
from the nanoparticles and was eliminated quickly. In contrast to the in vitro experiments
with liposomes, the intravenously injected DiI-labeled nanoparticles provided long-term
staining of the endothelial cell membranes, even when the nanoparticles were washed.
This discrepancy may be explained by a more effective contact of nanoparticles with blood
vessel endothelial cells achieved in vivo that could be due to blood pressure, compared to
the contact that was achieved using liposomes.

Dyes, especially hydrophobic dyes, are sometimes used as model drugs for the evalu-
ation of the targeting capability of various delivery systems [78,79], which is due to the fact
that they can be easily visualized unlike most drug molecules, which are rarely fluorescent.
In this respect, the most important difference between drugs and labels is the requirement
of their retention by the carrier. Indeed, the drug is supposed to be released sooner or later,
whereas the label should be retained by the carrier as long as possible. Thus, in a recent
study conducted by our group [80], coumarin 6 served as a model drug that, in concert
with the above observations, was very loosely associated with the PLGA nanoparticles.
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However, being quickly released from the nanoparticles upon intravenous administration
in mice, it was successfully delivered into the retina, whereas the nanoparticles remained
associated with the blood capillary endothelial cells (Figure 11). Thus, while being not an
optimal label, coumarin 6 helped to provide more evidence regarding the possibility of
drug delivery by nanoparticles using a “kiss-and-run-mechanism”, wherein the drug is
delivered into the tissue upon nanoparticle contact with the cell membrane, and no particle
entry is necessary [81].

the possibility of drug delivery by nanoparticles using a “kiss mechanism”, 

 

 

 

—

nous injection (baseline; upper row) or post injection at 40 min (lower row); scale bar: 400 μm. ( —

Figure 11. Biodistribution analysis of the intravenously injected Cy5.5-PLGA-Cou6 nanoparticles in rat retinal tissue.
(A)—signal of Cou6 as encapsulated dye and Cy5.5 as covalently linked dye observed by the ICON technique before
intravenous injection (baseline; upper row) or post injection at 40 min (lower row); scale bar: 400 µm. (B)—background
intensity of signal of Cou6 and Cy5.5 before intravenous injection at baseline. (C)—intensity of signal of Cou6 and Cy5.5 40
min post injection. Area highlighted in gray in (B) and (C): blood vessel lumen.

4. Conclusions

The findings of this study highlight the importance of the careful design and eval-
uation of the fluorescently labeled nanoparticles intended for biodistribution studies.
Unsurprisingly, the most reliable way to label the nanoparticles is by the conjugation of
the fluorescent dye to the polymeric core. In cases when studies require particles with
physically entrapped dye, in vitro or in vivo experiments with the simultaneous tracking
of the colocalization of both the nanoparticle and the dye have to be used to ascertain the
nanoparticle system’s integrity and applicability.

We have shown that the usual threefold washing with water does not allow the
removal of hydrophobic dyes from the surface of nanoparticles. In this case, the dye is
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practically not released into the usual model media but is being easily transferred from
nanoparticles into the lipid bilayer of liposomes, which was also confirmed by the method
of computer simulation.

Consequently, using the double-labeled nanoparticles as an example, it has been
shown that, after the incubation of nanoparticles with coumarin 6, the latter is rapidly
released from nanoparticles and stains the cell membranes of retinal vessels even after
thorough preliminary washing of nanoparticles from free dye. Even very hydrophobic
dyes included in the composition of polylactic nanoparticles and not covalently bound to
their matrix can precipitate in a separate phase during the preparation of nanoparticles or
be released from the surface of nanoparticles in biological media upon contact with lipid or
protein components. The extent of this phenomenon depends on the affinity of the dye for
the polymer matrix of the nanoparticles and the environmental conditions.

At this time we do not foresee that there is a single approach to traceable nanoparticles
that can serve as a “golden standard” for all kinds of nanoparticle compositions and labels.
Future studies should take into account the complex interferences of the fluorescent dye
and the carrier prior to the use of fluorescently labeled nanoparticles.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/pharmaceutics13081145/s1, Table S1: Characteristics of fluorescent dyes; Table S2: Physico-
chemical parameters of the PLGA nanoparticles labeled with DiI, rhodamine 123 and Cy5.5 (represen-
tative samples); Table S3: Influence of the PEG-PLGA/PLGA ratio on Cou6-labeled nanoparticle size
and the size distribution at the dye-to-polymer mass ratio of 1:170; Table S4: Influence of the Cou6-to-
polymer ratio (w/w) on the size distribution of PEG-PLGA-Cou6 nanoparticles (PEG-PLGA/PLGA
= 1:5, w/w, number of measurements = 4; mean ± SD); Table S5: Representative physicochemical
parameters of the double-labeled PLGA nanoparticles; Table S6: Conformer distribution in liquid
phases at 298.15 K and pH 7; Figure S1: Normalized spectra of the possible FRET pairs with Cy5.5
as acceptor. Top to bottom: rhodamine 123 (orange line) —Cy5.5 (blue line), DiI (purple line Cy5.5
(blue line), coumarin 6 (green line)—Cy5.5 (blue line). Absorbance spectra are in solid lines, and
fluorescence spectra are in dashed lines. The spectral overlap between a donor absorbance spectrum
and an acceptor excitation spectrum is an indication of the FRET efficiency. The efficiency of FRET is
shown with filling. The overlap between DiI/Cy5.5 is the greatest of the three pairs; Figure S2: Fluo-
rescence (solid line) and absorbance (dashed line) spectra of the PLGA-DiI/Cy5.5 nanoparticles. The
arrow shows the direction of FRET; Figure S3: Fluorescence (solid line) and absorbance (dashed line)
spectra of PLGA-Rh123/Cy5.5 NPs; Figure S4: Fluorescence (solid lines) and absorbance (dashed
line) spectra of the PLGA-Cou6/Cy5.5 nanoparticles.
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Abstract: Treatment of neurodegenerative diseases has become one of the most challenging topics
of the last decades due to their prevalence and increasing societal cost. The crucial point of the
non-invasive therapeutic strategy for neurological disorder treatment relies on the drugs’ passage
through the blood-brain barrier (BBB). Indeed, this biological barrier is involved in cerebral vascular
homeostasis by its tight junctions, for example. One way to overcome this limit and deliver neuro-
protective substances in the brain relies on nanotechnology-based approaches. Poly(lactic-co-glycolic
acid) nanoparticles (PLGA NPs) are biocompatible, non-toxic, and provide many benefits, including
improved drug solubility, protection against enzymatic digestion, increased targeting efficiency, and
enhanced cellular internalization. This review will present an overview of the latest findings and
advances in the PLGA NP-based approach for neuroprotective drug delivery in the case of neurode-
generative disease treatment (i.e., Alzheimer’s, Parkinson’s, Huntington’s diseases, Amyotrophic
Lateral, and Multiple Sclerosis).

Keywords: PLGA nanoparticles; neurodegenerative diseases; drug delivery; central nervous system;
neuroprotective drugs

1. Introduction

Neurodegenerative diseases (NDD) represent a major societal issue. For example, in
2015, more than 46.8 million people worldwide were affected by dementia [1] and over
6 million by Parkinson’s disease (PD) [2]. This number is increasing each year due to, in
particular, the population aging. NDDs are a complex group of diseases with no curative
treatments for the five most common and known of them: Alzheimer’s disease (AD),
Parkinson’s disease, Huntington’s disease (HD), Amyotrophic Lateral Sclerosis (ALS),
and Multiple Sclerosis (MS) (Table 1). These incurable and incapacitating diseases lead to
the progressive degeneration and death of nerve cells, causing troubles related to motor
disabilities or mental dysfunction (called dementias), considerably worsening patient
quality of life.

Therefore, the development of chronic treatments for NDDs both effective and easy
to administer remains a major challenge due to the necessary blood-brain barrier (BBB)
crossing to get drugs into the brain. This barrier filters and controls the passage of foreign
blood substances, potentially dangerous molecules or pathogens, and prevents them
from passing freely from the blood into the extracellular fluid of the brain’s gray matter.
In addition, the BBB protects the brain cells by regulating their environment (cerebral
vascular homeostasis, pH) against hormone and neurotransmitter variations, for example.
Thus, it offers strong resistance to the ion movement, allowing to maintain the brain
chemical balance and adjusting this environment to guarantee a perfect transmission of
signals between neurons. In addition, the existence of tight junctions (TJs) between each
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endothelial cell greatly limits the cerebral passage of numerous compounds (98% of the
substances cannot cross it) [3,4].

Table 1. Non-exhaustive description of most known neurodegenerative diseases.

Disease
Prevalence

(Per 100,000 Person)
Symptoms Affected Areas

AD 511–690 [5]
Memory impairment, changes in

thinking, judgment, language,
behavioral changes, etc.

Cortex, hippocampus,
brainstem

PD 100–200 [6]
Rest tremors, slowness of movement,

decrease of spontaneous mobility,
muscular stiffness, etc.

Basal ganglia, cortex

HD 5.96–13.7 [7] Motor disorders, breathing difficulties,
speech and swallowing disorders, etc.

Striatum and other basal
ganglia regions

ALS 3.92–4.96 [8]
Progressive muscle paralysis, muscle

atrophy, spasticity, breathing and
swallowing disorders, etc.

Motor cortex, spinal cord

MS 35.87–35.95 [9]
Numbness in a limb, vision problems,
electric shock sensations in a limb or
the back, movement problems, etc.

Brain, spinal cord, optic nerve

One way to overcome these drawbacks relies on nanotechnologies. This approach
presents various advantages such as drug protection, targeting, controlled release, or
interest in NDD treatment, the BBB crossing. A wide range of pharmaceutical nanocarriers
was developed, including liposomes, solid lipid nanoparticles, micelles, dendrimers, or
nanoparticles (NPs) [10,11].

Thanks to their physicochemical characteristics, such as their size, biocompatibility, or
low cytotoxicity, polymeric NPs represent very interesting tools for delivering neuroprotec-
tive agents for NDD treatments [12]. Indeed, their ability to cross biological barriers, their
versatility (encapsulation of either hydrophilic or hydrophobic drugs), or their targeting
ability (drug delivery to a specific body site decreasing the off-target toxicity) explains
the increasing interest for this approach. Among the polymers used for NP formulation
(natural or synthetic), the most widely used is the poly(lactic-co-glycolic) acid (PLGA).
This polymer has a double interest in the NDD treatment for its acidifying [13], particularly
for PD, and drug encapsulation properties [14].

In the following review, we propose a non-exhaustive summary of the last decade’s
advances in delivering neuroprotective substances via PLGA NPs for NDD treatment.
A focus will be made on the existing neuroprotective drugs such as phytol, rhynchophylline,
or curcumin to go to the potential new neuroprotective candidates, benefiting from the
PLGA NP vectorization.

2. PLGA NPs

Nowadays, PLGA NPs are a booming topic, especially for the development of NDD
treatments (more than 50 articles during the last 5 years on Scopus using “PLGA”, “nanopar-
ticles”, “neurodegenerative disease” as keywords). PLGA, a commercially available syn-
thetic copolymer obtained from lactic and glycolic acid, is approved by the US regulatory
agency (Food and Drug Administration: FDA) and the European Medicine Agency (EMA).
To date, not based on PLGA but poly-lactic acid (PLA), paclitaxel-loaded PEG-PLA mi-
celles have reached the market in South Korea, India, and Indonesia (Genexol® PM). It is
currently undergoing Phase III clinical trials for access to the EU and US markets. For the
NPs, only one Phase II clinical trial based on PEG-PLGA/PLA-PEG NPs (BIND-014) for
metastatic castration-resistant prostate cancer was reported [15]. However, in the case
of NDDs treatment, no PLGA NPs are currently on the market or in clinical trials, but
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are currently only at the preclinical stage [16]. Indeed, several pre-clinical studies based
on drug loaded nano-objects are in progress, including delivery of curcumin, levodopa,
cholesterol or rapamycin for AD, PD, HD and MS treatment. The advantage of the PLGA
NPs approach relies on their potential for drug encapsulation, excellent biocompatibility,
and biodegradability [17]. PLGA degradation by hydrolysis of its ester bonds in aque-
ous media releases its two constitutive monomers, which are naturally produced under
physiological conditions by several metabolic pathways [18,19]. Thanks to this property,
PLGA was reported as an active substance, notably for the treatment of PD since lactic acid
and glycolic acid decrease lysosomal pH [13,20]. For example, studies on pathological PD
models demonstrated that PLGA NPs reacidified defective lysosomes to basal level (pH 4),
restored lysosomal deleterious effects, due to PD-linked mutations, and overcame lysoso-
mal acidification impairments. The acidification also supports mitochondrial membrane
potential and neuronal survival in several models related to mitochondrial dysfunctions.

2.1. PLGA NP Formulation and Optimization

These last years, a wide variety of preparation techniques for PLGA NPs were reported
in the literature, i.e., single and double emulsion solvent evaporation, nanoprecipitation,
coacervation and spray-drying [14,21]. The single and double emulsion solvent evapo-
ration methods are the most frequently used: PLGA is dissolved into an organic phase
emulsified with an aqueous medium containing surfactants or stabilizers prior to solvent
evaporation and NP formation, corresponding to a single emulsion solvent evaporation
method [22]. The single method involves a two-phase process (oil in water O/W or water
in oil W/O) while three-phase are used with the double emulsion solvent method (O/W/O
or W/O/W). The main drawback of these two techniques is the use of shear stress during
the homogenization step leading to low protein encapsulation efficiency. To overcome this
drawback, the nanoprecipitation method may be beneficial. In that case, the organic solvent
containing PLGA is added dropwise to the aqueous medium, leading to NPs formation by
a rapid diffusion of the miscible solvent [23]. Nevertheless, the previous methods are not
the most appropriate for industrial scale-up, unlike spray drying, which transforms liquid
substances (sprayed in a thin stream of heated air) into powders [14].

Depending on the process used, amphiphilic, hydrophobic, or hydrophilic drugs can
be either loaded inside the NP core, trapped among the polymer chains, or adsorbed on
the NP surface (leading to burst release and potential off target effects). Even though a
low encapsulation efficiency characterizes PLGA NPs, in particular for hydrophilic drugs,
there is room for improvement by playing with the molecular weight (i.e., the higher the
molecular weight, the larger the NPs) or the poly(D,L-lactic acid) (PLA)/poly (D,L-glycolyc
acid) (PGA) ratio [24]. The latter parameter is directly related to the crystallinity degree and
the melting point of PLGA copolymers, and drives the capacity of polymers to undergo
hydrolysis. Indeed, PLA exhibiting methyl side groups is more hydrophobic than PGA,
leading to a slower degradation of PLGA NPs possessing a high PLA ratio [17].

Depending on the biomedical application, other parameters must be considered for NP
optimization such as particle size, polydispersity index (PdI), zeta potential (ζ potential),
drug loading, or encapsulation efficiency. It was reported that a diameter lower than 200
nm enables an increase of the in vivo half-life and a better membrane passage, which
are crucial for biomedical applications [25,26]. If the NP diameter is essential, the size
distribution, characterized by the Polydispersity Index (PdI), is just as important: the
smaller the PdI, the more homogeneous the population of NPs. Values of 0.2 and below
are commonly deemed acceptable in practice for biomedical applications of polymer-based
NPs [27]. To ensure a moderate colloidal stability of these nano-objects, a ζ potential below
−30 mV or above +30 mV is required to avoid coagulation or flocculation phenomena [28].
Moreover, the NP charge also impacts their biological effects: positively charged NPs
increase cellular uptake and cytotoxicity in nonphagocytic cells while negatively charged
NPs enhance cytotoxicity in phagocytic cells [29].
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Modulation of NP functionalization enables designing NP platforms to address many
issues, especially in the diagnostic, the active targeting, or the shielding fields (Figure 1) [30,31].
Regarding the diagnostic approach, probes (containing fluorescent moieties, isotopes, etc.)
are introduced inside the NP or at the surface, allowing the detection by different imaging
techniques: near-infrared, fluorescence, positron-emission tomography, or single-photon
emission computed tomography [30]. Another aspect is proper targeting to ensure the drug
delivery directly on site. Ligands such as proteins, polysaccharides, peptides, aptamers,
or small molecules are promising candidates in this approach [32]. For instance, tween 80,
also known as polysorbate 80, can adsorb apolipoprotein E onto PLGA NPs enabling the
binding of lipoprotein receptor-related proteins (LRPs), thus facilitating the BBB crossing [33].
This hydrophilic nonionic surfactant and emulsifier is usually used at 1% (w/v) to stabilize
aqueous formulations for parenteral administration. It is speculated that weak interactions
control the formation of an adsorbed monolayer of polysorbate 80 onto the nanoparticle
surface [34]. As a coating, polysorbate 80 presents some clinical advantages such as decreasing
the drug dosage (therefore reducing the potential side effects) or increasing its viability.
Nevertheless, liver and renal toxicity, hypersensitivity or erythema need to be monitored
to ensure treatment safety [35] About intranasal administration, the critical point relies on
the residence time of the drug. This problem can be addressed by using mucoadhesive
polymers, such as chitosan or specific ligands such as lectins [36]. A better binding to the
nasoepithelial surface increases the residence time and thus the drug bioavailability. The last
point to consider is the shielding of the nano-objects to reduce aggregation, opsonization,
phagocytosis, and immune clearance, which may otherwise decrease their circulation time
and their targeting efficiency. For this purpose, NPs are coated with several molecules such
as carbohydrates, proteins, or lipids, knowing that PEGylation remains the main strategy to
improve drug efficiency and gene delivery [37–39].

Figure 1. Schematic representation of PLGA NPs and their multiple potential functionalizations: for diagnostic, targeting,
shielding, or stability purposes [30] (NIR: Near-infrared; PET: Positron-emission tomography).

2.2. Administration Routes

Due to their incredible modularity and small size, PLGA NPs present numerous ad-
vantages for NDD treatments via different available administration routes [40]. Stereotaxic
surgery overpasses the BBB and thus directly delivers the drugs without peripheral drug
inactivation [41]. The main advantage of this approach is to be as precise as possible on
the target despite the technic invasiveness. Otherwise, other techniques such as enteral,
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parental, and intranasal routes represent good alternatives. The first two require crossing
the BBB through various mechanisms (simple diffusion, receptor, adsorption mediated
endocytosis, or carrier-mediated transport), depending on NP functionalization, with a
first pass effect decreasing the drug concentration on site in the case of enteral route [42,43].
The last one (intraneuronal absorption by a direct nose to brain delivery of the NP plat-
forms), allows a rapid and important active substance passage into the systemic circulation
without first-pass metabolism avoiding drug degradation. It offers the advantage of a
better patient compliance, due to the low invasiveness of the daily-based administrations,
and therefore represents a promising option for NDD treatment [44].

Two types of strategies can be considered with PLGA NPs for NDD therapy: as active
substances by themselves and as cargos for neuroprotective drugs.

3. PLGA NPs for Neuroprotective Drug Delivery in Neurological Disorder Therapy

Many neuroprotective medicines cannot reach the brain due to the lack of drug-specific
transport systems through the BBB. The development of new strategies based on PLGA
NPs to enhance brain drug delivery is of great interest in NDD therapy [45]. Indeed, even
if different pathologies are included in NDD, they all share common mechanisms such as
mitochondrial or oxidative injury, neuro-inflammation, apoptosis, and protein aggregation,
which contribute to neuronal loss mainly by the intrinsic mitochondrial apoptotic pathway
(Figure 2) [46,47]. The mitochondria complexes and mitochondrially located monoamine
oxidase B (MAO-B) are involved in the nitrogen and reactive oxygen species (ROS) production.
The dysfunction of these pathways is one characteristic of NDD as the neuro-inflammation
for AD, PD, and MS. Neuro-inflammation is a defense mechanism that initially protects
the brain by removing or inhibiting diverse pathogens. In the case of NDD, it involves
abundant activated microglia inhibiting amyloid-beta (Aβ) phagocytosis contributing to
plaque accumulation. These mechanisms are targets of choice for treating protein aggregation
diseases (proteinopathies) such as AD, PD, HD, ALS, and MS.

Figure 2. Pathological targets for active substances in the case of the most common NDDs: protein
aggregation, oxidative stress, inflammation, mitochondrial, and metabolism dysfunction.

To act on the mechanisms involved in NDDs, the new trend relies on the encapsulation
of specific active compounds (natural or synthetic) into PLGA NPs (Table 2).
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3.1. Alzheimer’s Disease

AD is the most common neurodegenerative disease responsible for a progressive
decline in cognitive functions. The association of two neuropathological brain lesions char-
acterizes this pathology: extracellular Aβ protein and intracellular hyperphosphorylated
tau protein deposits [48,49]. Over time, neurodegeneration occurs in the brain regions
related to memory and language, from the hippocampal region to the entire cerebral cortex,
explaining the progression of the symptoms to aphasia, apraxia, visio-spatial, and execu-
tive function disorders [50]. The causes of protein aggregation, into amyloid deposits and
neurofibrillary degeneration, are still unknown, but genetic and environmental factors may
contribute to their appearance [51]. The protein aggregation may, in turn, induce oxidative
stress (OS) leading to neuroinflammation [52]. OS results from an imbalance between the
production of free radicals and their detoxification rates by the SuperOxide Dismutase
enzyme (SOD) especially.

There is currently no cure for AD, only palliative strategies (tacrine, rivastigmine, etc.)
to limit its progression and improve the patient’s quality of life, opening the doors for the
nanotechnology approach and more especially the PLGA NP one (Table 2).

3.1.1. Thymoquinone

As previously said, AD is linked to protein (i.e., Aβ) aggregation which may, in turn,
induce oxidative stress leading to neuro-inflammation. Yusuf et al. designed PLGA NPs
loaded with thymoquinone (TQ), a phytochemical compound, to act on this aspect in animal
models due to its potent antioxidant and anti-inflammatory properties (Figure 3) [53,54].
Male albino mice administered with Streptozotocin (SZT) (mimicking AD oxidative stress
by a decrease of SOD activity) were treated with TQ loaded PLGA NPs, coated with
polysorbate 80 (P-80-TQN). These NP were prepared by the single-emulsion solvent-
evaporation method, leading to spherical nano-objects with an average size of 226 ± 4.6 nm
and −45.6 ± 2.6 mV as ζ-potential. In vitro, TQ release assessment was characterized by
an initial burst for 2 h (drug diffusion from the NP surface and by the beginning of PLGA
matrix erosion) followed by a longer sustained release (stabilized dipole-dipole interactions
taking place between TQ and PLGA components). The P-80-TQ NPs successfully crossed
the BBB by endocytosis through LDL receptors (mediated by the polysorbate coating).
Once on-site, these systems significantly affected SOD activity (increase) from day 7 to day
28. Concurrently, an animal and cognition test (Despair test) was undertaken to highlight a
meaningful improvement after NP injection, further confirming their beneficial role. Finally,
histopathological examinations of brain hippocampal tissues, before and after P-80-TQ NP
treatment (5 mg.kg−1 equivalent), showed a drastic size reduction of the protein aggregate
generated by the STZ-induced AD in mice.
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Figure 3. Chemical structures of the three described compounds encapsulated into PLGA NPs for AD treatment (Thymo-
quinone (A), Huperzine A (B), and Rhynchophylline (C)).

3.1.2. Huperzine A

Meng et al., developed an intranasal drug delivery system (DDS) as PLGA NPs loaded
with Huperzine A (HupA) (Figure 3) co-modified with lactoferrin (Lf) to enhance nose-
to-brain delivery and N-trimethylchitosan (TMC) for easier mucoadhesion [55]. HupA
possesses neuroprotective effects especially in the treatment of AD. Still, it displays a poor
brain selectivity resulting in several side effects (including nausea, diarrhea, vomiting, . . . ),
justifying the need for a more specific DDS [56]. NPs were formulated by the single-emulsion
solvent-evaporation method with maleimide-TMC, allowing the further conjugation of thio-
lated Lf on the maleimide moiety leading to the Lf-TMC-NPs. No cytotoxicity was observed
for free HupA and HupA-loaded NPs concentrations ranging from 12.5 to 25 µg.mL−1

against human bronchial epithelial cell lines (16HBE) used as a model of nasal mucosa
cells. The mucoadhesive assessment was evaluated by mucin adsorption onto NPs with
a binding efficiency up to 86% compared to unmodified PLGA NPs (32%). Lf-TMC NPs
achieved a boost release of HupA in vitro within 4 h followed by a sustained release of
74.5% at 48 h. The cellular uptake of NPs was assessed using 16HBE and SH-SY5Y (human
neuroblastoma cell line) cells as brain cell models, using nile red-loaded NPs. They were
taken up in both cell lines with a significantly higher fluorescence intensity for Lf-TMC
NPs than unmodified NPs or even TMC-NPs. The same trend was explicitly observed
in vivo after intranasal administration of DiR-loaded NPs in mice. A strong signal was
obtained with TMC-NPs in the brain, attributed to a better nose-to-brain drug delivery and
mucoadhesion provided by TMC. Furthermore, an even larger Lf-TMC NPs was localized in
the brain, suggesting a Lf-mediated transport mechanism. Finally, following the intranasal
administration of HupA loaded NPs, pharmacokinetics exhibited a minimal elimination
rate associated with a greater bioavailability of Lf-TMC NPs, particularly in the olfactory
bulb and the memory-related hippocampus.

3.1.3. Rhynchophylline

Rhynchophylline (RIN) is a spirocyclic alkaloid isolated from Uncaria species that
exhibits numerous pharmacological activities, including neuroprotective effect (Figure 3) [57].
In the case of AD, RIN inhibits soluble Aβ-induced hyperexcitability of hippocampal neurons.
In 2020, the first study on the design and development of brain-targeting therapy for AD
using RIN administration was published by Xu et al. [58]. Tween 80 coated methoxy poly
(ethylene glycol) PLGA NPs were prepared by nanoprecipitation technique to enhance the
pharmacological activity of RIN and targeting purposes. No hemolysis occurred using
T80 coated RIN loaded PLGA NPs, suggesting that these NP suspensions were safe to use.
Internalization into bEnd.3 cells was confirmed by confocal laser scanning microscopy, using
DiD fluorophore-loaded PLGA NPs; T80 coated NPs exhibited higher permeation. To go
further, an in-vitro BBB model, with bEnd.3 cells, was developed to study the crossing of such
nano-systems and demonstrated their higher transport compared to free RIN or uncoated
RIN loaded NPs. The benefits of using T80 for targeting brain was then highlighted in vivo in
healthy C57BL/6 mice. Finally, survival rate of PC12 cells injured by Aβ25–35 was improved
by incubation with T80 RIN NPs, and cell apoptosis was significantly reduced. These results
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confirmed that encapsulation did not affect RIN neuroprotective effects, demonstrating the
great potential of loaded PLGA NPs for NDD therapy.

3.2. Parkinson’s Disease

PD is the second most common NDD after AD. Three characteristic motor symptoms
are associated with Parkinson’s syndrome: tremor, akinesia (slowness of movement), and
limb rigidity [59]. The disease hallmarks are defined by a selective neuronal dopaminergic
loss in specific brain regions, and deposits of misfolded proteins through the presence of
α-synuclein aggregates (Lewy bodies, LB). Other pathophysiological symptoms include
altered dopamine metabolism, impaired mitochondrial function, oxidative stress, and
inflammation. Nowadays, no cure is available for AD, but symptomatic treatments, such
as L-dopa (dopamine precursor), can reduce the motor symptoms. This lack of therapeutic
alternatives paves the way for the nanotechnology approach, especially using the PLGA
system, since this compound was proved biologically active in PD treatment [13,20]. Com-
bining PLGA with active drugs could thus constitute a good option to achieve a synergistic
action on PD (Table 2).

3.2.1. Schisantherin A

Schisantherin A (SA) is a dibenzocyclooctadiene with neuroprotective activity against
MPP(+) (or 1-methyl-4-phenyl pyridinium, a toxic molecule interfering with oxidative
phosphorylation in mitochondria), thus a potential candidate for neuron loss treatment
in PD (Figure 4) [60]. In 2017, Chen et al., prepared spherical SA-NPs (ø: 70.6 ± 2.2 nm),
by flash nanoprecipitation method, stable for one week at room temperature [61]. For oral
administration purposes, the in vitro drug release studies were conducted in a simulated
gastric fluid with pepsin (SGF, pH 1.2), a simulated intestinal fluid with trypsin (SIF, pH
6.8), and PBS at physiological pH (7.4). All conditions gave an almost similar release
pattern with a burst release (25%) in the initial 1 h followed by a sustained release reaching
90–94% at 48 h. DiO and DiI fluorophores were loaded into the NP to form FRET-NPs
of similar sizes concerning SA-NPs and were stable for more than four weeks, which is
required for cellular uptake studies. MDCK cells were incubated with the fluorescent NPs
for 2 h and only a moderately decrease of the FRET signal was observed, indicating a
slow intracellular release. The epithelial transport of NPs was also assessed with the same
FRET-NPs and showed that a fraction of intact NPs was transported from the apical to the
basolateral side. In vivo biodistribution studies in adult zebrafish after oral administration
for 2 h showed a fast absorption of NPs into the blood circulation before reaching the
brain. Similarly, after oral administration of SA-NPs to rats, they directly reached the
systemic circulation with a decreased SA elimination rate in plasma (vs. control) and even
more in the brain, suggesting specific brain targeting properties of this system. Finally,
the neuroprotective effect of SA-NPs was evaluated using an MPTP-induced zebrafish
model of PD; a decrease of the MPTP-induced neurotoxicity (vs. control), involving the
Akt/Gsk3β signaling pathway activation, was observed.
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Figure 4. Chemical structures of the three described compounds encapsulated into PLGA NPs for PD treatment (Schisan-
therin A (A), Puerarin (B), and Rasagiline (C)).

3.2.2. Puerarin

Puerarin (PU) is a flavonoid glycoside, widely used in China, extracted from the root of
the leguminous plant, Pueraria lobata, and Thomson Kudzuvine Root (Figure 4). Puerarin
displays a series of beneficial activities notably neuroprotection, antioxidant, etc. [62].
In 2019, Chen et al., described the development of PU-loaded PLGA NPs to treat PD while
enhancing half-life (pharmacokinetic study in rats) and bioavailability of the drug [63].
Homogeneous suspensions (ø: 88.4 ± 1.7 nm and PdI: 0.047 ± 0.007) of NPs were prepared
by nanoprecipitation. Cytotoxicity and internalization of this formulation were investigated
in MDCK cells after 24 h and 48 h. Overall, PU-loaded PLGA NPs exhibited no significant
toxicity, and the uptake was confirmed. For oral administration purposes, the in vivo drug
release studies were conducted in adult zebrafish; an effective brain uptake was observed
using FRET-NPs (DiO and DiI fluorophores). In a dose-dependent manner (from 10 to
50 µM), PU NPs prevented cell death (SH-SY5Y cells) by decreasing MPP+ neurotoxicity
and mitochondrial oxidative stress. Finally, PU-loaded NPs improved behavioral deficits,
TH-positive neuron loss and associated mobility impairments (i.e., bradykinesia, fall latency,
number of falls, average travel distance or speed), and restored dopamine level and MPTP-
mediated neurotoxicity in mice.

3.2.3. Rasagiline

Rasagiline (RA) is a selective irreversible second-generation MAO-B inhibitor, which
can be used both as monotherapy and as co-adjuvant therapy in combination with levodopa
to treat PD (Figure 4) [64,65]. RA efficacy was evaluated using the Unified PD Rating
Scale (UPDR). It showed that patients taking the lowest dose at the earliest possible
time had slightly better benefic effects at 18 months than patients who received this
dose only at 9 months [66]. To overcome poor solubility issues, low bioavailability and
half-life, Bali and Salve designed transdermal films of gellan gum on which RA mesylate-
loaded PLGA NPs were embedded [67]. This administration route was a novel approach
for the sustained release of NPs. The nano-objects were prepared by double emulsion
solvent evaporation technique and characterized by DLS (ø: 221.7 ± 5.7 nm) and field
emission scanning electron microscopy (FE-SEM). A relatively high PdI (0.388 ± 0.86)
was observed, suggesting a heterogeneous suspension. An in vivo study in Wistar rats
highlighted an enhanced brain bioavailability using RA-PLGA NPs. Transdermal films
slowed down the initial drug release rate followed by a constant release for more than
72 h compared to intravenous or oral administration. The sustained release of RA restored
presynaptic depletion of dopamine, inhibited MAO-B enzyme, and prevented neuronal
damage caused by oxidative stress in PD model. Finally, gamma scintigraphy study was
performed to evaluate BBB permeation and targeting efficiency using 99mTC-loaded PLGA
NPs embedded transdermal film. It was observed that PLGA NPs are targeted from
dorsal part toward the brain region of rats. Overall, this study appeared promising for the
development of an easy-to-administer DDS able to cross the BBB and target the brain.
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3.3. Huntington’s Disease

Described in 1872 by George Huntington, HD is a genetic and hereditary disease, due
to the mutation of the gene IT15, resulting in the repeat expansion of CAG trinucleotide,
coding for the huntingtin protein (mHtt) [68]. Symptoms of HD often appear between
the ages of 30 and 50 years old with the onset of progressive motor (involuntary jerk-
ing/writhing movements known as chorea, rigidity, muscle contracture, etc.), behavioral
(dementia, difficulty of organization and learning) and psychiatric disorders (feelings of
irritability, insomnia) [69]. These troubles are associated with the death of striatal neurons
in the cortex, the striatum hippocampus and other brain regions such as the thalamus,
subthalamic nucleus, and substantia nigra pars reticulate in advanced cases of HD [70,71].
The mutation of the gene IT15 leads to an accumulation of mHtt proteins and formation of
toxic neuronal intranuclear inclusions (NIIs). The only drug approved by the regulatory
agencies is the tetrabenazine (TBZ) for the symptomatic relief [72]. Research in the area
is thus very interesting to expand the therapeutic arsenal, especially via the PLGA NP
approach (Table 2).

3.3.1. Oligonucleotides QBP1, NT17, and PGQ9P2

Published in 2019, Joshi et al., designed peptide-loaded PLGA NPs coated with
polysorbate 80 to act on mHtt aggregation. QBP1, NT17, and PGQ9P2 are oligonucleotides
exhibiting great inhibitory potential against mutant huntingtin protein aggregation [73,74].
In this study, nanoprecipitation peptide-loaded PLGA NPs were prepared to obtain NPs
from 158 to 180 nm in diameter with a low PdI (<0.100) and a ζ potential between −23.3
and −27.5 mV. Polysorbate 80 coating enabled an active targeting to the brain, while
improving peptide bioavailability and half-life. Overall, in vitro studies performed using
Madin-Darby canine kidney (MDCK) cells suggested that transcytosis was facilitated by
absorption of apolipoprotein E (ApoE) and low-density lipoprotein (LDL) receptors. Neu-
tral red PLGA NPs were used to conduct in vivo study in healthy mice and confirmed the
higher concentration in the brain of polysorbate 80 coated NPs compared to uncoated NPs.
The peptide-loaded PLGA NPs displayed dose dependent inhibition of mHtt aggregation
in both Neuro 2A and PC12 cell models. Finally, using Drosophila model of HD, their
ability to improve motor performance was evaluated; after feeding larvae and adult flies
with high NT17 and QBP1 concentrations; higher crawling and climbing activities were
observed, compared to the control group.

3.3.2. Cholesterol

Cholesterol is a lipid of the sterol family produced by cells and found in food. It is an
essential element for synthesizing many hormones, neurotransmitter release, membrane
structure, vesicle assembly and fusion. Recently, cholesterol metabolism in the central
nervous system of HD patients was described as significantly altered, leading to brain mal-
formations and impaired cognitive functions (Figure 5) [75,76]. A study by Valenza et al.,
reported the delivery of cholesterol using PLGA NPs to treat HD [77]. Homogenous and
monomodal suspensions (ø: 200–300 nm, PdI: 0.09–0.3, dose-dependent) of cholesterol-
loaded NPs were prepared with various cholesterol concentrations (1, 5, to 10 µM). In vitro
studies showed an initial burst release during the first days followed by a constant release
(5–10 days), and an internalization into neuron and astrocyte models of HD. In vivo assays
in R6/2 mice highlighted that cholesterol PLGA NPs crossed the BBB and restored electro-
physical phenotypes such as synaptic transmission in striatal medium-sized spiny neuron
impairment. Finally, cholesterol supplementation did not significantly improve behavioral
issues (locomotion, resting time, rearing) but slowed down the disease progression. Using
a novel object recognition test for cognitive task evaluation, the cholesterol treated mice
group appeared to benefit from the drug with resolved memory deficits.
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Figure 5. Chemical structure of cholesterol encapsulated into PLGA NPs for HD treatment.

Even if the therapeutic arsenal for HD treatment is limited to TBZ, the current studies
open the way to new promising tools.

3.4. Amyotrophic Lateral Sclerosis

ALS, also known as Lou Gehrig’s disease, is a NDD involving the motor neurons
(motoneurons) located in the anterior horn of the spinal cord and the motor nuclei of the
last cranial nerves. ALS results in a progressive paralysis of the muscles responsible for
voluntary motor skills. The symptoms go from muscle twitching, cramping, stiffness, weak-
ness, involuntary jerking movements, tremors, to phonation (the production of sounds)
and swallowing [78]. No curative treatment is available, and only riluzole is used to delay
the disease evolution [79]. New developments of therapeutics for ALS treatment would be
very beneficial (Table 2).

PHA-767491

PHA-767491 (PHA) is the first cell division cycle seven kinase inhibitor described as a
molecule preventing neurodegeneration, especially in the treatment of ALS (Figure 6) [80].
PHA prevents phosphorylation by CDC7 of TDP-43, a nuclear protein encoded by TARDBP
gene-regulating several RNA processes as transcription, mRNA transport, and microRNA
biosynthesis. To address low permeability, rapid metabolism, and unspecific distribution
issues, Rojas-Prats et al., used PHA-loaded PLGA NPs [81]. They were prepared by nanopre-
cipitation method and observed by SEM microscopy using gold-coated NPs. The obtained
nano-objects exhibited a 141–155 nm diameter with a low PdI (≤0.15) characteristic of a
monodisperse suspension. Encapsulation of PHA was controlled and confirmed by imaging
PHA fluorescence using confocal laser scanning microscopy. An encapsulation efficiency
of 12–18% and a drug loading of 2–4% were determined by HPLC. Using porcine lipid
to emulate the human BBB, PHA crossing was enhanced, being loaded in the PLGA NPs
compared to free PHA. Finally, in vitro assays, in the SH-SY5Y cell model of TDP-43 phos-
phorylation, highlighted a significant protection of neuronal cells from death and decreased
TDP-43 phosphorylation.

Figure 6. Chemical structure of PHA-767491 encapsulated into PLGA NPs for ALS treatment.

253



Pharmaceutics 2021, 13, 1042

3.5. Multiple Sclerosis

Multiple sclerosis (MS) is a chronic autoimmune inflammatory disease and NDD that
attacks the CNS, particularly the brain, nerves, and spinal cord [82]. It involves various
pathogenic mechanisms leading to inflammatory infiltrates (T cells, B cells, macrophages)
and alteration of the myelin, which forms a protective sheath around the nerve endings,
and thus of nerve impulse transmission. Symptoms vary depending on the localization of
the attacks: limb numbness, vision troubles, electric shock sensations in a limb or the back,
movement dysfunctions, etc. Nowadays, over a dozen therapeutic agents reducing the
number of attacks and delaying MS progression are approved by the regulatory agencies.
A few of them may be vectorized by PLGA NPs to treat some MS symptoms (Table 2) [83].

3.5.1. Interferon-Beta-1a

Interferon-beta-1a (IFN β-1a) is a naturally occurring protein produced by various cell
types including fibroblasts and macrophages. Binding specific receptors exert its biological
effect on the human cell surface to slow down MS progression [84]. To decrease drug
dosage and improve its controlled release, Fodor-Kardos et al., designed IFN β-1a-loaded
PEG-PLGA NPs by double emulsion solvent evaporation method with great encapsulation
efficiency (95.9%) [85]. According to the used technic: 165 nm (PdI: 0.093) by DLS or 50–120
nm by SEM, differences in the NP size were observed by SEM, linked to the hydration of
the sample. BSA loaded NPs were also prepared as a model for release kinetics comparison:
a significant slower release was observed in the case of PEG-PLGA NPs compared to
simple PLGA NPs. Cyanine 5 amine fluorescent dye was conjugated to the NPs to confirm
the cellular uptake and the absence of cytotoxicity in vitro in hepatocytes. Finally, in vivo
toxicity studies were performed on healthy Wistar male rats. In the first step, the loaded
NPs exerted some toxicity due to the fabrication process and potential remains of solvent,
while the unloaded ones were safe to use. In the second step, the formulation process
was modified to nanoprecipitation, however mild toxic signals were observed for blank
PLGA and PEG-PLGA NPs. To go further, a new formulation process will be required to
obtain IFN β-1a-loaded PEG-PLGA NPs without or with low in vivo toxicity allowing to
investigate the neuroprotective effect of the system.

3.5.2. Leukemia Inhibitory Factor

Leukemia Inhibitory Factor (LIF) is a neural stem cell growth factor belonging to
the interleukin-6 family of cytokines. LIF plays an important role in different biological
processes, including differentiation of leukemia cells, inflammatory response, neuronal
development, etc. [86]. Recent evidence has demonstrated a crucial role of LIF in neuropro-
tection, axonal regeneration as well as the prevention of demyelination [87]. Preliminary
studies to design and prepared PLGA-NG2 NPs, by double emulsion solvent preparation
method, as carrier for LIF were performed by Rittchen et al. [88]. Anti-NG2 antibodies,
targeting oligodendrocyte precursor cells (OPCs), were attached on the avidin coated
NPs. LIF-loaded PLGA NPs were characterized by scanning electron microscopy on a
size (126 ± 50 nm) and morphological levels before performing biological assays. In vitro
studies attested of the targeting efficiency toward OPCs, and of LIF activity. To eval-
uate the CNS remyelination properties of NG2-targeted LIF-NPs, in vivo assays were
performed on a mouse brain model having received a stereotaxic injection of myelin toxin,
lysophosphatidylcholine, into the Corpus callosum. Remyelination was quantified us-
ing electron microscopy by measuring the percentage of myelinated axons and myelin
thickness. Overall, NG2-targeted LIF-PLGA NPs induced maturation of OPCs to myelin-
competent oligodendrocytes within three days and promoted high-quality myelin repair.

3.5.3. Proteolipid Protein (PLP139–151)

In 2020, Ferreira Lima et al., designed antigen (PLP139–151) loaded PLGA NPs using
the double emulsion solvent evaporation method to induce antigen-specific tolerance,
regulate immune responses, as well as withstand multiple immunogenic challenges in a MS
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model. Indeed, this protein was identified as a potent tolerogenic molecule in MS disease.
Immunization with this peptide induced experimental autoimmune encephalomyelitis
(EAE) in an animal model of MS. Various PLP loaded NPs were prepared with an average
diameter of 195.1 ± 10.1 nm for a drug loading of 20%. However, a low encapsulation
efficiency (over 60% of PLP not encapsulated) was observed, as well as a complete drug
release within the first hours requiring formulation improvements. NPs were incorporated
into polymeric microneedles to design a minimal invasive administration system. However,
no biological evaluation of the neuroprotective properties of PLP encapsulated PLGA NPs
were performed, requiring further studies to confirm their interest.
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Table 2. Non-exhaustive summary of neuroprotective drugs vectorized by the PLGA NP approach for NDD treatment (D.L.: Drug Loading, E.E.: Encapsulation Efficiency).

Active Substance Encapsulation Method NP Properties Model of Use Neuroprotective Activities Ref.

Alzheimer’s Disease

Rosmarinic acid Emulsion/solvent diffusion

ø: 60 to 80 nm
PdI: 0.047

ζ potential: 2 to 8 mV
E.E.: 25 to 40%

In vitro: HBMECs, Has and
Aβ-insulted SK-N-MC cells

Eliminate peroxynitrite anions
Reduce inflammatory responses

Disrupt the integrity of HBMEC cytoskeletal
microfibrils

Decrease the structural density of TJ
Increase the permeability and reduce the TEER
by targeting HBMECs with the use of 83-14 Mab

[89]

Curcumin
Curcuma longa

Single emulsion/solvent
evaporation

ø: 150 to 200 nm
ζ Potential: −30 to −20 mV In vitro: GI-1 glioma cells

Inhibit Aβ fibril formation
Reduce brain amyloid level and plaque burden

Free-radical scavenging activity
[90]

Rhynchophylline
Uncaria rhynchophylla

Nanoprecipitation

ø: 145.2 nm
PdI: 0.133

D.L.: 10.3%
E.E.: 60%

In vitro: bEnd.3 and PC12
cells

In vivo: healthy C57BL/6
mice

Inhibit soluble Aβ-induced hyperexcitability of
hippocampal neurons

Reduce cell apoptosis significantly
[58]

Quecertin Double emulsion/solvent
evaporation ø < 145 nm

In vitro: human neuronal
cells (SH-SY5Y)

In vivo: BALB/c mice

Inhibit AChE and secretase enzymes
Disrupt amyloid aggregates

Prevent and inhibit Aβ1-42 fibrils formation
Dissolve Aβ1-42 aggregates

[91]

iA β5 Nanoprecipitation

ø: 153 to 166 nm
PdI: 0.090 to 0.100

ζ potential: −10.1 to −13 mV
E.E.: 63 ± 9%

Porcine brain capillary
endothelial cells N/A [92]

Phytol Emulsion/solvent
evaporation

ø: 177.4 ± 5.9 nm
ζ potential: −32.8 ± 2.2 mV

D.L.: 56%
E.E.: 92%

In vitro: Neuro2a cells
In vivo: healthy male Wistar

rats, rats injected with
scopolamine

Anti-cholinesterase and anti-oxidative
Disrupt amyloid aggregates

Attenuate the impairment of learning and
memory induced by scopolamine in rat brain

Prevent oxidation of proteins and lipids against
scopolamine-induced oxidative damage

[93,94]
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Table 2. Cont.

Active Substance Encapsulation Method NP Properties Model of Use Neuroprotective Activities Ref.

Alzheimer’s Disease

Thymoquinone Single emulsion/solvent
evaporation

ø: 226.3 ± 4.6 nm
PdI: 0.143

ζ potential: −45.7 ± 2.6 mV
E.E.: 69.5 ± 3.0%

In vivo: STZ-induced
Alzheimer model mice

Act on neurosis, ROS formation, free radical
scavenging capacity, etc.

Prevent Aβ aggregates and
hyperphosphorylated τ-protein tangles

[53]

Nigella sativa oil and
Plasmid DNA Modified solvent diffusion

ø: 600 to 700 nm
PdI: 0.229

ζ potential: + 35.6 mV
D.L.: 13.0%
E.E.: 73.8%

In vitro: murine
neuroblastoma (N2a) cells

Inhibit radicals O2
Promote neurite outgrowth and

neuroregeneration
[95]

Anthocyanins Natural
pigments

Emulsion/solvent
evaporation

ø: 165 nm
PdI: 0.400

ζ potential: −12 mV
E.E.: 60%

In vitro: human neuronal
cells (SH-SY5Y)

Inhibit Aβ1–42-induced ROS generation
Anti-oxidant [96]

Huperzine A Emulsion/solvent
evaporation

ø: 78.1 to 153.2 nm
PdI: 0.182 to 0.229

ζ potential: −21.2 to +35.6 mV
D.L.: 5 to 25%

E.E.: 83.2 to 73.8%

In vitro: 16HBE and SH-SY5Y
cells

In vivo: KM mice

Inhibit acetylcholinesterase
Disrupt amyloid aggregates [55]

Selegiline
Methamphetamine

derivative

Emulsion/solvent
evaporation

ø: 217 to 246 nm
PdI: 0.295 to 0.331

ζ potential: 34.7 to 38.0 mV
E.E.: 3.3 to 11.7%

In vitro: fibrils (fAβ1-40 and
fAβ1-42)

Inhibit MAO-B and Aβ fibrils formation
Increase the destabilizing effects of the drug by

increasing selegiline concentration and
incubation time

[97]

Parkinson’s Disease

Schisantherin A Flash nanoprecipitation

ø: 70.6 ± 2.2 nm
PdI: 0.104 ± 0.012

ζ potential: −24.7 ± 3.5 mV
D.L.: 28.0 ± 0.8%
E.E.: 91.1 ± 2.6%

In vitro: SH-SY5Y and
MDCK cells

In vivo: larval zebrafish,
MPTP-induced zebrafish and

male Sprague-Dawley rats

Reduce tyrosine hydroxylase
TH+ DA neuronal death

Prevent MPTP-induced decrease in TH+ region
Reverse locomotor deficiency

Stronger neuroprotective effects in MPP+
-induced SH-SY5Y cell injury model

[98]
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Table 2. Cont.

Active Substance Encapsulation Method NP Properties Model of Use Neuroprotective Activities Ref.

Alzheimer’s Disease

Puearin Antisolvent precipitation

ø: 88.4 ± 1.7 nm
PdI: 0.047 ± 0.007

ζ potential: −18.9 ± 2.8 mV
D.L.: 43.0 ± 1.6%
E.E.: 89.5 ± 1.7%

In vitro: MDCK and
SH-SY5Y cells

In vivo: zebrafish and their
embryos, male

Sprague−Dawley (SD) rats,
male

C57BL/6 mice (with MPTP
group)

Reduce tyrosine hydroxylase
TH+ DA neuronal death

Reduce behavioral deficits and associated
mobility impairments in MPTP-mediated

neurotoxicity in mice
Reduce TH+ neuron loss and associated

neurotoxicity

[63]

Levodopa Double emulsion/solvent
evaporation

ø: 329.0 to 383.7 nm
PdI: 0.384 to 0.426

ζ potential: −4.5 to −20.8 mV
E.E.: 50.5 to 73.0%

In vitro: PC12 cells
In vivo: healthy CD57/BL6

mice (with MPTP group)

Improve locomotor activity over time
Improve brain delivery by intranasal route

Enhance dopamine concentration in the brain
compared to the blood

[99]

Rasagiline Double emulsion/solvent
evaporation

ø: 221.7 ± 5.7 nm
PdI: 0.388 ± 0.860

ζ potential: −36.1 ± 4.4 mV
E.E.: 29.2 ± 1.8%

In vivo: healthy and
Parkinson Wistar rats

Inhibit MAO-B enzyme
Prevent neuronal damage caused by oxidative

stress
[67]

Huntington’s Disease

Peptides QBP1, NT17,
and PGQ9P2 Nanoprecipitation

ø: 158 to 180 nm
PdI: 0.031 to 0.066

ζ potential: −23.3 to −27.5 mV

In vitro: MDCK, Neuro 2A
and PC12 cell model of HD

In vivo: healthy mice,
Drosophila, larvae, and adult

fly model of HD

Inhibit mHtt aggregation
Restore motor activity [74]

Cholesterol Nanoprecipitation

ø: 200 to 300 nm
PdI: 0.090 to 0.300

ζ potential: −8 to −12 mV
D.L.: 0.7 to 2.5%
E.E.: 48 to 68%

In vitro: neural stem (NS) cell
model of HD

In vivo: genotyping of R6/2
mouse

Restore synaptic alterations and delaying
cognitive [77]

Amyotrophic Lateral Sclerosis
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Table 2. Cont.

Active Substance Encapsulation Method NP Properties Model of Use Neuroprotective Activities Ref.

Alzheimer’s Disease

PHA-767491 Nanoprecipitation

ø: 141 to 155 nm
PdI ≤ 0.150
D.L.: 24%

E.E.: 12 to 18%

In vitro: SH-SY5Y cell model
of ALS Reduce TDP-43 phosphorylation [81]

Multiple Sclerosis

Interferon-β-1a Double emulsion/solvent
evaporation

ø: 150 to 165 nm
PdI: 0.081 to 0.093

ζ potential: 17.7 to 18.8 mV
D.L.: 0.7 to 2.5%

E.E.: 95.9%

In vitro: human blood
plasma, primary hepatocytes

from male Wistar rats
In vivo: Wistar male rats

N/A [85]

LIF Double emulsion/solvent
evaporation ø: 126 ± 50 nm

In vitro: oligodendrocyte
precursor cells from neonatal

Sprague–Dawley rats

Induce maturation of OPCs to
myelin-competent oligodendrocytes within 3

days
Promote high-quality myelin repair

[88]

Proteolipid Protein Double emulsion/solvent
evaporation

ø: 195.1 ± 10.1 nm
PdI: 0.220

ζ potential: −20 mV
D.L.: 20%
E.E.: 40%

N/A N/A [100]
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4. New Candidates for PLGA NPs Vectorization

Many active substances with neuroprotective activities remain to be evaluated for
the PLGA NP approach to improve their brain delivery [101–115]. Some of them, such as
trehalose, exhort numerous properties ranging from anti-inflammatory to anti-oxidant,
which can potentially be applied for out of current applications and NDDs treatment.
Trehalose is a non-reducing disaccharide that has been widely used in the food industry
(Figure 7). Still, it has also recently shown many unique properties, indicating its potential
use in preventing neurodegeneration [105]. It may act as a potent stabilizer of proteins,
preserving protein structural integrity and, as an mTOR-independent autophagy inducer,
improving the clearance of the mutant proteins that act as autophagy substrates when
aberrant protein deposition occurs. Trehalose treatment reduced the level of toxic protein
aggregates, which in turn improve behavioral symptoms and survival in animal models of
NDDs including AD [106], PD [107,108], and HD [109]. However, trehalose can be cleaved
by trehalase, an enzyme observed in different mammalian organs [110]. Therefore, PLGA
NPs could be interesting candidates to protect trehalose from degradation and improve
its bioavailability.

Figure 7. Chemical structures of the four described compounds for AD and PD treatment (Trehalose (A), Salvianolic acid B
(B), Tanshinone IIA (C), and Panax notoginsenoside Rb1 (D)).

Another good example is the association of salvianolic acid B (Sal B), tanshinone IIA
(TS IIA), and panax notoginsenoside (PNS) (Figure 7), which demonstrated neuroprotective
effects on cerebral ischemia reperfusion (I/R) injury. In 2013, Zhang and coworkers
encapsulated them into PLGA NPs for brain delivery via the intratympanic route (inner
ear administration) [111]. Homogeneous suspensions were obtained by double emulsion
solvent evaporation method and composed of particles with a mean diameter of 154 nm.
In vitro, loaded PLGA NPs exhibited an excellent sustained release of 76% and 93% of the
drug after 72 h for Sal B and PNS, respectively. A slower release was observed for TS IIA
(23.6% after 72 h), explained by the drug low solubility in the medium. Pharmacokinetic
studies revealed that PLGA NPs improved drug distribution within the inner ear, the CSF,
and the brain after intratympanic administration demonstrating the usefulness of this route
to deliver drugs without BBB crossing. The anti-oxidant activity of such nanosystems was
then evaluated since recent studies confirmed that oxidative stress (SOD, MDA, NOS, ROS
and NO) plays a role in the pathogenesis of I/R injury. The lipid peroxidation evaluation
showed that drug-loaded PLGA NPs exhibited neuroprotection by regulation of SOD,
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MDA, and NOS levels, especially a decrease of MDA and NOS levels validating the anti-
oxidant properties of Sal B, TS IIA, and PNS. Combining these compounds with PLGA NPs
may be a very interesting new tool for brain disease treatment, such as AD and PD thanks
to their neuroprotective activity. Indeed, Young Woo Lee and coworkers demonstrated
that Sal B improved memory impairment caused by Aβ25–35 peptide-induced neuronal
damage in AD [103] while Zeng et al., published its ability to protect cells against MPP-
induced apoptosis for PD treatment [112]. TS IIA inhibited transcription and translation of
iNOS, MMP-2, and NF-κBp65, and suppressed expression of NADPH oxidase and iNOS,
respectively, involved in AD [113] and PD [114] development. Finally, in AD, PNS Rb1
suppressed the phosphorylated tau protein expression and upregulated the expression
levels of brain-derived neurotrophic factor (BDNF) [115].

5. Conclusions

BBB crossing or the potential degradation of neuroprotective substances remain strate-
gic points needing to be overcome for NDD treatments. In this context, PLGA NPs are a
promising approach for new therapeutics. Being both biocompatible and biodegradable,
they allow for drug protection, enhance their bioavailability, and possess active targeting
capabilities facilitating the delivery to a precise site. These beneficial effects were used
for active substance administration (i.e., thymoquinone, curcumin, etc.) and delivery di-
rectly into the brain without losing their neuroprotective properties. Moreover, they also
demonstrated therapeutic activities such as restoration of the lysosomal pH in the case of
PD. Some challenges remain regarding the biological (i.e., biological barrier breaching),
technological (i.e., scale-up synthesis), and study design (i.e., data treatment) levels, which
impact the potential clinical trials of PLGA NPs. They need to be addressed for the suc-
cessful development of such therapeutics [116]. However, new guidelines are established
to facilitate the transposition from bench to clinic and ensure the product quality and
safety [21,117].

Even if these researches are often in the early stages of development, nanovectorization
of neuroprotective substances announce future great advances in the pharmaceutical field
for NDD treatment.
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Abstract: The blood–brain barrier (BBB) is a natural obstacle for drug delivery into the human
brain, hindering treatment of central nervous system (CNS) disorders such as acute ischemic stroke,
brain tumors, and human immunodeficiency virus (HIV)-1-associated neurocognitive disorders.
Poly(lactic-co-glycolic acid) (PLGA) is a biocompatible polymer that is used in Food and Drug
Administration (FDA)-approved pharmaceutical products and medical devices. PLGA nanoparticles
(NPs) have been reported to improve drug penetration across the BBB both in vitro and in vivo.
Poly(ethylene glycol) (PEG), poly(vinyl alcohol) (PVA), and poloxamer (Pluronic) are widely used as
excipients to further improve the stability and effectiveness of PLGA formulations. Peptides and
other linkers can be attached on the surface of PLGA to provide targeting delivery. With the newly
published guidance from the FDA and the progress of current Good Manufacturing Practice (cGMP)
technologies, manufacturing PLGA NP-based drug products can be achieved with higher efficiency,
larger quantity, and better quality. The translation from bench to bed is feasible with proper research,
concurrent development, quality control, and regulatory assurance.

Keywords: poly(lactic-co-glycolic acid) (PLGA); blood–brain barrier (BBB); current Good Manufac-
turing Practice (cGMP); Food and Drug Administration (FDA); nanotechnology

1. Blood–Brain Barrier (BBB) and Drug Delivery

Compared with other therapeutic areas, drug development is more challenging for
brain diseases such as brain cancers, Alzheimer’s diseases (AD), acute ischemic stroke, and
human immunodeficiency virus (HIV)-1-associated neurocognitive disorders (HAND) [1–4].
Many systemically administered drug products cannot pass the BBB [5]. The BBB restricts
the entry of compounds into the central nervous system (CNS) through the presence of
brain microvascular endothelial cells, pericytes, perivascular astrocytes, and tight junc-
tions. In addition, the presence of efflux transporters at the BBB has been recognized as
a key element to poor drug penetration [6,7]. ATP-binding cassette (ABC) membrane-
associated transporters, such as P-glycoprotein (P-gp), breast cancer resistance protein
(BCRP), and multidrug resistance-associated protein (MRP1) show significant expressions
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at the BBB, protecting the brain from potential harmful endogenous and exogenous sub-
stances [6,7]. As a result, the BBB only selectively transports molecules such as certain
amino acids, sugars, and gaseous molecules (e.g., oxygen and carbon dioxide) into the
brain [8]. For example, antiretroviral drugs (ARVs) have shown to be effective in managing
HIV-1 [9]. However, due to the inability of ARVs to cross the BBB, they are not highly rec-
ommended clinically for the treatment of HAND. Studies showed that, upon boosting with
a pharmaco-enhancer, i.e., ritonavir, ARVs including indinavir, elvitegravir, and lopinavir
reached therapeutic concentrations in plasma but did not reach therapeutic concentration
in the brain, indicating the challenges of delivering drugs to the CNS [10,11].

2. Strategies to Cross BBB

Several strategies have been used to improve drug delivery to the brain. Efforts
have been made for the development of inhibitors for ABC transporters due to their high
expressions on the BBB [2,12,13]. Studies showed that blocking ABC transporters may
significantly improve drug penetrations across the BBB. However, this method has not
been used clinically due to the wide distribution of ABC transporters throughout the body,
the potential toxicity of inhibitors, and unexpected drug–drug interactions [12]. Another
approach is the “BBB opening” approach. Opening the BBB can be achieved by using a
hyperosmotic solution to shrink the endothelial cells or using certain cytotoxic agents to
disrupt the BBB tight junctions [12,13]. However, opening the tight junctions of the BBB is
risky clinically because it may also allow the entry of harmful components into the brain
and cause side-effects such as seizures and other long-term neurological complications [12].
Moreover, the development of prodrugs to increase their capacity to penetrate the BBB
is another potential delivery approach [12]. Prodrugs can be synthesized with sufficient
lipophilicity to facilitate the crossing of the endothelial cell membrane and release the
parent ARVs into the brain. However, developing prodrugs as a delivery strategy needs a
full evaluation of toxicity, cost, and efficacy, as prodrugs are considered to be a separate
chemical entity.

A nanoparticle (NP)-based drug delivery system is considered a promising option
to improve drug delivery to the brain [3]. NP-based formulations are usually a colloidal
system made of polymers, lipids, or other large macromolecules such as albumin. A
therapeutic agent may be released through diffusion or erosion of the matrix [14]. The
NP-based delivery system can cross the BBB through membrane transcytosis, bypass efflux
transporters, and effectively deliver the therapeutic molecule to the CNS [3]. NPs that
have been studied for brain delivery include polymeric NPs such as poly(D,L-lactide-co-
glycolide) (PLGA) [15,16] and poly(butyl-cyanoacrylate) (PBCA) NPs [17,18], magnetic
NPs (MNPs) composed of an iron oxide core [18], lipid-based nanoformulations such
as solid lipid nanoparticles (SLN) and liposomes [12,18], and polymeric micelles-based
nanoformulations such as Pluronic micelles [12]. Extracellular vesicles (EVs), liposome-like
natural carriers, have drawn attention for delivering drugs into the brain as a potential
alternative to NPs [19–21].

3. Introduction of Physical, Chemical, and Biological Characteristics of PLGA Polymer

3.1. Synthesis of PLGA Polymer

PLGA is a synthetic copolymer composed of lactic and glycolic acid polyesters. Synthe-
sis of PLGA is commonly achieved either through ring-opening polymerization reactions
of lactide and glycolide [22,23] or through polycondensation reactions of lactic acid and
glycolic acid to form PLA and PGA block polymers [24,25]. Ring-opening polymeriza-
tion processes can be used to generate high-molecular-weight PLGA polymers [26], while
polycondensation processes are more suitable for the synthesis of low-molecular-weight
polymers [27].
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3.2. Physicochemical and Biomolecular Characteristics of PLGA

PLA can exist in D- or L-lactic acid, as well as in D,L-lactic acid, configurations. Homo
isomeric PLAs are more crystalline due to the uniform spatial arrangement leading to
tighter packing of the polymer chains [28,29]. On the other hand, glycolic acid has no
asymmetric carbon; thus, PGA exists only in a highly crystalline form. PLA is more
hydrophobic than PGA due to its methyl side groups. As a result, the hydrophobicity and
crystallinity of PLGA can be controlled through the ratio of lactide to glycolide. PLGA
physicochemical properties, such as mechanical strength, solubility, rate of hydration, rate
of hydrolysis, and glass transition temperature (Tg), are heavily influenced by crystallinity
and hydrophobicity [30–32]. PLGA with a high degree of crystallinity will have a higher
Tg and mechanical strength, as well as a decreased rate of hydration and hydrolysis.

In general, PLGA NPs are susceptible to clearance by the reticuloendothelial system
(RES) through opsonin-mediated phagocytosis [33]. RES elimination and biodistribution
of PLGA NPs depend on size, hydrophobicity, and surface charge. Cytotoxicity of PLGA
NPs was investigated in vitro by monitoring the cell viability of Caco-2 and HeLa cell
lines [34,35]. The study indicates that PLGA NPs at the concentration tested were not toxic
to cells as both cell lines retained over 75% viability. According to histopathology assays,
orally administered PLGA nanoparticles did not elicit adverse effects in mice [35]. Tissue
distribution analysis in mice indicated that most of the PLGA NPs were detected in the
liver, kidney, heart, and brain, with small amounts detected in plasma [35]. In aqueous
conditions, PLGA undergoes hydrolysis of its ester bonds. Hydrolytic biodegradation
of PLGA leads to nontoxic byproducts [36,37]. Several studies have investigated the
factors that affect PLGA biodegradation, including intrinsic properties such as hydration
rate, hydrophobicity/hydrophilicity, polymer chemical composition, molecular weight,
crystallinity, and Tg [38]. Moreover, external factors such as pH and chemical additives
were also shown to influence hydrolytic degradation [39].

4. PLGA NPs as a Brain Drug Delivery System

PLGA is a highly investigated polymer due to its ability to form NPs, micelles, and
microspheres, as it possesses the properties of biocompatibility, biodegradability, and
tolerability [40]. As drug delivery systems, PLGA NPs can be used to prepare controlled-
release dosage forms of small-molecule drugs, peptides, and nucleic acids [41]. Through
proper copolymerization with PEG and surface modifications with linkers, PLGA NPs
have been demonstrated as promising carriers for drug delivery across the BBB.

4.1. PLGA NPs Modifications and Mechanisms

PLGA NPs can be prepared through various processing methods including (1) double-
emulsion solvent evaporation [42], (2) single-emulsion solvent evaporation [43], (3) phase
separation [44], (4) spray-drying [45–47], (5) salting out [48,49], and (6) nanoprecipita-
tion [50,51]. Even though the names are different, processing methods focus on the self-
assembly characteristics of PLGA in aqueous solutions to finish the drug encapsulation [52–54].
Details of processing methods and potential scale-up technologies are discussed in Section 5.

PLGA NPs can cross the BBB passively or through active endocytosis mechanisms as
shown in Figure 1. Unmodified PLGA NPs cross the BBB primarily through passive inter-
nalization based on size, which was found to have low brain uptake. Several strategies have
been developed to improve the penetration of NPs into the brain. These strategies modify
NPs with components designed to take advantage of BBB endocytosis pathways. Modified
PLGA NPs have been designed to cross the BBB through adsorption-mediated transcy-
tosis (AMT) [55], carrier-mediated transport (CMT), and receptor-mediated transcytosis
(RMT) [56].
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Figure 1. Transport mechanisms of poly(lactic-co-glycolic acid) (PLGA) nanoparticles (NPs) to cross
the blood–brain barrier (BBB), including passive diffusion, adsorption-mediated transcytosis (AMT),
carrier-mediated transport (CMT), and receptor-mediated transcytosis (RMT).

PLGA NP surfaces are modified with positive charges that electrostatically interact
with negatively charged regions of the luminal surfaces, which helps PLGA to cross the
BBB. Several cationic modifications of PLGA NPs have been demonstrated to utilize the
AMT concepts to improve brain uptake. In CMT systems, PLGA NPs are modified with
membrane-permeable molecules such as amino acids, nutrients, and membranotropic pep-
tides, and they are able to transport cargo across the BBB endothelium. CMT systems also
include designs that take advantage of ABC transporters. With RMT, PLGA NPs are modi-
fied or covalently connected with ligands that target specific cell surface receptors known
to be BBB transport pathways. A search of the PubMed database with the keywords “PLGA
nanoparticles”, “BBB”, and “drug delivery” from 2015 to date returned 133 publications.
From the search results, only research articles that included BBB permeability studies of
control “unmodified” PLGA NPs and modified PLGA NPs are summarized in Table 1. Tan-
dem systems that utilized multiple modifications have been reported. Guarnieri et al. [57]
demonstrated the cooperative effects of glycoprotein H 625, a CMT modification with
iron-mimicking protein CRT and RMT modification, in enhancing PLGA NP permeation of
BBB. Liu et al. [58] developed a PLGA NP drug delivery system modified with angiopep-2
(RMT) and 1, 2-Dioleoyl-3-trimethylammonium-propane (AMT), for gefitinib and Golgi
phosphoprotein 3 for the treatment of glioblastoma. Intranasal [59–61] or subcutaneous [62]
administration of PLGA NP drug systems can bypass the BBB and avoid issues associated
with systemic administration.

4.2. PLGA–PEG Co-Polymeric NPs, Modifications, and Applications

To overcome its short half-life, PLGA is combined with polyethylene glycol (PEG) to
form PLGA–PEG copolymer NPs [63–65]. The PLGA–PEG copolymer is widely used in
pharmaceutical products and devices. Recently, several advancements have been made to
modify the surface of the PLGA–PEG NPs to further increase their ability to cross the BBB
and deliver drugs into the brain.

The favorable chemistry of the PLGA–PEG NPs makes them amenable for conjugation
with various peptides and linkers for use in the treatment of various neurodegenerative
diseases and glioma. Memantine is commonly used for the treatment of mild and moderate
AD. Encapsulating it in PLGA–PEG NPs using a double-emulsion method increased the
delivery to the target tissue with ameliorated pathological markers compared to free
memantine [66].
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Table 1. Summary of BBB permeability studies of unmodified and modified PLGA NPs.

Ref.
PLGA NPs

Modification
Loaded Drug

Proposed Transport
Mechanism 1 Results

[67] Trimethylated chitosan
(TMC)

Coenzyme Q10
6-coumarin AMT

TMC-modified PLGA NPs loaded with
coumarin exhibited increased uptake in

mouse brains vs. PLGA-NPs.
Neuroprotective effects of Q10 displayed by

mice in TMC PLGA NPs were superior to
PLGA-NP.

[68] Angiopep-2

Doxorubicin (DOX),
Epidermal growth

factor receptor
(EGFR) siRNA

RMT

Angiopep-2 modified PLGA NPs improved
DOX and siRNA cell uptake. In vivo study
showed that the ang-2-PLGA construct can

cross BBB.

[69] 8D3 monoclonal
antibody Loperamide RMT

8D3 functionalized Loperamide-loaded PLGA
NPs produced a higher maximal possible

antinociceptive effect compared to
Loperamide-loaded NPs without 8D3.

[70] Lactoferrin, folic acid Etoposide RMT BBB permeability coefficient of PLGA NPs
increased twofold with Lf-and FA.

[71] OX26 monoclonal
antibody 1Aβ5 peptide RMT

OX26 increased the uptake of PLGA NPs by
BBB endothelial cells which enhanced the

peptide transport.

[72] Lactoferrin Rotigotine RMT
Intranasal delivery of rotigotine to the brain
was more effective with Lf-PLGA NPs than

with PLGA-NPs.

[73] RVG29 Docetaxel RMT RVG29 PLGA NPs showed better BBB
penetration in vitro.

[74] OX26 monoclonal
antibody Temozolomide RMT OX26 functionalization enhanced TMZ

internalization in glioblastoma cells.

[75] Dendrimer cationized
albumin Doxorubicin AMT

Cellular uptake and cell permeability of DOX
in dCatAlb-functionalized PLGA NP was

improved 1.59-fold and 1.49-fold, respectively,
over unmodified PLGA NP.

[76]
D-α-tocopheryl

polyethylene glycol
succinate (TPGS)

Paclitaxel

The in vivo evaluation of TPGS–PLGA NPs
showed amplified accumulation (>800% after

96 h) of PTX in the brain tissue when
compared with bare NPs.

[77] Polysorbate 80 Rhynchophylline AMT
In an in vitro BBB model study,

functionalized PLGA NPs showed increased
transport across bEnd.3 cell monolayers.

1 Adsorption-mediated transcytosis (AMT), carrier-mediated transport (CMT), and receptor-mediated transcytosis (RMT).

Pioglitazone-loaded PLGA–PEG NPs produced by the solvent displacement technique
reduced amyloid burden and decreased memory impairment by increasing the rate of tran-
scytosis across BBB and slowly releasing pioglitazone in the target tissue [78]. Selegiline-
or donepezil-loaded PLGA–PEG NPs produced by the solvent evaporation method desta-
bilized the beta-amyloid formation in vitro [79,80]. Various natural compounds and drugs
encapsulated in PLGA–PEG NPs were shown to be effective in reducing AD pathology
in in vitro models [81]. The antinociceptive effect of loperamide was increased by two- to
threefold by encapsulation in a PLGA–PEG–PLGA triblock polymeric NPs coated with
poloxamer 188 or polysorbate 80 compared to unmodified NPs alone [82]. With peptides
as a modification on PLGA–PEG NPs, Hoyos-Ceballos et al. [35] showed that angiopep-2
conjugated to PLGA–PEG NPs increased their ability to cross the BBB in C57/BL6 mice.
PLGA–PEG NPs conjugated with B6 peptide increased the delivery of curcumin into the
CNS in an AD mouse model, showing a reduced expression of hallmark AD pathological
markers, including amyloid-beta, presenilin-1, phosphorylated tau, and beta-secretase 1,
compared to curcumin alone or NPs without B6 peptide [83].
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Surnar et al. [84] added a targeting function to PLGA–PEG NPs through conjugating
with a lipophilic triphenylphosphonium cation on the surface using a butylene linker.
This NP system, when loaded with either coenzyme Q10 or aspirin, was able to cross
the mitochondrial double membrane in endothelial cells and astrocytes to reduce the
oxidative stress, which is extremely valuable to treat HAND [84]. Yu et al. [85] optimized
the development of PLGA–PEG polymersomes conjugated on the surface with lactoferrin
as a brain targeted delivery system for peptides. They loaded the NPs with S14G-humanin
peptides which exerted a protective effect by decreasing the caspase-3 and bax expression in
the rat hippocampus neurons treated with amyloid-beta. Similarly, Bi et al. [72] showed that
PLGA–PEG NPs modified with lactoferrin on their surface were able to deliver rotigotine
into the striatum by intranasal administration for potential use in Parkinson’s disease (PD).
Lectin-conjugated PLGA–PEG NPs were able to deliver the basic fibroblast growth factor
peptide cargo across the BBB after intranasal administration [86]. Similarly, odrranalectin-
conjugated PLGA–PEG NPs were able to efficiently deliver the encapsulated urocortin
peptide into the brain as a treatment for PD [86]. Recently, Amanda et al. [87] showed
that a modified PLGA–PEG NP system encapsulating epigallocatechin gallate was able to
ameliorate neurological deficits induced by 3-nitropropionic acid in Huntington’s disease
mouse model.

Glioma is an invasive carcinoma of the brain with an average life expectancy of ap-
proximately 12–14 months and has poor survival rates [88]. NP systems were used to
deliver drug into the brain. Receptor-mediated transcytosis provides a chance to target
specific receptors expressed on the surface of cancer cells through ligand–receptor in-
teractions. Cui and coworkers [89] developed a novel dual-targeting PLGA–PEG-based
magnetic NP system that crosses the BBB by conjugating transferrin receptor-binding
peptide T7 on the surface and encapsulating curcumin and paclitaxel into the NP hy-
drophobic core. Compared to free drugs, the mice with orthotopic glioma survived with
the NP system. Similarly, doxorubicin and tetrahydrocurcumin encapsulated in transferrin-
modified PLGA–PEG NPs showed effectiveness in reducing the glioma tumor volume in
combination with radiotherapy [90]. Lactoferrin-conjugated PLGA–PEG NPs increased the
brain concentrations of shikonin, a naphthoquinone pigment for the potential use in the
treatment of glioma [91]. The iNGR-conjugated PLGA–PEG-based NP system designed
to target the glioma tumor vessel was effective in delivering the paclitaxel to the glioma
parenchyma. Moreover, this NP system was able to travel deeper into the glioma to in-
crease survival rates [92]. Farnesyl thiosalicylic acid, an inhibitor of Ras oncoprotein, was
shown to be effective against glioblastoma when administered as PLGA–PEG-based hybrid
NPs, which contained 1,2-distearoyl-glycerol-3-phosphoethanolamine and 1,2-dioleoyl-3-
trimethylammonium-propane [93].

Another strategy to treat glioma is to target the genes overexpressed in malignant
glioma cells. Cyclic hexapeptide-conjugated PLGA–PEG NPs were able to deliver curcumin
to the glioma by binding to integrins that are upregulated on the glial cell surface [94].
A nine amino acid linear peptide (Pep-1) targeting the interleukin 13 receptor α2 overex-
pressed on the surface of gliomas was conjugated to PLGA–PEG NPs [95]. Modification
with CGKRK peptide, which targets the heparan sulfate expressed on neovascular endothe-
lial cells, resulted in a dual-targeted approach and increased the median survival time in
intracranial glioma mice [96]. A biodegradable PLGA–PEG polymer NP system targeting
the Fn14 receptor overexpressed on the brain tumor cells was generated by conjugating
PLGA–PEG NPs with ITEM4 monoclonal antibody. The half-life of these NPs was more
than doubled compared to nontargeted PLGA–PEG NPs [97].

4.3. PLGA NPs for Theranostic Applications

Theranostic represents a novel and powerful emerging platform that integrates tar-
geted therapeutic entities with noninvasive imaging and has the great potential to per-
sonalize and advance medicine. Several nanosized delivery vehicles, including gold and
iron-oxide nanoparticles, as well as quantum dots, have been extensively studied for
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theranostic applications [98–100]. Given safety concerns, off-target effects, and slow ex-
cretion kinetics from the body, risks may limit its use in the course of diseases. PLGA
NP-based theranostic applications can deliver a therapeutic agent while simultaneously
monitoring therapy response in real time [101,102]. Contrast agents, such as the radionu-
clide or fluorophore, play a critical role in enabling visualization of a target with con-
ventional imaging techniques, e.g., magnetic resonance imaging (MRI), optical imaging,
and X-ray computed tomography. Contrast agents including superparamagnetic iron
oxide (SPIO) and gadolinium were shown to be encapsulated with polymeric nanopar-
ticles [103]. For example, SPIO and chemotherapy drug docetaxel can both be directly
encapsulated with PLGA [104]. Similarly, an human epidermal growth factor receptor
2 (HER2)-targeted PLGA–PEG block copolymer nanoparticle, upon encapsulation with
MnFe2O4 and doxorubicin, was designed to target breast cancer in vivo [105]. Encapsu-
lation of anticancer drug N′-(2-Methoxybenzylidene)-3-methyl-1-phenyl-H-Thieno[2,3-
c]Pyrazole-5-Carbohyd-razide (MTPC) with plasmonic gold nanorods in PLGA-b-PEG
polymeric nanospheres enhanced both biodistribution and pharmacokinetics of the MTPC
in tumor-bearing mice [106]. Similar to MRI, radionuclide imaging has high sensitivity with
no tissue-penetration limitations. Several radionuclide compounds have been extensively
studied along with PLGA with the goal of formulating a robust nano delivery system [107].
For instance, Wang and colleagues [108] designed PLGA-lipid hybrid nanocarriers for
theranostic therapy, encapsulating an anticancer agent in the matrix, while the lipid shell
was chelated with indium-111 or yttrium-90 as radiotherapy agents. Shao et al. [107]
demonstrated the therapeutic effect of 32P-CP-PLGA brachytherapy for glioma with the in-
tegrin αvβ3-targeted radiotracer 68Ga-3PRGD2. Press and colleagues [109] demonstrated
the cell-type-specific delivery of short interfering RNAs by covalent conjugation of DY-635
fluorescent dye with known hepatobiliary clearance to a PLGA, which allowed them to
monitor distribution, uptake, and clearance of short hairpin RNA from the target organ.
The major hurdle for the treatment of neurodegenerative diseases is to design therapeutic
molecules in a way that it can cross the BBB. Zhang et al. [86] showed that the lectin-
modified PLGA nanoparticle encapsulated with basic fibroblast growth factor enhanced
drug delivery to the brain, supporting the role of the PLGA NP-based drug delivery system
for CNS disorders. Therefore, nanocarriers based on PLGA offer biocompatibility, good
stability, and regulated drug release rate and represent an excellent and emerging platform
in theranostic medicine.

5. From Research and Development (R&D) to cGMP: Technologies for Scale-Up

To promote promising formulations from the R&D stage to clinical trials, drug prod-
ucts need to be manufactured under certain guidelines. Current Good Manufacturing
Practice (cGMP) are regulations enforced by the FDA to ensure the quality of pharmaceuti-
cal products [110]. Most PLGA NP-based pharmaceutical products or medical devices are
either injectable or implantable [111]. Therefore, sterility and potency are among the top-
quality aspects to be considered for PLGA NPs. Per cGMP regulations, sterile products must
be manufactured in a registered sterile facility [19]. Furthermore, facilities need to show
that a sterile environment is properly maintained with validated sanitization [112]. PLGA
NP-based pharmaceutical products have several steps during production: (1) dissolution
and mixture of the active pharmaceutical ingredient (API) and PLGA; (2) stabilization of
the mixture and removal of organic solvents; (3) separation of free API from PLGA–API
product; (4) sterilization; (5) fill-finish. Table 2 presents selected publications showing
processing details in the R&D stage.

For scale-up, dissolution of API/PLGA is achieved using stainless-steel tanks with
temperature control through double jacketing. Mechanical motors are built into most tanks
for light agitation. Since PLGA is not water-soluble, while lipophilic APIs can be dissolved
concurrently, hydrophilic ones need to be dissolved separately from PLGA. To stabilize
the formulation, PVA is mostly used as a surfactant. Moreover, poloxamer (also named
Pluronic), polysorbate, sodium cholate, and D-α-tocopheryl pol-yethylene glycol succinate
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(TPGS) are also reported as promising alternatives. Subsequently, aggressive agitation
is needed to decrease the mixture droplets’ particle size. High-pressure homogenization
is widely used in cGMP production, and this technology is also reported with details in
Table 2. To remove organic solvents, most publications took advantage of the different
boiling points in water and organic solvents through overnight stirring. While this method
is useful on the R&D scale, GMP-scale production uses vacuum-assisted rotary evaporation,
which is more efficient and easier to validate.

Since PLGA NP-based pharmaceutical products represent a self-assembly drug deliv-
ery system, it is critical to separate free APIs from encapsulated ones. The encapsulation
rate is one key quality control aspect due to the concern of toxicity. In Table 2, most
publications used centrifugation, assisted by filters and membranes. In cGMP production,
diafiltration is the technology preferred due to its higher recovery rate and better cost-
effectiveness compared to centrifugation. Diafiltration uses a semipermeable membrane to
separate the free drug from encapsulated drug based on the difference in cutoff molecular
weight. Furthermore, diafiltration can form a closed system to return encapsulated prod-
ucts to the container for reprocessing until a target encapsulation rate is reached with the
highest yield [113].

Among popular terminal sterilization methods, steam sterilization (autoclave) and
gamma irradiation were reported to cause degradation of PLGA [114]. Vaporized ethy-
lene oxide is commonly used for sterile gowning materials, but its residual is toxic if
injected [115]. Electron beam technology is less aggressive than gamma irradiation but can
still cause degradation of PLGA [116]. According to the available technologies for cGMP
production and the particle size distribution reported from literature, sterile filtration is the
best option for PLGA NP-based products. However, a filter compatibility study needs to
be performed for validation purposes to minimize API retaining during filtration.

Depending on the concentration of PLGA NP-based pharmaceutical products, the
solution may be free-flowing or with high viscosity. High viscosity is a problem for both
sterile filtration and automatic filling systems. Filters may be clotted during filtration,
the filling accuracy may be compromised, and rejection of vials may occur frequently.
Therefore, an engineering fill-finish of placebo is strongly recommended as an industry
standard for PLGA NP-based drug products. According to the stability data, lyophilization
is recommended for extended shelf life. As presented in Table 2, lyophilization was
reported using sugar molecules as cryoprotection. In cGMP production, lyophilization
is considered a sterile product and is performed in the last step. The difficult part of
lyophilization is the programming of cycles to minimize the moisture content (<5%, w/w).

Figure 2 is a concept flowchart for cGMP production of PLGA NP-based pharmaceuti-
cal products. The steps in Figure 2 are provided on the basis of the details in Table 2 and
the industry standards under cGMP guidelines.
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Table 2. Processing details for PLGA NP-based systems from publications.

Ref API API Solvent PLGA Solvent
Primary

Aqueous
Secondary
Aqueous

Purification

[117] Doxorubicin 0.001 N HCl Dichloromethane 1% PVA in PBS

[118] Transferrin RH buffer
(pH = 7.4) Acetone/ethanol Water

[66] Memantine/
rhodamine Water Ethyl acetate PVA solution 0.3% PVA Centrifuge:

15,000 rpm, 20 min

[119] Rhodamine-6G PBS Ethyl acetate 1% PVA Centrifuge

[80] Donepezil Water Dichloromethane 2% Pluronic F68 0.5% Pluronic
F68

Centrifuge:
20,000× g, 20 min

[120] Doxorubicin Water Dichloromethane Water
1% PVA or 1%
HSA PBS with

pH 7.2

G2 sintered glass
filter

[121] Elaprase® Water Dichloromethane Water 1% PVA
Centrifuge:

17,000 rpm, 10 min,
5 ◦C

[122] Olanzapine Acetonitrile Acetonitrile 0.25%
Poloxamer 407

Centrifuge:
25,000 rpm, 4 ◦C

[71] iAβ5 Chloroform Chloroform 0.1% Pluronic
F127

Centrifuge:
14,300× g, 40 min

[123] Curcumin Ethyl acetate Ethyl acetate 5% PVA 0.3% PVA Centrifuge:
6000 rpm, 20 min

[124] Thiazolidinedione AcOEt/EtOH
(80/20)

AcOEt/EtOH
(80/20)

PBS with
polysorbate 80

[125] Bacoside-A
Methanol/

dichloromethane
(1:2)

Methanol/
dichloromethane

(1:2)
2% PVA

Centrifuge:
13,000 rpm, 30 min,

4 ◦C

[126] Curcumin Acetonitrile Acetonitrile Lipids, EtOH in
water Centrifuge: 10 kDa

[89] Curcumin,
paclitaxel Chloroform Chloroform 1% sodium

cholate
0.5% sodium

cholate

[127] 3,3′-
Diindolylmethane Ethyl acetate Ethyl acetate

Didodecyldime-
thylammonium

bromide

Centrifuge:
35,000 rpm, 1 h

[69] Loperamide Ethanol/ethyl
acetate 20/80

Ethanol/ethyl
acetate 20/80

PBS with
polysorbate 80

Centrifuge: 3 kDa
filter

[82] Loperamide Acetone/ethanol Acetone/ethanol 0.1 wt.% TPGS

1 wt.%
polysorbate 80

or 1 wt.%
poloxamer 188

Centrifuge:
15,000× g, 1 h, 5 ◦C

[67] Coenzyme Q10 Acetone Acetone 0.02% vitamin E
TPGS

Centrifuge:
15,000× g, 15 min,

20 ◦C
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Figure 2. Concept flowchart of cGMP operations for PLGA NP-based drug products.

6. Quality and Regulatory Assurance

The quality of nano-based pharmaceutical products is a learning curve for both
manufacturers and regulatory agencies. In 2006, the FDA initialed the Nanotechnology
Task Force to improve the service for nano-based products. After its first public report in
2007, FDA published the second report in 2020, emphasizing its commitment to nano-based
products. Among the five published guidance for industry regarding nanomaterials, two
of them were designed for pharmaceutical and medical products. Another draft guidance
is under review for drug products and biological products. On the basis of the above
documents, FDA will not accept or reject nanotechnology products according to category.
Instead, FDA will conduct a comprehensive review to make a science-focused decision.

Size distribution is the FDA’s first consideration among all factors. Dynamic light
scattering (DLS) technology is widely used for quality control purposes. Furthermore,
a chromatography-based assay of APIs and encapsulation rate is critical to avoid toxic-
ity. United States Pharmacopeia (USP) monograph “Goserelin Implants” also requests
HPLC results to provide the retention time of PLGA, which is not rare for quality control
of polymers [128]. Table 3 is a summary of the most needed in-process tests and final
release tests.
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Table 3. In-process and release tests for PLGA NP-based drug products.

Purpose USP Chapter Test

IPC-1

N/A High-performance liquid chromatography
N/A Particle size distribution
N/A Zeta potential
<791> pH
N/A Morphology

IPC-2 N/A Filter integrity test

Release

<71> Sterility
<785> Osmolality
<467> Residual organic solvents
<281> Residue on ignition

<731, 921> Loss on drying for lyophilized products
<790> Visible particulate inspection
<61> Microbial enumeration
<791> pH
<85> Bacterial endotoxins
<788> Particulate matter for injection

<1207> Uniformity of dosages

During the Covid-19 pandemic, several liposome-based vaccines were approved for
emergency use [129]. Liposome-based pharmaceutical products have similar self-assembly
characteristics compared to PLGA NP-based ones. Therefore, their quality and regulatory
focus should be similar. Furthermore, the success of vaccines also revealed the possibility
of PLGA NP-based products to be approved through facilitated regulatory pathways,
especially for emergency purposes under global regulatory systems [130,131].

7. Conclusions

This review presented recent progress in PLGA NPs as a vehicle to deliver drug to the
brain in a controllable and targeted manner. Unlike most NPs, PLGA NPs show a promising
future to become a clinically and commercially feasible drug delivery system. PLGA has
been approved for both pharmaceutical products and medical devices, which provides
clear quality control, quality assurance, and regulatory requirements for future products.
Furthermore, the improvement of cGMP technologies, especially those in nanomedicines
and sterile injectables, has also removed most obstacles for PLGA NPs. Even though safety
is not the major concern, clinical trials are needed to monitor the efficacy and toxicity of
PLGA NPs. Uncertainties, such as drug encapsulation rate, assembly stability, particle size
distribution stability, and in vivo pharmacokinetics, may be the focus for future research
and development.
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