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Introduction

Evaluating the effect of synthesis, isolation, and
characterisation variables on reported particle size
and dispersity of drug loaded PLGA nanoparticlesy

Bruna C. Garms, (2 £2° Hamish Poli, cd

Andrew K. Whittaker, €2 ° Anitha A

1% Darcy Baggley,® Felicity Y. Han,
*2 and Lisbeth Grendahl (2 **

Poly(lactic-co-glycolic acid) (PLGA) nanoparticles have been extensively studied as carriers of a wide
variety of drugs. However, the variability in protocols and reporting in nanoscience represents a barrier
to advances in new therapies. Recent literature has highlighted the challenge of reproducibility in
biomedical research. In this study involving three researchers performing the experiments we therefore
verified the repeatability and replicability of PLGA nanoparticles fabricated by the emulsion solvent
evaporation method. Furthermore, we investigated how variables during synthesis, isolation, and
characterisation of PLGA particles affect the reported particle size and drug encapsulation. Synthesis
parameters including emulsification technique, type of polymer, and type of surfactant were
investigated. In the isolation process, we tested the effect of washing and filtration. Dynamic light
scattering (DLS) was used to determine the number weighted mean, z-average, and polydispersity index
(PDI). Direct visualization of the particles was achieved by scanning and transmission electron
microscopies. Changes in the source of energy input to the system using a sonic probe and
homogeniser showed the most pronounced effect on particle size and PDI. This work has demonstrated
that particle properties are affected by multiple variables involved in the synthesis and isolation
processes. We provided advice for PLGA-based nanoparticle fabrication and drug encapsulation
quantification as well as the minimum required information to be reported allowing reproducibility.

are metabolised via the Krebs cycle and cleared by the body” and
several studies have reported their biocompatibility in many

Poly(p,L-lactic-co-glycolic acid) (PLGA) is a class of synthetic
polymers that has been extensively studied for drug delivery.'
These statistical co-polymers have tuneable properties that
allow the rate of drug release to be tailored to a required
application. This is achieved by e.g. varying polymer properties
such as molecular weight, nature of the end group, and monomer
ratio (L:G)."* The polymer properties and material dimensions
determine the degradation behaviour.® The degradation products
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biological tissues.”"® There are many examples in the literature
using PLGA-based materials for delivery of therapeutics to
promote either fast or prolonged drug release with applications
in cancer treatment, pain management, immunotherapy, and
more recently, in the treatment of pulmonary tuberculosis,
urinary tract infections, migraine and glaucoma.>®°™**

There are several techniques that are used for the preparation
of PLGA particles including single and double emulsion solvent
evaporation (ESE), nanoprecipitation, spray-drying, microfluidics,
and hydrogel templating.>'®"® These techniques enable the
synthesis of a wide range of PLGA nano- and sub-micron sized
particles. The ideal size and polydispersity of particles vary
according to the application. In brain cancer therapy, for example,
monodispersed particles below 100 nm in diameter can facilitate
tissue permeation when locally administered and are ideal to
reach infiltrative cancer cells.* For intravenous administration in
cancer therapy, PLGA particles of size in the range of 120-150 nm
showed improved tumour accumulation and enhanced tumour
inhibition rate in mouse breast tumour models (4T1-bearing
nude mice).*! In contrast, submicron particles (500 nm) were
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demonstrated to be optimal to promote a sustained release of
ketamine and hydromorphone for over a month, and are suitable
for pain management.**

The choice of the PLGA nanoparticles (NP) fabrication
technique is driven by the application, physico-chemical
characteristics of the therapeutic to be encapsulated, and the
required size and drug release rate. Among the available
techniques, the encapsulation of small hydrophobic molecules
into NPs is commonly achieved using the single ESE technique
(Fig. 1).%'%>*2% The advantage of this technique is the ability to
control particle size and polydispersity as well as tuning the
release kinetics of the encapsulated compound.'®*>?® An oil in
water (O/W) emulsion is prepared from the polymer and the
drug dissolved in a volatile organic solvent and a surfactant in
water. To form nano-sized droplets from the O/W emulsion,
high energy input is required, and this is typically facilitated
using a homogeniser or sonic probe. The suspension is left
under stirring to allow evaporation of the organic solvent and
the NPs are collected by ultracentrifugation. This technique can
be easily scaled up and allows control of particle size.

Several processing parameters in the fabrication and isolation
of particles by the single ESE technique may affect the size and
yield of the NPs as well as the drug encapsulation efficiency. Some
variables that have previously been investigated with regards to
drug release rate, particle size, and degradation include the L: G
ratio of PLGA and concentrations of polymer, drug, and
surfactant.”®® For example, polymers with high lactic acid con-
tent produce NPs with increased crystallinity, resulting in a slower
rate of degradation of the NPs and therefore a slower drug
release.”® Regarding drug encapsulation, it was found that at a
lower surfactant concentration, NPs can form agglomerates and
have reduced encapsulation efficiency.”® In a review, Jenjob et al.
compared single ESE to other emulsion techniques available for
NP fabrication and showed that the choice of the technique can
affect the morphology and the size distribution of the particles.*
In another study, the use of a co-surfactant was shown to produce
particles with reduced size compared to the use of a single
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surfactant.”® Hernandez-Giottonini et al. investigated variables
in the isolation process and found that an increase in
centrifugation speed allows the collection of smaller NPs with
narrower PDI and that the presence of cryoprotectant is critical
for maintaining size after lyophilisation.>” However, there are
few reports evaluating other variables involved in the synthesis
and isolation of PLGA NPs."”*"*8

Although there is extensive literature published on PLGA
NPs for biomedical application, only 13 medicinal products
have translated from research to clinical use.*** This limited
success has been associated with the lack of standard protocols
during pre-clinical evaluation which is fundamental to determine
the safety and quality of the product.*'***>° The variability in
protocols and reporting in nanoscience represents a major barrier
to advances in new therapies.®” Recent literature has highlighted
the challenge of reproducibility in biomedical research. While not
a new concept, the “3R”s comprising repeatability, replicability,
and reproducibility, were recently adapted and reinforced in
biointerface science.*® Within the context of our work, repeat-
ability refers to results obtained from an experiment performed
by one researcher with the same experimental setup. To be
replicable, the same results have to be obtained by a different
researcher when using the same experimental setup.
Reproducibility refers to an experiment performed by two or more
researchers using different measuring systems that will produce
the same results.*”**

With the aim of improving reproducibility overall in the
field, this study provides advice for PLGA-based NP fabrication
and drug encapsulation quantification. The repeatability and
replicability of PLGA NP formulation were verified by three
researchers using the same experimental set-up. To investigate the
effect of variables in synthesis, isolation, and characterisation on
the reported particle size and drug encapsulation, we specifically
targeted variables not previously investigated in detail. The
outcome of the synthesis was evaluated using three different
PLGA polymers (L:G of 1:1) with different end groups and
glass transition temperature (Ty), two different surfactants,
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(Oil phase) ||
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Fig. 1 Key variables involved in PLGA NP fabrication by the single emulsion solvent evaporation (ESE) technique.
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variable energy input, and two energy sources. The isolation
parameters evaluated complements previous work and we
investigated the effect of washing and filtration on both particle
size and surfactant content. From the evaluation of particle size
and particle size distribution using a series of techniques, we
highlight the minimum information that should be reported.
Overall, this study complements previous work'”>”*® and high-
lights how particle properties are affected by multiple variables
involved in the synthesis and isolation processes.

Materials and methods

Materials

Three different types of poly(p,i-lactide-co-glycolide) (PLGA)
(L:G = 1:1) were used. PLGA-E1 (Resomer® RG 502, ester
terminated, My = 7-17 kg mol ", T, = 42-46 °C) and PLGA-A1
(Resomer®™ RG 502 H, acid terminated, My, = 7-17 kg mol ™,
T, = 42-46 °C) were obtained from Sigma Aldrich while
PLGA-E2 (50:50, ester terminated, inherent viscosity 0.15-
0.25dLg ', T, = 28 °C) was obtained from DURECT Corporation,
Birmingham, AL, USA. Bovine serum albumin (BSA, >96%, fatty
acid-free) was obtained from Sigma Aldrich and poly(vinyl
alcohol) (PVA, My = 25 kg mol ™, 88% hydrolysed) was obtained
from Polysciences Inc. Curcumin was obtained from Merck
Millipore and Rhodamine B (RhB, >95%, HPLC) from Sigma
Aldrich. Ultrapure (UP) water (18.2 Q cm) was obtained from a
VWR International PureLab Flex ELGA purification system,
absolute ethanol was obtained from Thermo Fisher Scientific,
Inc., dichloromethane (DCM, anhydrous, >98%), tetrahydrofuran
(THF, anhydrous, >99.9%), and dimethyl sulfoxide (DMSO,
anhydrous, >99.9%) were obtained from Merck. Deuterated DMSO
(=99.9 atom % D) was obtained from Sigma Aldrich.

PLGA particle fabrication

Standard protocol. Unless otherwise stated, PLGA particles
were prepared by a modified ESE technique based on the
previous literature’®*®*! and are designated as the “standard
protocol”. Synthesis by the ESE technique and isolation of NPs
are illustrated in Fig. 1.

The organic phase was prepared by dissolving PLGA (20 mg mL ")
in DCM (0.5 mL) and this was added dropwise to a surfactant
solution containing PVA (10 mg mL™") in UP water (2 mL)
whilst stirring. The emulsion was sonicated in an ice bath using a
Branson Digital Sonifier 450 with a 1/8” tapered microtip operated
at 20% amplitude (179 pm) for 2 min. The resulting particle
suspension was added dropwise into 40 mL of UP water and
magnetically stirred for 3 h in a fume hood to allow evaporation of
the organic solvent. The suspension was centrifuged at the relative
centrifugal force (rcf) = 76 500 x g (25000 rpm) for 1 h maintained
at 17 °C on a Beckman Coulter Avanti HP-20 with a JA25.50 fixed
angle rotor. The pellet was washed twice by resuspending in UP
water and centrifuged as described above. The washed particle
pellet was either resuspended in 1 mL of UP water and stored at
4 °C or freeze-dried for 48 hours on a Thermo Savant Micro
Modulyo —115 Freeze Dryer and collected for further analysis.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Variables

A series of parameters were varied during particle synthesis and
isolation. The surfactant type was changed to a surfactant
solution containing BSA (30 mg mL™") in UP water (2 mL).
The sonication amplitude and time were varied as follows: the
amplitude was varied from 10% (116 pm) to 20% (179 um) at a
constant time of 2 min. In addition, the time was varied from
20 s to 2 min at a constant amplitude of 20%. The emulsification
type was investigated using a homogeniser (T25 ULTRA-TURRAX "™
homogenizer; IKA®-WERKE, Staufen, Germany) operated at
20000 rpm for 5 min. The effect of washing the particle pellet
was assessed by comparing particles prepared with 2 wash cycles
and particles prepared without washing. The effect of filtration of
the particles after centrifugation was evaluated using a 0.45 pm
polypropylene syringe filter.

When a particular parameter was tested, samples are named
according to the polymer (e.g. PLGA-A1), surfactant (BSA or
PVA), energy source (sonic probe (S), or homogeniser (H)), and
drug encapsulated. For example, particles prepared from
PLGA-A1 emulsified by homogeniser with BSA and loaded
with curcumin are labelled as PLGA-A1-BSA-H-cur. All other
variables are described in the text and figure captions.

Drug encapsulation

Curcumin or RhB was dissolved in DCM and added to the
polymer solution where the drug/polymer mass ratio was 1:10
(curcumin and RhB), 2:10 and 5:10 (RhB). The organic phase
was added dropwise into the aqueous phase containing PVA
where the polymer/surfactant mass ratio was 1:20.

Direct and indirect methods were used to determine curcumin
encapsulation. In the indirect method, the supernatant and
washing liquid were collected during isolation and washing,
combined, and diluted to 100 mL in a volumetric flask. The
washing liquid was kept at 4 °C if it needed to be stored for longer
than 1 hour. The concentration of the drug in this solution was
evaluated by ultraviolet-visible (UV-Vis) spectroscopy at 424 nm for
curcumin or 555 nm for RhB (Aligent Technologies Cary 60
UV-visible spectrophotometer using a 1 cm quartz cuvette) against
a calibration curve prepared by adding 200 pL of curcumin
solution dissolved in absolute ethanol to a supernatant mock
solution of PVA in UP water (0.2 mg mL ). The calibration curve
(Fig. 7A) was linear over the concentration range of 0-20 pg mL ™"
for curcumin. For quantification of RhB, only the indirect method
was used and the calibration curve was linear over a range of
0-5 ug mL ™.

In the direct method, accurately weighed freeze-dried
samples (analytical balance, XS205 DualRange, Mettler Toledo
Ltd) were dissolved in a THF/DMSO solution (2: 1) and centrifuged
at 3000g for 5 min to remove the polymer that had precipitated.
The supernatant was transferred quantitatively to a volumetric
flask and filled to the measure. The curcumin concentration was
quantified immediately after extraction by spectroscopy at 424 nm
against a calibration curve prepared from curcumin dissolved in
THF/DMSO (2:1). This linear calibration curve is displayed in
Fig. 7B). Nuclear magnetic resonance (NMR) was done on a Bruker

Mater. Adv,, 2021, 2, 5657-5671 | 5659
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Avance IIT 500 MHz spectrometer. "H NMR of dissolved lyophilised
particles in DMSO-ds. Data were processed with either Bruker
Topspin software or MestReNova software.

The drug encapsulation efficiency (EE%), loading capacity
(LC%), and particle yield (Yield%) were calculated using the
equations shown in Fig. 2. The mean values and the standard
deviation are reported (n = 3 for curcumin, n = 2 for RhB).

Characterisation

Dynamic light scattering. Dynamic light scattering (DLS) was
used to obtain the z-average, number weighted mean and PDI
of the synthesised NPs by using a Malvern Zeta Sizer (Nano-ZS
or Ultra or 3000 HSA) at 25 °C. The Zetasizer Ultra and Nano-ZS
had a higher resolution of 70 size bins as opposed to 24 size
bins for the 3000HSA. Any difference in number weighted mean
particle size where particles were prepared with the same
conditions is likely due to the less resolved number weighted
PSD achieved using the 3000HSA. The refractive index of the
dispersing medium was set at 1.33 (water at 25 °C) and PLGA
at 1.45. Samples were diluted in UP water until the count rate
(kilo counts per second, keps) was below 500 and analysed in a
disposable plastic cuvette after synthesis or no later than 2 days
after isolation. Each sample was analysed at 25 °C with 3 repeat
measurements. Three replicates of each sample were prepared
and measured.

Nanoparticle tracking analysis

Nanoparticle tracking analysis (NTA) was performed using a
Malvern Nanosight LM 10 cell (4paser = 405 nm) and sCMOS
camera using Nanosight Software (v3.2). NP suspensions were

Indirect Method l Direct Method

Measuring drug
. in nanoparticles
Measuring drug

in supernatant

J &

Equations
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LC% = —2vg—Tdrue) 5 10094 LC% = —29@ % 100%
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EE% = —vea—Tdrus() o 10004 EE% = —249@ + 100%
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S Mayug+Mpol .
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Fig. 2 Indirect and direct methods for drug quantification and equations
used for the determination of drug encapsulation efficiency (EE%), loading
capacity (LC%), and particle yield (Yield%) using both direct and indirect
methods. Symbols used: mgng = mass of drug initially used, Mgoymer =
mass of polymer initially used, Mguge) = Mass of drug (encapsulated),
Mgrugn = Mass of drug (free) and myp = mass of drug loaded NPs.
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diluted to 0.00001 vol% in UP water and injected with a syringe
(1 mL) controlled by a syringe pump. Measurements were
performed in triplicate. Camera settings such as camera level,
shutter, and gain were optimised before capture recording.
Constant capture settings included frames per second = 25,
duration = 60 s, temperature = 25 °C, viscosity = 0.9 cP (water),
syringe pump speed 100 uL min~". Particles were then analysed
at an optimal detection threshold. Size distribution curves were
developed as a concentration (particles per mL) distribution
across bin widths (5 nm).

Electron microscopy

The morphology of the NPs was studied using a field emission
microscope (JEOL JSM-7100F), a scanning electron microscope
(SEM, Hitachi SU3500, Hitachi High Technologies America,
Inc.), and a high-resolution transmission electron microscope
(TEM, Hitachi HT7700 120 kV). Prior to SEM analysis, a droplet
of the particle suspension (approximately 0.25 mg mL™") was
placed on a piranha treated silica wafer and air-dried before
mounting onto SEM stubs and platinum-coated (15 nm thickness)
in a vacuum using a sputter coater (Quorum Q150TS platinum
coater, Quorum Technologies Inc.). Prior to TEM analysis, a
droplet of the particle suspension (approximately 2.5 mg mL ™)
was placed on a carbon film-covered copper grid (200 mesh) and
then negatively stained with 2 wt% phosphotungstic acid
solution. A manual approach to NPs size determination was used
for measurement of the images captured at magnifications of
10000x for SEM and 30 000x or 80 000x for TEM. A circle drawn
using Image] software was placed on each NP which displayed
well-defined edges to determine the area which allowed the
calculation of the diameter of the NP. The scale bar of the images
was used to calibrate the measured diameter to nanometres.
Agglomerates and NPs found at the edge of the image were not
included in the measurements. All NPs of the image were
counted, and in cases where <100 particles were found, more
than one image was used for particle size determination.

X-Ray photoelectron spectroscopy

X-Ray photoelectron spectroscopy (XPS) was used to evaluate the
surface composition, using a Kratos Axis ULTRA X-Ray Photo-
electron Spectrometer incorporating a 165 mm hemispherical
electron energy analyzer. The incident radiation was Monochromatic
Al Ko X-rays (1.486.6 €V) at 150 W (15 kV, 10 mA). Survey scans were
taken at an analyser pass energy of 160 eV and narrow scans at 20 €V.
Survey scans were carried out over 1200-0 eV binding energy range
with 1.0 eV steps and a dwell time of 100 ms. Narrow scans were run
with 0.05 eV steps and 250 ms dwell time. The base pressure in the
analysis chamber was 10 ° torr and during sample analysis 10~®
torr. Atomic concentrations and peak fitting of the narrow scans
were calculated using the CasaXPS version 2.3.14 software and a
Shirley baseline with Kratos library Relative Sensitivity Factors. All
narrow scans were charge corrected to the C*-C peak at 285.0 eV.

Data analysis

The data are presented as mean (+standard deviation) unless
otherwise specified. Statistical differences between groups were

© 2021 The Author(s). Published by the Royal Society of Chemistry
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evaluated for various data sets (GraphPad Prism™, v8.0.1;
GraphPad Software Inc., La Jolla, CA). A multiple two-tailed
unpaired t-test was used to perform an analysis between two
samples and curves were treated with a D’Agostino & Pearson
normality test. To compare three or more groups, statistical
differences were evaluated with a 1-way or 2-way analysis of
variance (ANOVA) followed by the multiple comparisons test.
For comparing the means of each studied variable the statistical
significance criterion was p < 0.05.

Results and discussion

Emulsion-based fabrication techniques are favoured for formulation
of PLGA NPs for drug delivery applications because of the ease
of processing and optimising. It is well established that a 50: 50
lactic acid to glycolic acid ratio (L: G = 1:1) achieves the fastest
rate of degradation and that the rate can be reduced by
increasing the proportion of either lactic or glycolic acid.*?
This work used 1:1 L: G ratio to capture the most common type
of PLGA polymer used in NP fabrication.***” The choice of
surfactant is important for controlling the stability and the size
of the NPs. This work used PVA as the main surfactant as it
represents a commonly used non-ionic surfactant, part of the
family of surfactants that has been used for PLGA NP stabilisation
also including Tween, Pluronic, and PEG."® Additionally, protein
based NP stabilisation represents a novel method to improve the
biocompatibility of drug delivery systems and as such, BSA has
established precedence® and was therefore selected for this study
as a comparison to PVA.

Repeatability and replicability of PLGA formulation were
investigated in this study (data provided in ESLt Fig. S1). The
first “R”, repeatability, was evaluated by one researcher. Among
eight replications of PLGA-E1-PVA-S NPs, the number weighted
mean and z-average of the particles were 138 and 180 nm,
respectively, and the standard deviation was less than 5 (ESL
Fig. S1A). This result demonstrated consistency in the fabrication
process of NPs and a low batch-to-batch variation. In addition, the
PDI of the NPs remained below 0.2, confirming their narrow
dispersity in size. To ensure replicability of the study, three
researchers in the same laboratory followed the same experimental
set-up to fabricate PLGA-A1-PVA-S NPs and no significant difference
was observed between the resulting NPs (see ESLt Fig. S1B). Based
on this established repeatability and replicability of PLGA NP
fabrication in the current study, evaluation of the effect of various
parameters (e.g. within synthesis, isolation, and characterisation)
on NP size and size distribution could be pursued.

Common techniques for characterisation of nanoparticles

Recent literature has reinforced the importance of standardization
of NP characterisation and the minimum information reporting to
improve reproducibility in nano-science research.**”*° A range of
techniques has been used to report the size and morphology of
NPs, such as electron microscopy, light scattering, and particle
tracking analysis.>>*" The most commonly used technique is DLS,
as it allows the determination of the particle size distribution (PSD)

© 2021 The Author(s). Published by the Royal Society of Chemistry
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in a rapid manner and with minimum sample preparation.
However, DLS is considered a low-resolution technique, and further
comparative high-resolution techniques are recommended.*"®
In this study, DLS was used for determining standard PSD of all
samples, and electron microscope (data described below) and NTA
(data included in Fig. 4) were used for comparison and to provide a
better understanding of the NP properties.

The characterisation by TEM, SEM, and DLS of two NP types,
differing with regards to the PLGA end group and surfactant
(BSA or PVA) are shown in Fig. 3. The characterisation by all
three techniques was in both cases done on the same sample to
minimize the effect of any minor batch-to-batch variation.
The electron microscope images of PLGA-E1-PVA-S and
PLGA-A1-BSA-S illustrate that the NPs presented spherical
morphology and smooth surfaces. In Fig. 3A and D, TEM
histograms showed that the PLGA-E1-PVA-S NPs displayed
particles in a size range of 30-140 nm and a mean particle size
of 64 + 22 nm. The use of BSA as a surfactant, resulted in
smaller particle size, with a size range of 30-100 nm (except for
four large particles >150 nm) and a mean particle size of 54 +
35 nm. While a more narrow size range was also observed for

8
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Fig. 3 Characterisation of PLGA-E1-PVA-S (left column) and PLGA-Al-
BSA-S NPs (right column). (A) and (D) TEM micrographs at 30 000 and
80 000 x magnification were used for generation of the histograms where
n = 155 for (A) and n = 119 for (D). Inserts show TEM image at 150 000 x
magnification. (B) and (E) SEM micrographs at 20,000 x magnification
were used for generation of the histograms where n = 125 for (B) and n =
131 for (E). Insets show SEM images at 20 000 x magnification. (C) and
(F) are histograms of NPs number percent determined by DLS. The error is
the standard deviation of the distribution (n given above for each sample)
and the size refers to the diameter of particles.
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PLGA-A1-BSA-S compared to PLGA-E1-PVA-S in the histogram
generated by SEM (Fig. 3B and E), the mean diameter was not
significantly different and yielded a mean particle size of
approximately 115 nm for both samples. The number mean
size distribution obtained by DLS measurements (Fig. 3C and
F) showed a broader distribution of NP size compared to the
results obtained from electron microscopy. The number
weighted mean particle size of PLGA-E1-PVA-S and PLGA-A1-
BSA-S were 144 + 8 nm and 77 + 10 nm, respectively (z-average
values are reported in Table S1, ESIt).

It is apparent when comparing the values obtained from the
different techniques, that analysis of SEM images generates a
larger average particle size compared to TEM. DLS measurements
for the PLGA-E1-PVA-S NPs correlate better with SEM than TEM,
however, for PLGA-A1-BSA-S, there is a better correlation with
TEM than SEM. Contributing to these differences is the inherent
different information derived from the different techniques.
DLS measures the hydrodynamic radius of a particle®® while the
electron microscope techniques image the particles in the dry
state and under vacuum. Furthermore, obtaining high-resolution
SEM images of the PLGA NPs was challenging due to the polymer
being degraded under the electron beam. Furthermore, NP
aggregation was observed to be more pronounced in SEM than
TEM when comparing samples prepared at a fixed concentration.
This resulted in a lack of particles less than 50 nm in size being
identified in the SEM images while in the TEM images, particles
of 30 nm could be observed. This presents as an inherently biased
measurement of the SEM technique. Other studies comparing
particle sizing methods have likewise used TEM as a ‘reference’
technique.®® Furthermore, the broader PSD observed in DLS
compared to TEM has previously been documented for mono-
disperse samples and is inherent in the DLS measurement.’>">*
Therefore, TEM is considered as a preferable high-resolution
option for evaluation of NP morphology and size due to the high
magnification achievable and the simpler sample preparation
including no requirement for sample coating.

As mentioned above, due to its simplicity, particle sizing is
often performed using light scattering techniques such as DLS
and to a lesser extent NTA. Whilst DLS characterises size from
the decay of light scattering as a result of Brownian motion,
NTA records the light scattering of NPs to allow tagging and
tracking of their movement due to Brownian motion. From the
movement of NPs in both methods, the software can then
determine a diffusion coefficient and calculate a hydrodynamic
radius of the particle from the Stokes-Einstein equation. Size
measurements from DLS can be inaccurate if the NP sample
has a high PDI because the intensity of scattered light is
proportional to the sixth power of the particle size. Larger
particles will have a greater intensity and be incorrectly
interpreted as being an accurate representation of the particle
size within the bulk.>* Alternatively, NTA uses light scattering to
identify the NPs, it does not use the scattered light intensity to
determine the particle size which means it is more robust
against the presence of large aggregates. A comparison of data
obtained from DLS and NTA is included in Fig. 4A. The raw
data produced by DLS is known as the correlogram which is a

5662 | Mater. Adv,, 2021, 2, 5657-5671

View Article Online

Materials Advances

ﬂ 300 i

>
w
=3
o

Size (nm)
Size (nm)

20 40 60 80 100120

80 120240 80 120240
Time (s) Time (s)
PLGA-A1-BSA-S PLGA-A1-BSAS  PLGA-A1-PVA-S
C 50+
— 120s
— 100s
404 — 80s
60s
_ 40s
% 30 — 20s
2
]
§
§ 204
104
> N
S _
0 - 1

g =
600 800 1000

Size (nm)

Fig. 4 The effect of surfactant and sonication time on the size of PLGA
particles. The number weighted mean is represented by columns (),
z-average is represented by @, as measured by DLS, and the mean particle
size determined by NTA is represented by ' . (A) Effect of sonication
time (20-120 s) on the particle size (diameter) for PLGA-A1-BSA-S NPs
(sonication amplitude of 20%); (B) effect of sonication time (80-240 s) on
the particle size (diameter) for PLGA-A1-BSA-S and PLGA-A1-PVA-S NPs
(sonication amplitude of 20%); (C) intensity plots from DLS data
corresponding to the data in (A). The error bars represent the standard
deviation of replicate samples (n = 3). ** represents statistical significance
of p < 0.01 as calculated from two-way ANOVA. It should be noted that
the data in figures (A) and (B) were measured on different instruments.

representation of the decaying intensity of scattered light as
particles move due to Brownian motion. The size can then be
determined and reported in two ways; (1) the z-average as a
singular value derived from a single exponential analysis of
the decaying correlogram curve and (2) a multi-exponential
analysis of the decaying correlogram curve. The latter provides
a population distribution which can be represented as an
intensity, number or volume weighted PSD.

Reporting only the mean particle size from a PSD can be
prone to misrepresentation when the distribution diverges
from Gaussian form. Obtaining an accurate number weighted
PSD from DLS data requires input of refractive indices but is
the more robust presentation and should therefore be used
when possible for polydisperse (PDI > 0.1) samples to calculate
a number weighted mean particle size rather than reporting the
z-average. Faria et al., in a guideline for minimal information
reporting in nanoscience research, likewise states that reporting only
the z-average size is insufficient to characterize NPs for biological
application.’” Therefore, when reporting DLS measurements,
accompanying PSD curves (intensity, number, or volume)
should be included. To establish precedence, in this work, all
PSD curves not included within the main manuscript can be
found in ESIf (Fig. S2 for DLS data and Fig. S3 for NTA data).
This includes individual curves for the triplicate samples
evaluated. Furthermore, in order to demonstrate the difference

© 2021 The Author(s). Published by the Royal Society of Chemistry
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between the z-average and number weighted mean particle size
as determined by DLS, both have been reported in the current
study in most figures. Finally, included in the ESLf is a table
(Table S1) of values obtained from DLS measurements for the
majority of the samples of this study.

Effect of the variables in the fabrication process

As outlined in Fig. 1, the NP fabrication method ESE has a
number of variables which all potentially can affect the particle
size. Using a sonic probe to provide the energy input and a
single polymer type (PLGA-A1), the effect of surfactant type,
sonication time, and sonication amplitude was evaluated.
Considering the high energy input from the sonic probe, this
process is done in an ice bath. It was confirmed in the current
study that the temperature of the reaction mixture did not
exceed 9 °C (details provided in ESI, Table S2) which is well
below the Ty, of the polymers used. Assessment of the sonication
amplitude was evaluated by comparing NPs produced with a
sonication emulsification amplitude of 10, 15, and 20%
(constant time of 120 seconds and BSA as the surfactant). Using
DLS, these settings were found to produce NPs with z-average
particle sizes of 160, 140, and 120 nm, respectively. This inverse
relationship between sonication amplitude and particle size has
been explained by Taurozzi et al. and is related to the acoustic
power as described by eqn (1).>°

P = Sped*(2nfa W
where P = acoustic power, p = liquid density, ¢ = speed of sound
in medium, A = amplitude, f = vibrational frequency, a =
emission area. The acoustic power is a measure of the strength
of cavitational rarefaction and compression. Therefore, at a
higher sonication amplitude, the size of emulsion droplets was
reduced due to stronger rarefactions and compressions. The size
of emulsion droplets will continue to be reduced until they reach
a size which prevents them from being impacted further. This
results in the asymptotic relationship between particle size and
sonication energy.

The effect of sonication time was analysed by DLS (Fig. 4A
and B) and NTA (Fig. 4A). The effect of sonication time over the
range of 20-120 seconds on particle size was investigated using
both DLS and NTA and the data are shown in Fig. 4A. The DLS
data illustrated a decrease in the number weighted mean
particle size for particles prepared using a sonication time of
20 s (205 &+ 13 nm) compared to 120 s (102 = 1 nm) and the
z-average values follow the same trend. The data obtained by
NTA showed a similar reduction in the mean particle size over
time, however, the initial mean particle size after 20 seconds
was found to be 124 = 7 nm which was over 80 nm different
from the number weighted mean particle size measured by
DLS. However, after 120 seconds the mean particle size
measured by NTA had converged to 103 + 2 nm which was
similar to the number weighted mean particle size measured by
DLS. Considering the different bias of the two methods,>” these
values would indicate that the PSD for particles prepared
with a sonication time of 20 seconds is very broad and not
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mono-modal. This is supported by the change in the PDI which
is reduced from 0.288 for a sonication time of 20 s to 0.131 for a
sonication time of 120 s and it is also clearly illustrated in the
intensity plots generated from the DLS data presented in
Fig. 4C. This work highlights that when low polydispersity is
required for NPs produced using ultrasonication induced
emulsification, the duration of ultrasonic exposure can be
increased to afford narrow PSDs and the specific details should
be established for individual laboratories.

The effect of sonication time from 80 to 240 seconds on the
particle size was evaluated separately (using a different zeta
sizer) for particles prepared with either PVA or BSA as the
surfactant (Fig. 4B). The size of BSA stabilized particles did not
change significantly with sonication time (p > 0.05) and the
number weighted mean particle size was measured to be 73 +
31 nm after sonication for 80 s and 54 + 6 nm after 240 s.
A sonication time of 80 s resulted in a number weighted mean
particle size of PVA stabilized NPs of 120 + 30 nm. The particle
size was not affected by sonication time (p > 0.05) where 120 s
and 240 s yielded particles of 140 + 22 nm and 157 + 19 nm,
respectively. Thus, for both BSA and PVA stabilised particles,
there was no significant effect of sonication time within the
range of 80-240 seconds. The apparent difference in number
weighted mean particle size between Fig. 4A and B, for similarly
fabricated particles is likely due to the difference in DLS
resolution aforementioned in the methods section. The data
in Fig. 4B indicate a significant difference in the number
weighted mean particle size for particles that were fabricated
with different surfactant type (PVA and BSA) and different
surfactant concentration, but otherwise identical procedure
(p < 0.01). It is difficult to isolate the key variable causing this
difference since the surfactants differ both in molecular size and
in composition. Shkodra-Pila et al. and Menon et al. demon-
strated that PLGA particle size does not increase significantly
when increasing the MW of the surfactant PVA. However, there
has been significant research illustrating the reduction of PLGA
particle size when increasing the surfactant concentration (PVA,
0.5-5% w/v).”® Therefore it is possible that the higher concen-
tration of BSA (30 mg mL ") compared to PVA (10 mg mL ™)
contributed to the smaller particle size of PLGA particles
produced with the former, although the different surfactant type
may also have contributed.

Another aspect of the NP fabrication process which may
affect the PSD is the choice of energy source (Fig. 1). In the
current study, this was investigated by the use of a homogeniser
and a sonic probe for particles produced using PVA as surfactant
and two different polymers (PLGA-E1 and PLGA-E2) as well as
with and without drug encapsulation. The evaluation is based on
data obtained by DLS (z-average and number weighted mean).
Comparing the particle size of empty NPs prepared using ultra-
sonication and using the two different polymers revealed a
significant difference in particle size (z-average and number
weighted mean p < 0.05) with number weighted mean of
169 £ 7 nm and 139 £+ 1 nm for PLGA-E2-PVA-S and PLGA-E1-
PVA-S, respectively. However, a small increase of only 30 nm was
observed. When using the homogeniser the number weighted
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mean were 149 & 3 nm and 177 + 19 nm for PLGA-E2-PVA-H and
PLGA-E1-PVA-H, respectively, which were not significantly
different (p > 0.05). This demonstrates that the T, of the
polymer has only a minor effect on the particle size of empty
NPs and only when using sonication to provide the energy input.

For NPs produced using the polymer PLGA-E1, the particle
size of empty NPs was significantly different when using the
sonic probe compared to the homogeniser to provide the
energy input (p < 0.0001 and p < 0.05 for z-average and
number weighted mean particle size). Although the use of the
homogeniser in fabrication of empty NPs led to a size increase
of less than 100 nm compared to the use of ultrasonication, the
population of the NPs was more heterogeneous (PDI = 0.2 for
PLGA-E1-PVA-H compared to PDI < 0.1 for PLGA-E1-PVA-S)
(Fig. 5A).

In regards to the effect of drug loading, in the case of NPs
prepared using the sonic probe, an increase in z-average by 39 and
32 nm (p > 0.05) for PLGA-E1-PVA-S-cur and PLGA-E2-PVA-S-cur
was observed after encapsulation but no increase in number
weighted mean. The result agrees with a recent study in which
the polymer mass was kept constant while varying the initial drug
amount where it was found that the effect on particle size was
observed at a high drug: polymer ratios of 1: 2 or greater.” For the
PLGA-E1-PVA-H-cur particles, a large heterogeneity in particle
population was observed compared to the PLGA-E1-PVA-S-cur
particles. Furthermore, particles prepared by use of the homo-
genizer displayed high variability between runs when characterized
by DLS as illustrated in ESIf Fig. S4. This indicates that the
composition of the sample changes faster than the time of the
DLS run and that sedimentation was possibly occurring.
This renders DLS an unsuitable technique for particle size
determination for this system.>*”” In this case, the use of high-
resolution electron microscopy techniques is recommended, as
showed in Fig. 5C. Parot et al have likewise reported a lack in
the accuracy of the DLS technique for evaluating the particle size
of NPs larger than 250 nm and with a high PDL*” The data
demonstrate that the particle polydispersity can be manipulated
by the choice of energy input where the use of a homogenizer
affords the production of mixtures of micron and submicron
particles. Previously, the use of such polydisperse particles have
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been reported to result in prolonged drug release (> 21 days).”® It is
thus recommended when prolonged treatment is required.”®
In contrast, for the synthesis of small and monodisperse NPs,
aiming to achieve fast release of the drug, it is recommended to use
ultrasonication rather than homogenisation.

Effect of the variables in the isolation process

There are many research papers in the literature that evaluate
the influence of parameters of particle synthesis on the
PSD, 72673959 and within such studies where the particle
isolation process can be considered constant, these parameters
can be evaluated. However, without a full description of the
isolation process, it is not meaningful to compare data from
different research papers. One recent study on PLGA NP
synthesis has included evaluation of centrifugation speed and
cryo-protectants.>’ This section will therefore focus on the
effects of the NP isolation processes of washing of the NP pellet
and filtration of the NP suspensions while a general description
is provided for the effect of centrifugation.

The way the centrifugation is carried out and the type of
centrifuge used greatly influence the fraction of particles
isolated in accordance with Stoke’s law, which states that the
velocity at which a droplet moves is proportional to the square
of its radius. The equation in Fig. 6A can be used to calculate
the centrifugation time required to isolate particles of radius, r,
at an angular velocity of the centrifuge, ».°*®" The equation
requires the consideration of the distance between centrifugal
axis and the sample that experiences the centrifugal force
which varies between different centrifuges. Most experimental
procedures for isolating NPs reported in the literature specify
the revolutions per minute (rpm), however, the centrifugal force
experienced by the particles is different between different
machines and rotors. It has been previously demonstrated that
the size of NPs collected is a function of the rcf, as by increasing the
force applied from 9391 x g to 37565 x g (10000 and 20 000 rpm)
the overall size of NPs collected after washing decreased.””
Consequently, in order to improve accuracy and reproducibility
(3R), it is recommended that authors report the rcf as a minimum
standard when describing the centrifugation protocol.
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Fig. 5 Size distribution (diameter) of nano and sub-micron particles. (A) Size by intensity (%) of PLGA-E1-PVA-H NPs and (B) PLGA-E1-PVA-H-cur
particles by DLS; (C) FE-SEM image of PLGA-E1-PVA-H-cur at an accelerating voltage of 1 kV, a working distance of 5.9 mm and 10 000 x magnification.

For (A) and (B) each size distribution curve represent a different sample.
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Fig. 6 (A) Equation used to calculate the centrifuge time (t.) required to
pelletize a NP suspension of defined radius (r). Where 5 = viscosity of liquid,
p = density of particle, pg = density of supernatant, o = angular velocity of
centrifuge, r; = distance from surface of the liquid to centrifuge axis and
r, = distance from bottom of centrifuge tube to centrifuge axis. The
z-average (@) and number weighted mean particle size () of particles
that were (B) unwashed and washed (PLGA-A1-PVA-S), and (C) unfiltered
and filtered with a 0.45 pm polypropylene syringe filter (PLGA-AL1-PVA-S).
The error bars represent the standard deviation of replicate samples (n = 3)
and size refers to particle diameter. Accompanying intensity weighted PSD
curves for (B) and (C) are shown in (D) and (E), respectively.

An important parameter in particle isolation is the number
of centrifugation cycles also referred to as washes. After the first
cycle, particles are commonly resuspended in water in order to
wash the particles. This is typically done two or three times and
serves to remove excess surfactant to avoid potential
cytotoxicity.®® Fig. 6B shows the particle size of PLGA-E1-PVA-S
after being washed twice compared to the absence of a washing
process and Fig. 6D shows the PSD in corresponding intensity
plots. Unwashed NPs measured by DLS were found to have a
number weighted mean particle size of 136 + 18 nm while NPs
subjected to washing had a number weighted particle size of
124 + 15 nm. No significant difference in the particle size was
observed between washed and unwashed samples (p > 0.05).
These results agree with a similar study applying a centrifugation
protocol of 37565 x g (20000 rpm) where the overall size of NP
remained consistent after three washing cycles with a 16 nm
increase in the size of PLGA NPs as a result of washing.>” They
also observed that by increasing the centrifugation speed this
variation in size between washing cycles was minimised which
agrees with the results in our study where the centrifugation
cycles were done at 76500 x g (25000 rpm).>” Therefore, we
recommend the washing process of NPs for biomedical
application and highlight that the process does not affect size
under the studied conditions.

Considering that the washing procedure for NPs to some
extent is done in order to remove excess surfactant, we evaluated
changes in the relative amounts of the PLGA and PVA in PLGA-A1-
PVA-S NPs before and after one and two washing cycles. This was
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done using X-ray photoelectron spectroscopy (XPS) as a surface
sensitive technique of a lyophilised NP pellet as well as "H NMR as
a bulk technique of a dissolved NP pellet. By evaluating the C 1s
and O 1s narrow scans of the pure polymers (PLGA-A1 and PVA) as
well as NP pellets, the presence of PVA in the NPs was evident
from the [C-O]/[C—0] atomic ratio where the value for the NPs
fell within that of the pure polymers (Table 1 and Fig. S5A, ESIf).
It was also evident from this data, that there was no detectable
change in the relative amounts of PLGA and PVA at the surface
when comparing data for a NP pellet before washing with that of a
NP pellet after two washing cycles.

Spek et al. previously studied quantification of PLGA and
PVA at the surface and in the bulk of NPs prepared using
different PLGA-PEG copolymers.®® That study found ratios of
PLGA to PVA at the NP surface close to 10% PVA, in agreement
with the results in the current study, which indicate a
composition of 10-15% PVA for the washed and unwashed
NP samples. "H NMR was utilized to quantify the relative
amount of PLGA and PVA in the bulk of unwashed and washed
NP samples based on integrals of peaks from each of the
polymers as shown in the ESIt (Fig. S5B). Using this method
of quantification, the PVA in the bulk appeared to remain
constant after one wash and to decrease after two washes by
6% which is considered non-significant and within the error of
the measurement. This data thus indicate that the washing step
has only minor or no effect on the PVA content. It should be
noted, that washing of the NPs is of course an important step to
include when working with drug-loaded NPs in order to remove
any drug that is adsorbed to the particle surface rather than
encapsulated.

Fig. 6C presents the particle size of PLGA-A1-PVA-S before
and after syringe filtration (using a 0.45 pm polypropylene
syringe filter), which was done after the washing steps
described above. Fig. 6E shows the PSD in corresponding
intensity plots. Unfiltered and filtered NPs were both found
to have a z-average of 170 £ 10 nm, as well as similar values for
the number weighted mean particle size (140 £ 10 nm and
140 + 20 nm for unfiltered and filtered NPs). No effect on the
PDI was observed between unfiltered (PDI = 0.06) and filtered
(PDI = 0.07) samples. Microfiltration has been suggested as an
effective method for removal of large aggregates and submicron
sized particles thereby reducing the polydispersity and
increasing the reliability of DLS measurements.®* In accordance
with this, in our work, the filtration of NPs samples produced no
significant effect on the particle size which can be related to the
NPs displaying a monodisperse PSD already after the washing

Table 1 Relative PVA content on the NP surface evaluated from C 1s and
O 1s XPS narrow scans for starting materials, unwashed PLGA-A1-PVA-S
NPs and NPs washed twice (PLGA-AL1-PVA-S-W) (n = 1)

([c-o)/([c=0))

([c-o)/([c=0))

from C 1s from O 1s
PLGA 1.0 £ 0.2 1.0 £ 0.2
PVA 6.2 + 0.8 4.6 +£ 0.7
PLGA-A1-PVA-S 1.8 £ 0.3 1.6 £ 0.2
PLGA-A1-PVA-S-W 2.1 +0.3 1.5 £ 0.2
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steps. Despite this, we concur with Hackley and Clogston on
their stance on particle purification and suggest that the effect of
filtration during the isolation of NPs be evaluated.

Drug encapsulation

Curcumin has previously been studied in single drug encapsulation
and co-encapsulation with other drugs using PLGA NPps,**™*%%
Although there is extensive literature on the use of curcumin either
as a therapeutic compound or a drug model, there are several
limitations regarding its encapsulation and release studies.®>”"
Considering the challenges of chemical instability and poor
solubility in water, we have chosen curcumin as a challenging
drug model to investigate the variables involved in the fabrication
of PLGA NPs that might affect drug encapsulation. Specifically, we
have investigated the effect of the polymer type and energy input
on curcumin encapsulation as well as different methods for
determination of the drug encapsulation. Due to the high binding
affinity of curcumin with BSA (K = 3.3 (£0.8) x 10* M~ )"> we
restricted our drug encapsulation study to the use of PVA as the
surfactant. Caution must be applied when using proteins for
stabilization of drug loaded NP formulations to avoid binding of
drug molecules to the surfactant, both in solution and at the
surface of the NPs as this can reduce encapsulation efficiency
and loading capacity.

Determination of EE% and LC% using spectrophotometric
methods is known to be dependent on the solvent system,
additives and their respective concentrations. Standard curves
therefore must be prepared in the solvent system corres-
ponding to that of the unknown sample. This is illustrated
with the standard curves used for the indirect method (Fig. 7A)
and the direct method (Fig. 7B) in the current study.
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Furthermore, Fig. 7C illustrates that despite the fixed curcumin
concentration there is a change in absorbance of curcumin
(0.8 mg/100 ML, /pay = 408-415 nm) caused by an increasing
PVA concentration (5-30 mg/100 mL) where the absorbance
value increases from 0.674 to 0.825. Considering the large
excess of PVA used in the particle synthesis we, therefore,
recommend the addition of PVA at the initial concentration
(20 mg/100 mL) when producing in the standard curve used for
the indirect method, which was also done in the current study.
This highlights one of the difficulties of the use of indirect
determination of EE% and LC% using spectrophotometric
methods. The increase in curcumin absorbance with respect
to PVA concentration was also shown by Shah et al., where the
molar extinction coefficient of PVA-bound-curcumin was found
to increase by 50% compared to free curcumin.”? Using the
relationship of Beer Lambert’s law, the higher molar extinction
coefficient accounts for the increased absorbance of PVA-
bound-curcumin.

Loading capacity and encapsulation efficiency were evaluated
using both direct and indirect methods and the resulting data
are reported in Table 2. Using the direct method of determining
the drug content in lyophilised NPs, the EE% and LC% of NPs
fabricated with the sonic probe as an energy source are in a
range of 44-58% and 6-9%, respectively. Furthermore, no
significant difference in curcumin encapsulation was observed
between the three polymers (differing with regards to T, and
end-group) (p > 0.05). This level of curcumin encapsulation
mimics that of a recently reported study using similar
fabrication conditions, where a prolonged sonication time of
10 min at 90% amplitude was applied.** Specifically, we
obtained an EE% that was 10% higher than the reported in
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Fig. 7

(A) a standard curve of curcumin in water and PVA, where [PVA] = 20 mg/100 mL, and a line of best fit of A = (0.0465 + 0.0007) x c,r (N =1); (B) a

standard curve of curcumin in 2:1 THF/DMSO where the line of best fit was A = (0.0514 + 0.0005) x cc,r and the error bars represent the standard
deviation of replicate samples (n = 3); (C) the UV-visible absorbance spectrum of curcumin (0.8 mg/100 mL) and variable concentrations of PVA as
indicated (5-30 mg/100 mL); (D) *H NMR spectrum (500 MHz) of PLGA-A1-PVA-S-cur pellet in DMSO-dg (n = 1). The peak/s shown in orange and green
belong to curcumin and PLGA, respectively. The integral ratio between a series of curcumin and PLGA peaks can then be used to calculate the
encapsulation efficiency (equation and sample calculation is provided in ESI¥).
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Table 2 Drug loading capacity (LC) and encapsulation efficiency (EE) of
PLGA NPs prepared using a polymer/drug ratio f 1:10°

Direct method Indirect method

Polymer EE (%) LC (%) EE (%) LC (%) Yield (%)
PLGA-E1-PVA-S-cur 58+9 6+2 36+11 4+1 88+11
PLGA-E2-PVA-S-cur 46+9 7+2 38+8 6+1 58+4
PLGA-A1-PVA-S-cur 44+1 9+1 53+1 11+1 95+7
PLGA-E1-PVA-S-RhB ~ — — 741 1+1 74+5
PLGA-E1-PVA-S-RhB2®? — — 38+4 124+4 52411
PLGA-E1-PVA-H-cur 32+7 6+2 42+6 8+2 49+ 14
PLGA-E2-PVA-H-cur 36+5 5+1 57+7 7+1 70+5
PLGA-E1-PVA-H-RhB = — — 10+4 3+1 35+5
PLGA-E1-PVA-H-RhB2? — — 7+7 3+3 4341

“ (n = 3 for curcumin, n = 2 for RhB). * Polymer/drug ratio 2 : 10.

the recent study and the LC% was the same in the two studies.*’
This high curcumin encapsulation efficiency has previously been
attributed to intermolecular interactions between the drug and
the polymer.** Similar values for LC% of PLGA-E1 and PLGA-E2
were obtained by the direct method when the homogeniser was
used as the source of energy (Table 2). However, it was found
that the curcumin EE% was 10-20% lower than obtained when
the sonic probe was used.

In the indirect approach, the concentration of the free drug
is measured and the difference from the initial drug mass is
used to estimate drug encapsulation. This method is often used
as it does not require the destruction of the NPs. The EE% and
LC% obtained by this method were significantly different from
the values obtained by the direct method for PLGA-E2-PVA-H-cur
(p < 0.05) and PLGA-A1-PVA-S-cur (p < 0.001). In both cases, the
indirect method estimated a higher EE% compared to the direct
method. This result can be attributed to curcumin loss by
degradation during the fabrication process in agreement with
previously reported 80% curcumin degradation within 4 hours at
24 °C.”" In general, when a direct method cannot be used, it is
recommended that measurements of the supernatant are taken
immediately after fabrication to avoid overestimation of EE%
and LC% and that the time gap between NPs washing
(or curcumin extraction) and absorbance measurement should
be reported to account for the curcumin degradation during
these steps.

The indirect method was used to quantify the encapsulation
of an alternative drug model, Rhodamine B (RhB) at polymer/
drug ratios of 1:10, 2:10, and 5: 10. The overall yield of PLGA-RhB
NPs fabricated using ultrasonication was higher than when using
homogeniser. It was observed that increasing the drug/polymer
ratio of NPs prepared using ultrasonication to 2:10, promotes an
improvement in EE% and LC%. However, no further improvement
was observed when increasing the drug/polymer ratio to 5:10.
Differently, in particles prepared using homogeniser, the variation
in polymer/drug ratio did not show an effect in EE% and LC%, and
were approximately 7% and 3%, respectively. Regardless of the
energy source applied, curcumin presented a higher encapsulation
efficiency than RhB. Considering that the single ESE technique is
designed for the encapsulation of hydrophobic compounds, this
difference and be attributed to the difference in the water solubility

© 2021 The Author(s). Published by the Royal Society of Chemistry
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of the drugs.* The solubility of RhB is more than 10-fold higher
than curcumin, therefore, during the evaporation process the
excess of RhB can interact with the water phase leading to the
decrease of drug entrapment by the NPs.*

As an alternative to the use of spectrophotometric methods
(including e.g. HPLC) for evaluating the EE% as well as the
amount of drug loaded into the NP, we explored the use of
"H NMR of a lyophilised PLGA-A1-PVA-S-cur pellet dissolved in
DMSO-de. This method is similar in principle to the direct
method outlined in Fig. 2 as the amount of drug relative to
polymer within the NP can be determined from the 'H NMR
spectrum. Specifically, the EE% can be determined by comparing
the mass ratio of drug to polymer as determined from the
'H NMR data, with the mass ratio used in the NP synthesis.
Fig. 7D shows the resulting "H NMR spectrum where the
curcumin peaks in the aromatic region are compared to the LA
(-CH) peak at ¢ 5.2 ppm using the equations and integration
shown in ESIt Fig. S6. Based on this, a mean EE% of 73 + 10%
was determined. Furthermore, the mass ratio of drug to polymer
(Marug(e)Mpolymer) €Xpressed as a percentage was found to be 7 £
1%. This offers a different method for evaluating the amount of
drug loaded into the NP. The EE% obtained by 'H NMR is
significantly larger than that determined by UV-Vis based
quantification for the PLGA-A1-PVA-S-cur NPs presented in
Table 2. An important consideration for the use of this method
is the diminishing accuracy of EE% when the yield (%) is reduced.
However, it is in general considered more accurate as curcumin
degradation will affect the spectrophotometric method to a much
larger extent. Determination of EE% using NMR is advised for
drug loaded NPs where the direct method is feasible and the drug
cannot be quantified either as a result of degradation or lacking a
chromophore.

Conclusions

This work has presented a systematic study demonstrating the
repeatability and replicability of PLGA NP synthesis using the
ESE technique as well as the influence of various controlled
fabrication variables during the synthesis and isolation
processes. To determine size, DLS (z-average, number mean,
PDI), NTA, and electron microscopy (PSD) were used. Among the
methods, TEM presented as a preferred option for determining size
and morphology of particles and it is therefore recommended that
this be used in combination with the common technique DLS.
When reporting DLS measurements, we support previous literature
recommending providing PSD curves (intensity, number, or
volume) in order to improve reproducibility.

We investigated the effect of polymer type, surfactant type,
energy source, the magnitude of energy input, filtration,
washing, and drug encapsulation on the size of NPs. The source
of energy and magnitude of the energy input as well as the
choice of surfactant showed to have the most significant
influence on NP size. In general, it is recommended that
ultrasonication is used when NPs of low polydispersity and a
mean diameter below 200 nm are required and that the
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sonication time and amplitude are optimized in individual
laboratories. If on the other hand, NPs of high polydispersity
are required to obtain a desired drug release profile, the use of
a homogenizer to provide the energy input is recommended.
In regards to the choice to the choice of surfactant a smaller
particle size was obtained in the current study using BSA,
however, we caution its use due to high affinity to hydrophobic
drug molecules. We, therefore, recommend the use of PVA
which is commonly used in the literature.

In our work, filtration and washing have shown no influence
on the size of NPs. However, it is important to note that the
conditions of washing and whether filtration was required
should be reported in order to allow direct comparison to the
literature. Previous studies have demonstrated the effect of
centrifugation and we likewise recommend reporting the rcf
as a minimum standard when describing the centrifugation
protocol in order to improve reproducibility.

The use of spectrophotometric methods for drug quantification
by either direct or indirect methods requires the standard curve
prepared using the same solvent system and with the same
additives. Thus, for the presented protocol, PVA must be added
to the solution when using the indirect method. In an alternative
approach to spectrophotometric methods we evaluated the use of
"H NMR for determining the amount of drug encapsulated and the
EE%. The use of this method is advised for drug loaded NPs where
the direct method is feasible and the drug cannot be quantified
either as a result of degradation or if it is lacking a chromophore.

In summary, ESE presented as a robust method for PLGA NP
fabrication. In this study, we demonstrated that properties can
potentially be adjusted to the required application by modification
of multiple variables involved in the synthesis and guideline for
PLGA-based NP fabrication and drug encapsulation quantification
was provided.
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