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HIGHLIGHTS GRAPHICAL ABSTRACT
eA QbD rational development of
microparticles.
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impact assessment on particles CQA.
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ARTICLE INFO ABSTRACT
Keywords: The development of alginate microparticles for encapsulation of hydrophilic drug is addressed. The alginate
Q‘}amy'b}f'deSign microparticles are produced by the emulsification/gelation process. The objective of this study is to optimize the
rl‘gc;’iimdes encapsulation of sunset yellow, a model of small hydrophilic drug, by the means of an agile quality by design

Hydrophilic drug
Emulsion/ionotropic gelation

(QbD) approach. Five input factors are considered: the alginate concentration (2-7% w/V), the drug/polymer
ratio (0.1/1-0.5/1), the cross-linker addition flow rate (1-1.6 mL/min), the cross-linker volume (5-10 mL), and

the crosslinking time (15-60 min). Critical quality attributes (and their associated specifications) are the particle
size (€ [30;150]um) and polydispersity, the encapsulation efficiency (> 50%), and the drug loading (> 10%). The
implemented agile method follows three successive QbD sprints, each based on a specific design of experiments
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(DoE). First, a screening of the process parameters is performed using a Plackett-Burman design, followed in a
second sprint by the implementation of a central composite Hartley’s design to identify the design space and to
extract four eligible control operating regions where the probability to meet the CQA specifications is above 95%.
In the last sprint, one of these optimal operating conditions has been qualified by testing eight end points of the
region through the application of a full factorial design. This operating region corresponds to a combination of
three factors: alginate concentration in [6.7;7]%, drug/polymer ratio in [0.29;0.34]w/w and a curing time in

[40;60]min.

1. Introduction

Sodium alginate is a natural anionic polysaccharide widely used in
the pharmaceutical, cosmetic and food industries [1]. It is an un-
branched copolymer of L-guluronic acid (G) and D-mannuronic acid (M)
randomly arranged and in various amounts, depending on the algae
origin. In the presence of divalent cations such as calcium, alginate
undergoes ionotropic gelation and forms a biodegradable gel which al-
lows the encapsulation of active ingredients [2-5]. Depending on the
formulation process, nano-, micro-particles or beads can be obtained,
and the strength of the gel can be controlled through the concentration
and properties of the polymer (eg molecular weight, composition in
mannuronic acid (M) and guluronic acid (G) blocks: M/G ratio and
sequence) as well as through the concentration of divalent cation [6].
Alginate can also be gelled through pH changes (at pH below the pKa of
the uronic acids) [7], or desolvatation [8], or by chemical covalent
cross-linking [9].

Due to its low cost, low toxicity, biocompatibility and biodegrad-
ability, alginate is one of the most studied polymers for controlled de-
livery of small drugs, macromolecules (proteins, enzymes, antigens) or
even cells [10-15]. Moreover, alginate mucoadhesive properties in-
crease the contact time between drug delivery systems and absorption
sites, thus enhancing the bioavailability of the drug payload after buccal,
nasal, pulmonary, vaginal or oral administration [16-20]. In this latter
case, the pH-sensibility of the polymer matrix will also protect the drug
against degradation by the gastric environment and enable a targeted
release to the intestine [3,21]. Especially, oral delivery of hydrophilic
drugs (peptides, proteins, nucleic acids...) might be achieved through
encapsulation into suitable alginate carriers. The size of these carriers
may vary from a few hundred nm for small nanoparticles up to several
mm for large particles/beads, depending on their composition and
process of fabrication.

The most popular methods used to produce alginate microparticles
are spray drying, extrusion and emulsification/gelation [1,12]. In spray
drying, a solution containing the polymer and the drug is pressurized
and sprayed through a nozzle. The resulting mist is dried by hot gas in
the drying chamber to form the microparticles. Due to the pressure and
temperature stresses, this method is not suitable for fragile molecules. In
extrusion process, the drug is added to the polymeric solution, and the
resulting mixture is extruded into droplets to the hardening bath, con-
taining the gelling agent. This technique is very simple, but produces
rather large particles/millimeter-sized beads. An alternative method is
emulsification/external gelation. In this case, the polymer-and-drug
aqueous mixture (discontinuous phase) is emulsified into a large vol-
ume of oil (continuous phase). A surfactant is also added to stabilize the
resulting water-in-oil emulsion. The gelling agent is finally added to the
system to harden the emulsion droplets. Solid microparticles should
then be separated and washed from the oily phase before use. This
method is particularly suitable to encapsulate hydrophilic and fragile
molecules by two aspects. Firstly, emulsification/ gelation does not
induce thermal stress and secondly, the external oily phase limits the
loss of the active ingredient from the hydrophilic matrix during micro-
particles formation. Furthermore, particle size can be tailored thanks to
the emulsion process.

Quality by design (QbD) is a systematic approach of drug develop-
ment widely used in pharmaceutical industry to shorten the time

required for the development of new dosage forms and to develop a
comprehensive understanding of the product and its manufacturing
process [22]. In this approach, critical quality attributes (CQAs) of the
drug product should be identified before using risk assessment tools such
as Ishikawa diagram and Failure Modes and Effects Analysis matrices to
identify and rank material attributes and process parameters with po-
tential impact on product quality. An enhanced quality by design
approach includes statistical techniques for the design of experiments
(DoE) to establish an appropriate control strategy which can, for
example, include a proposal for a design space, i.e. “the multidimen-
sional combination and interaction of input variables (e.g., material
attributes) and process parameters that have been demonstrated to
provide assurance of quality” [22]. Working within this space is not
considered as a change by the authorities: this regulatory flexibility
might be highly advantageous for inevitable changes that may occur
during the lifecycle of the product. Within this space limitations, the
statistical model, determined from the experimental data, can predict
the performance of formulations without preparing them.

QbD is also a growing trend in academic research for lipidic or
polymeric formulations [23,24]. For example, some studies have con-
ducted statistical comprehensive analysis of spray-drying [25] or
extrusion process [26,27]. To our knowledge, despite its relevance to
alginate particles production, the emulsification/gelation process has
only been investigated in a single and recent study for optimization of
isoniazid encapsulation efficiency and in vitro dissolution [28].

With the view of developing alginate microparticles encapsulating a
fragile and hydrophilic active for mucosal delivery, the following CQAs
may be considered: controlled particle size and size distribution, suit-
able encapsulation of the drug (expressed both as encapsulation effi-
ciency and as drug loading, from an economic and a therapeutic point of
view, respectively). In this study, CQA specifications have been set at
[30-150 um] for the particle size, with a narrow distribution if possible,
> 50% (w/w, drug encapsulated versus introduced) for drug encapsu-
lation and >10% (w/w, drug encapsulated versus dried particles) for
drug loading.

Drug release is also of interest, but was not considered in this study as
it is partially dependent of particle size and drug loading and can be
altered by subsequent modifications of particles, e.g. coating with other
polymers. Several factors are likely to influence the properties of algi-
nate microparticles (Fig. 1). Among them, and according to the litera-
ture, alginate concentration, external phase and surfactant, drug and
cross-linker would be the most critical [12].

The aim of the present study was to determine the optimal formu-
lation of alginate-based microparticles for hydrophilic drug encapsula-
tion thanks to a rational quality-by-design approach. Most sodium
alginate microparticle formulation processes are carried out in an
aqueous dispersant phase, which can lead to premature leakage of the
hydrophilic active ingredient during the manufacturing process, leading
to weak encapsulation, or a burst effect during kinetic release of the
drug. Here, microparticles were prepared with a modified emulsifica-
tion/gelation process [10], in which the hydrophilic drug is confined in
the aqueous droplets of the W/O emulsion, before being trapped in the
microparticles produced by ionotropic gelation of the polymer by in-
teractions with calcium ions. Despite its superiority for encapsulating
hydrophilic drug, the emulsification/gelation process has not been
extensively studied in the literature. In this study, an agile
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implementation of Quality-by-design was applied to (i) screen the crit-
ical formulation factors, (ii) identify the design space and (iii) validate
the optimal control operating region to synthetize microparticles suit-
able for mucosal administration of hydrophilic drug. We investigated
the effect of various factors, such as alginate concentration, drug:
polymer ratio, calcium chloride concentration and cross-linking time on
the properties of the particles encapsulating sunset yellow, a model of
small hydrophilic drug. We focus not only on drug encapsulation, but
also on control of particles size, in order to gain a thorough knowledge
about the impact of formulation and process parameters.

2. Materials and methods
2.1. Materials

The calcium chloride (CaCly), Span 80 as surfactant, Sunset Yellow
(452 g/mol, solubility in water 19% w/v at room temperature, insoluble
in oils) and sodium alginate (Alg-Na) powder (reference A1112, batch
SCBX8356, viscosity = 8 cps for 1% in water at 25 °C, molecular weight
range 30,000-100,000; experimental M/G ratio = 1.85) used were ob-
tained from Sigma Aldrich (France). The fluid paraffin oil of pharma-
ceutical quality was supplied by COOPER (France). Organic solvents
such as methanol (MetOH), ethanol (EtOH) and isopropanol (propan-2-
ol) were purchased from Carlo ERBA Reagents (France). Phosphate
Buffer Saline (PBS) (0.147 M, pH = 7.4) was prepared by using sodium
phosphate (NapHPO,4), potassium phosphate (KHPO4) and sodium
chloride (NaCl) from VWR BDH® Chemicals (Germany) and potassium
chloride (KCl) from Sigma Aldrich (Germany). The NaCl/sodium citrate
solution (0.1 M / 0.1 M) was made using NaCl and sodium citrate from
Sigma Aldrich (Austria).

2.2. Alginate sunset yellow microparticles formulation

An emulsification process was immediately combined with an ion-
otropic gelation process using calcium chloride as a cross-linker to
obtain microparticles [10]. Alginate solutions of 2 and 5% (w/v) loaded
with a model hydrophilic drug were prepared by dissolving sodium
alginate and sunset yellow powder (drug concentration ranging from
10% to 50% (w/w of polymer) in deionized water and stirring until
complete dissolution. The resulting aqueous solution was emulsified in
paraffin oil containing 1% (v/v) surfactant (Span® 80) for 15 min at
20°C (aqueous/oil phases ratio of 1:10). The influence of the emulsifi-
cation system (a paddle homogenizer (triple helix morphology, at
600 rpm, motor Heidolph RZR 2021, Germany) or an Ultraturrax®,
(Ultraturrax® T25, Janke & Kunkel, IKA-Labortechnik, Germany) at
9500 rpm) was studied in exploratory experiments (see 2.4.1), and the
paddle was selected for the following experiments. The emulsion

Material attributes

Polymer (Type/
Concentration)
Drug (Type/

Crosslinker (Type/

concentration/volume)

Concentration)
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droplets were cross-linked by standardized addition using a syringe
pump (RAZEL® scientific instruments, United States) of a CaCl; solution
(3% m/v) in isopropanol/methanol (3:2 v/v). Methods for adding the
cross-linker (volumes, flow rates, curing time) were also explored as
mentioned below. The suspension was then stirred for an additional
15 min and the resulting microparticles were recovered by filtration
(Cellulose Nitrate Membrane Filters, 5.0 um, Whatman). All material
retained on the filter was washed three times with 15 mL of isopropanol
to remove the residual external oily phase, before being spread in a glass
dish and dried at 40°C in an oven with desiccant for 24 hours.

2.3. Physicochemical characterization of alginate microparticles

2.3.1. Particle size determination and size distribution

The dried microparticles were characterized according to their size
and morphology by optical microscopy (Nikon Eclipse Ti, Japan,
equipped with a Nikon camera and NIS-Elements F 3.0 imaging soft-
ware). A few dried microparticles were re-suspended in isopropanol and
observed under the optical microscope. Representative images of the
sample were then analyzed one by one with the free software Image J
(National Institutes of Health, USA). For each object identified, infor-
mation such as area, perimeter and circularity values were automati-
cally obtained and processed. The circularity was calculated with the
formula: circularity = 4n*area/perimeter?, the value varies between 0.0
for a very elongated object and 1.0 for a perfect circle. When the
circularity reached values larger than or equal to 0.8, particles were
considered as circular and their diameter was estimated accordingly.
The particles "cut" by the edges of the photograph were not considered
(no extrapolation). At least 100 isolated particles were analyzed for each
condition. Due to the low number of particles measured, this protocol
gives only an indication of their size, but has been shown to be repro-
ducible between several operators. Light scattering was not suitable in
this case, as the particles become transparent and tend to swell slightly
when placed in water.

2.3.2. Drug loading and encapsulation efficiency

The encapsulation of sunset yellow was determined by extracting the
drug from the dried microparticles in a NaCl (0.1 M)/sodium citrate
(0.1 M) solution. As ionotropic gelation is a reversible phenomenon,
chelation of calcium ions by sodium citrate leads to destruction of the
microparticles, and the drug is released in the extraction medium. Thus,
10 mg of dried particles obtained in each condition were weighed and
dissolved in 10 mL of extraction medium under magnetic stirring until
complete disappearance of the particles. Then, 1 mL of the solution was
recovered and centrifuged for 10 min at 10,000 rpm (MiniSpinplus
Eppendorf, Germany). The supernatant was then collected and analyzed
in a UV-Visible spectrophotometer (UV-2600 Shimadzu, Japan) at a

Machines

Agitator (morphology;
speed) CQA:
_Stirring speed Particle size (Y1)

Accuracy
Robustness

Measures

Environment

Encapsulation rate (Y2) |
Drug loading (Y3)
Polydispersity (Y4)

Manual labour

Fig. 1. Ishikawa diagram for evaluating risks in general, related to the quality of the alginate microparticles as hydrophilic drug delivery system. This diagram also

allows us to identify a first input-process-output (IPO) model.
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wavelength of 480 nm using a sunset yellow calibration curve.
Results were expressed as:

- Encapsulation efficiency EE = mpg /mpr
- Drug loading DL = mpg /myp

Where mpg and mpy are the masses of the encapsulated and total drug
used to produce the microparticles, and myp is the total mass of dried
microparticles. Both expressions are traditionally used to characterize
drug encapsulation: encapsulation efficiency reflects a performance of
the process, while drug loading is more related to the therapeutic use
(and is not affected by process yield).

2.4. Experimental designs and statistical analysis

2.4.1. Exploratory experiments

The stirring during emulsification and the surfactant concentration
are two well-documented parameters impacting the size of emulsion
droplets, and therefore the size of resulting particles [12,29]. To limit
the parameters studied later in the DoE, they were varied in exploratory
experiments, to set their values at optimum levels. Emulsification was
performed either using a stirrer blade (at 600 rpm) or a homogenizer
Ultraturrax® (at 9500 rpm). In parallel, a range from 0.2% to 2% (v/v)
of Span® 80 was used to stabilize the W/O emulsion droplets [30]. The
resulting droplets and particles were characterized.

2.4.2. Criticality assessment of four factors based on a Plackett-Burman
design

A first set of experiments was designed according to a Plackett-
Burman matrix that allows to estimate and rank the single effects of
four different factors: the alginate concentration (ul), the drug/polymer
ratio (u2), the crosslinker addition flow rate (u3), and the crosslinker
volume (u4). The objective is to determine which of the four factors are
critical process parameters (CPP). For the crosslinker, 5 or 10 mL of the
CaCl, solution were used and the flow rate was 1 or 1.6 mL/min. The
impact of these different factors ul to u4 were explored by testing two
levels, coded as low (-1) and high (+1) in Table 1. Namely, the responses
were the mean particle size (Y1), the polydispersity (Y4), the encapsu-
lation efficiency (Y2) and the drug loading (Y3). The statistical analysis
used to analyze the effects of the four input factors on the four critical
quality attributes relies on a linear regression applied to qualitative
factors. A Student t-test was applied to all the regression coefficients.
The criticality criterion of the factor effects consists in examining both
their p-value and confidence interval [31]. The experimental design and
the statistical analysis were performed in the R statistical computing
environment.

2.4.3. Optimization of formulation using a central composite Hartley's
design

For the process optimization, we kept the two most critical param-
eters previously identified, i.e. alginate concentration (ul) and drug/
polymer ratio (u2), and we added a new factor: the crosslinking time
(u5), not tested during the factor screening study since this process
parameter was always known as critical. To establish the cause-effect
relationship between these three critical process parameters and the
three critical quality attributes: particles size (Y1), sunset yellow
encapsulation efficiency (Y2) and loading (Y3), a central composite
Hartley’s design, given in Table 2, was implemented (the 3D represen-
tation of the design is given in Supplementary Data, Fig. A1). Each
experimental condition was implemented in triplicate. Such a design is
always associated with a surface response model structure, defined in
(Eq. 1), which is particularly suitable for optimizing the response values
and therefore identifying the best manufacturing conditions [32].

3 2 3 3
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Table 1

Implemented Plackett-Burman design of experiments. Levels of the input factors
are coded by —1/+1 to describe their low and high values respectively. The 8
trials were performed in duplicate in randomized order.

Level
Codes Independent factors Low High units
-1 1
ul Alginate concentration 2 5 % (w/v)
u2 Drug/polymer ratio 01/1) 05/1)
us Crosslinker addition flow 1 1.6 mL/min
rate
u4 Crosslinker volume 5 10 mL
Dependent responses (critical quality attributes)
Y1 Particle size um
Y2 Encapsulation efficiency (EE) % (W/wW)
Y3 Drug loading (DL) % (w/w)
Y4 Polydispersity index
Experimental domain
. Drug/
Trial Algmate. polymer Crosslinker Crosslinker
order concentration ratio flow rate (u3) volume (u4)
(ul)
(u2)
1 -1 -1 -1 1
2 1 1 -1 1
3 -1 -1 1 1
4 1 1 1 1
5 1 -1 -1 1
6 -1 1 -1 1
7 1 -1 1 1
8 1 1 -1 1
9 -1 1 1 1
10 1 -1 -1 1
11 -1 -1 1 1
12 1 1 1 1
13 -1 1 -1 1
14 -1 1 1 1
15 1 -1 1 1
16 -1 -1 -1 1
with:

- k=1,...,n: is the index of the assay in the design of experiments;

- n: is the total number of experiments carried out;

- Yj: value of the studied response variable Y for the k-th assay of the
design;

- py: value of the mean response;

- p;t additive effect of the i-th factor;

- pi: quadratic effect of the i-th factor;

- Py interaction effect of the i-th and j-th factors on the studied
response;

- ex ~ N(0,0?): modeling residual described by a random variable.

The coefficients of the model are estimated using the ordinary least
squares method. The negligible effects are removed using backward
stepwise selection based on the adjusted R? criterion. In the Quality by
Design good practice, this data-driven modeling is also used to compute
the design space, a set of input values, for which the probability for the
responses (CQA) to meet the preset requirements is acceptable, ie.
greater than a given threshold often set at the value 0.95. Compared to
usual response surfaces, the design space takes the modeling uncertainty
(ex) into account and is therefore more adapted to risk assessment. To
compute the design space, 4000 simulations of 27000 points uniformly
distributed on the experimental domain were carried out. For each
point, (i) we run 4000 simulations of a centered normal distribution with
a standard deviation equal to o, where o is the estimate of o, the
standard deviation of the modeling residuals; (ii) the response predic-
tion, computed from the selected model, is added to the simulated
modeling error; (iii) we count how many points among the 4000 sim-
ulations meet the specifications, (iv) the probability to meet the
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Table 2
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Coded variable description and values with the experimental domain for the Hartley’s design. Each of the 11 trial was performed in triplicate.

Level values

Codes Independent factors Low Medium High units

-1 0 1
ul Alginate concentration 2 4.5 7 % (W/v)
u2 Drug/polymer ratio 0.2/1) (0.35/1) 0.5/1)
u5 Crosslinking time 15 37.5 60 min

Experimental domain

Trial Alginate concentration (ul) Drug/polymer ratio (u2) Crosslinking time (u5) CQA (Specifications)
F1 -1 -1 1
F2 1 -1 -1
F3 -1 1 -1
F4 1 1 1
F5 -1 0 0 Y1: Particle size (30-150 pm)
F6 1 0 0 Y2: EE (>50%)
F7 0 -1 0 Y3: DL (>10%)
F8 0 1 0
F9 0 0 -1
F10 0 0 1
F11 0 0 0

specifications is calculated (number of simulations fulfilling the speci-
fications divided by the total number of simulations 4000). If this esti-
mated probability is greater than 0.95, the point is in the design space
represented in green, if it lies between 0.75 and 0.95, it belongs to a
moderate risk region (orange), else it belongs to the Out Of Specification
(OO0S) region (red). The experimental design and the statistical analysis
were performed in the R statistical computing environment.

2.4.4. Optimal formulation validation based on a 2° full factorial design

In the Quality by Design guidelines, the normal operating region
(NOR) is defined by the European Medicine Agency as a region within
the design space around the target operating conditions that contain
common operational variability [33]. In this definition, common oper-
ational variability corresponds to uncontrolled variations. In this study,
we wish to identify a region in which we can deliberately change values
of the critical process parameters (CPP) while meeting the CQA speci-
fications. To avoid any confusion with the NOR concept, we will use the
term control operating region (COR) in this study. To validate the COR
within the design space previously identified, a full factorial design was
implemented. The eight experimental conditions of this design corre-
spond to the eight corners of the COR cube. If those eight extreme
operating conditions all meet the initial CQA specifications, the COR is
considered as qualified. The validation full factorial design is described
in Table 3.

3. Results and discussion
3.1. Experimental design: Exploratory experiments
In the emulsification/gelation process, both steps can impact

Table 3

Full factorial design 28 for validation with ul = alginate concentration (%); u2 =
drug/polymer ratio (w/w) and u5 = curing time (min). The 8 trials were per-
formed once.

Trial Alginate concentration Drug/polymer ratio Curing time
N° (ul) (u2) (u5)

1 6.7 0.29 40

2 7 0.29 40

3 6.7 0.34 40

4 7 0.34 40

5 6.7 0.29 60

6 7 0.29 60

7 6.7 0.34 60

8 7 0.34 60

particles size and drug encapsulation. As a result, a multitude of factors
can influence the quality of the microparticles (Fig. 1). In a first
approach, exploratory experiments were conducted to set parameters
well known to control the stability and size of emulsion droplets [12,29]:
the emulsification technique and the concentration of surfactant.

Firstly, shearing of the aqueous phase in the oily dispersing phase by
the Ultraturrax was compared to the use of a triple helix blade. Ultra-
turrax generated very small globules compared to blade, resulting in
particles too small to allow efficient separation by filtration (Fig. 2). It is
well documented that higher energy input or increased stirring speed
results in smaller droplets and then smaller particles. However, this
larger interfacial surface area with the environment can lead to
decreased encapsulation efficiency (as the drug might more easily
diffuse into the oil phase) or faster drug release tendency from the
resulting particles [12,29]. Consequently, the blade stirrer was used in
further experiments.

Secondly, our study focused on the concentration of Span 80 used in
the process. Span 80 is particularly suitable for W/O emulsions and
dissolve well in liquid paraffin. Additionally, it is soluble in isopropanol
so can be at least partially removed from the particles during washing.
Surfactants play a crucial role in emulsification by reducing the inter-
facial tension between the two phases, and preventing resulting droplets
from coalescence. In a previous study, Rastogi et al. [10] used 2% v/v of
Span 80 in a similar protocol to encapsulate isoniazid in alginate mi-
croparticles. In this work, we tested different surfactant concentrations
between 0.2% and 2% v/v (Fig. 3). In the literature, increasing Span 80
concentration generates significantly smaller emulsion droplets and
consequently microparticles with smaller size and narrower distribution
[34]. However, increasing surfactant concentration above a certain
threshold can lead to reduced drug encapsulation [32]. Our results were
consistent with these findings, as we found that yellow sunset encap-
sulation peaked for 1% of Span 80. At 2% of surfactant (corresponding to
100 times its critical micellar concentration in light paraffin [30]), we
noticed that the oily phase after filtration of particles was
yellow-colored, thus suggesting a massive micellar solubilization of the
drug.

Therefore, the following formulations were made with the blade
stirrer and 1% (v/v) of surfactant corresponding to an optimal encap-
sulation rate.

3.2. Criticality assessment of four input factors

Particles loaded with sunset yellow were produced by emulsion/
gelation process. A Plackett-Burman design composed of eight different
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Fig. 2. Influence of shearing on emulsion droplets (A) and resulting particles recovery (B), with alginate solution at 5% w/v, drug concentration 20% (w/w polymer),
2% v/v of Span 80 in the paraffin phase and 5 mL of CaCl, solution added. Upper panel: 1 min Ultraturrax 9500 rpm and lower panel: 15 min triple helix blade

600 rpm. Scale bar is 100 pm.
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Fig. 3. Results of sunset yellow incorporation into microparticles formulated with alginate solution at 5% w/v, drug concentration 20% (w/w polymer) and 5 mL of

CaCl2 solution added.

experimental conditions was carried out in duplicate and in randomized
order to explore the impact of the alginate concentration (ul, at 2 or 5%
w/V), the drug/polymer ratio (u2, at 10% or 50% (w/w polymer)), the
crosslinker addition flow rate (u3, 1 or 1.6 mL/min) and the crosslinker
volume (u4, 5 or 10 mL) on the particle size (Y1), the encapsulation
efficiency (Y2), the drug loading (Y3) and the polydispersity (Y4)
(Fig. 4).

Alginate concentration is widely recognized as a critical factor
influencing microparticles morphology, size, and drug encapsulation. In
the emulsification/gelation process, alginate concentration can be var-
ied within a wide range, as viscosity of the alginate solution is not as

limiting as in the extrusion process for example. Increasing the alginate
concentration leads to increased viscosity of the alginate dispersion,
thus higher interfacial tension between alginate droplets and the oil
phase, higher interactions between alginate chains and calcium cations
and finally larger microparticles (with wider polydispersity index). This
higher internal space is generally associated with higher drug entrap-
ment [12,29]. In our experiments, alginate concentration (ul) was
indeed the most critical factor, impacting all four responses: the higher
polymer concentration led to bigger particles, with better drug encap-
sulation but also a wider size distribution (Fig. 4). Aggregated particles
were noticed only for 2% alginate. This is expected when the alginate
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Fig. 4. Forest plots describing statistical results of the screening analysis (Plackett-Burman DoE). A: Effects of the four input factors on the particle size. B: Effects of
the four input factors on the polydispersity. C: Effects of the four input factors on the encapsulation efficiency. D: Effects of the four input factors on the drug loading.
ul= alginate concentration; u2= drug/polymer ratio; u3= crosslinker addition flow rate; u4= crosslinker volume. The forest plots allow to visualize and summarize
the results of the linear regressions. For each factor, the first line corresponds to the reference modality of the factor and the second line to the second modality.
Column « N » gives the number of observations for the studied modality. In the Plackett-Burman design, the number of observations is the same for all the modalities.
The « estimate » column shows the estimation of the regression coefficient associated to a factor and its confidence interval at 95%. The details are given in the next
column: the first value is the estimate of the mean effect on the response value and the values in bracket refers to the lower and upper bounds of the 95% confidence
interval. The last value is the p-value of the student t-test on the regression coefficient. The results framed in red correspond to the process parameters estimated

as critical.

concentration is too low, where clumping of small microparticles is
classically observed (eg at 2% w/v for Rajinikanth et al. [35], no pre-
cision of alginate characteristics). As regards isolated particles, those
with 5% of alginate had mean diameters around 40-100 um while those
with 2% of polymer were smaller (around 10 pm, Fig. 5). A similar trend
was observed previously with FITC-BSA, with particles formulated with
4% of low viscosity alginate having 80-150 um diameters versus 10 um
for those produced with 2% of the same polymer [36]. In our study, for
both alginate concentrations, the particles were extremely polydisperse
with a polydispersity index (PDI) of over 0.75. An encapsulation effi-
ciency up to 80% was obtained in different conditions with a high drug
loading above 10 mg for 100 mg of dried particles (from 10 to more than
50%) (Fig. 5). This result is stable when the particles are stored at 4-8 °C
for at least 17 months (not shown). Whatever the preparation condi-
tions, the particles fully release the active ingredient once placed in a

physiological environment (see Figure A.2 in supplementary data).

Increasing the drug/polymer ratio (u2) from 10% to 50% (w/w
polymer) led to slightly bigger particles, with improved sunset yellow
encapsulation (both as encapsulation efficiency and drug loading). This
result highlights the feasibility of a high drug content in our system,
without overloading the capacity of microparticles.

Finally, the cross-linker volume (u4) had no significant effect on the
four responses studied. One can therefore postulate that the calcium
added, even at low volume, is sufficient to fully crosslink the available
alginate chains. Interestingly, when the calcium is added with the faster
flow rate (u3), drug loading and encapsulation efficiency are negatively
impacted. In this case, calcium ions might diffuse quickly in alginate
droplets and provoke a fast and intense gelification, thus contracting the
polymeric chains and expulsing part of the drug outside the forming
microparticles.
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Fig. 5. Impact of alginate concentration (2 or 5%) on microparticles morphology (A, scale bars are 100 um), size (B), encapsulation efficiency of sunset yellow (C)

and drug loading (D).

In the following experiments, 10 mL of CaCl, were added at 1 mL/
min, and the crosslinking time was varied. As none of the factors
significantly reduced the polydispersity of particles, it was considered
that this polydispersity is inherent to the stirring system [37] and this
response was not be followed thereafter.

3.2.1. Design space identification

To determine the cause-effect relationships between the critical
process parameters and the three response variables, a quadratic
response surface model structure, presented in Eq. 1, is used to describe
each CQA. Coefficients of each model are estimated from the experi-
mental data collected after the application of the central composite
Hartley’s design presented in Section 2.4.3. Then, a design space and a
control operating region are computed for each CQA. In the following,
this method is successively applied to the response Y1, Y2 and Y3 (de-
tails of the statistics for each response surface model Y1, Y2 and Y3 are
given in Supplementary data).

3.2.1.1. Control operating region for Y1. The response surface model of
the particle size Y1, identified from experimental data, is as follows:

Yig = —429—6.3%u; —241.97us; + 1.70us ;. 4 5.30u; , +454.9315,,
— 0.48u, gus . + €y,

(2)

with:

- k=1,...,n: is the index of the assay in the design of experiments;
- ex ~ N(0,0?): modeling residual described by a random variable.

The complete information about this model is reported in Table A1 of
the Supporting Information. It appears that the coefficients of the
quadratic effect of the parameter us (fs5) and the coefficients of the
interactions between u; and uy (B12) and between uy and us (Bas) can be
neglected. The standard deviation of the modeling residuals is estimated
to o = 21.55. The determination coefficient (R?) of this model is 0.8688.
This means that this model explains 86.88% of the variability of the
data. Its adjusted R? is 0.8406.

In a second step, given the previously identified response surface
model (Eq. 2), we carry out several numerical simulations and estimate

the probability for each combination of CPP values (ul, u2, u5) of
meeting the specification on Y1: 30 < Y1 < 150 pm. Fig. 6A plots all the
estimated probabilities in the experimental domain. In this cube, the
green region denotes the design space, i.e. a subspace of the experi-
mental domain where the probability to meet the specifications for Y1 is
greater than 95%. In the orange region, the probability falls between
75% and 95%. For the red region, the probability to meet the Y1 spec-
ification remains lower than 75%. Logically, only the design space is
interesting and confirms that the objective on the particle size is
achievable.

The last step consists in identifying the control operating region, i.e. a
cubic area set in the design space and within which each process
parameter (ul, u2, u5) can be modified independently from each other.
Such a cubic area is not easy to represent in Fig. 6a. For Y1, the COR
corresponds to alginate concentration ul between 4.5 and 5.8, the ratio
drug/polymer between 0.2 and 0.5 and the crosslinking time between
40 and 60 min. Note that these data are submitted for information
purpose only since they are not validated by supplementary
experiments.

3.2.1.2. Control operating region for Y2. The response surface model of
the encapsulation efficiency Y2, identified from experimental data, is as
follows:

Yop ~ —86.07+45.19u, 4 + 119.68u, 4 +0.66us ; — 3.87u%’,( — 15.50u sk
+01 lu17ku5_k - 2.34u2yku57k + €p,
3

with:

- k=1,...,n: is the index of the assay in the design of experiments;
- ex ~ N(0,0?): modeling residual described by a random variable.

The complete information about this model is reported in Table A2 of
the Supporting Information. The terms f5, and f55 have been neglected
by the estimation algorithm, meaning that ul and u5 have no significant
quadratic effects on Y2. The standard deviation of the modeling re-
siduals is estimated to 6 = 9.625. The R?of this model is equal to
0.8138. This means that the model explains 81.38% of the variability of
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Fig. 6. Probability maps of three response variables A: particle size (Y1), B: encapsulation efficiency (Y2), C: drug loading (Y3) and D: the joint probability map
related to the conjugate compliance of specifications on Y1, Y2 and Y3 (Table 2). Green regions correspond to the design spaces, i.e. a subset of factor values for
which each specification has a probability greater than 95% to be met. In the orange regions, each response specification has a probability greater than 75% to be
met. In the red region (Out-Of-Specification), the probability to meet the initial requirement is not acceptable, i.e. below 75%. ul =alginate concentration, u2=drug/

polymer ratio and u5=cross-linking time.

the response variable Y2. Its adjusted R? is equal to 0.7655. The asso-
ciated design space (green region) is relatively large. This emphasizes
that an encapsulation efficiency above 50% is achievable. From this
green design space, we have isolated a Control Operating Region in
which the alginate concentration ul can lie between 4.5 and 7, the ratio
drug/polymer must stay in the range [0.2; 0.5] and the crosslinking time
between 40 and 60 min (Fig. 6B). Note again that they are provided for
the general guidance purpose only.

3.2.1.3. Control operating region for Y3. The identified response surface
model of the drug loading Y3 is as follows:

Vi~ —28.64+10.79u; 4 +40.10u +0.21usy —0.97u? , —0.38us puts + e,
@

with:

- k=1,...,n: is the index of the assay in the design of experiments;
- ex ~ N(0,06?): modeling residual described by a random variable.

The complete information about this model is reported in Table A3 of
the Supporting Information. In this model, the quadratic effects of u2
and u5, the interaction between ul and u2 and between ul and u5 are
neglected by the estimation algorithm. In other terms, according to the
experimental data, there no quadratic effects of u2 and u5 but there is a
significant interaction effect between u2 and u5. The standard deviation
of the modeling residuals is estimated to: ¢ = 2.81. The R? of the model
is 0.8223, while its adjusted R? is equal to 0.79.

Fig. 6C depicts the design space to obtain a drug loading larger than
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10% with a probability greater than 95%. Within the design space, we
have extracted a COR (cubic subspace) in which each factor can be
changed independently from each other. For Y3, the polymer concen-
tration needs to be larger than 2.5, the ratio of drug to polymer must be
larger than 0.35 (or between 0.35 and 0.5), while the crosslinking time
must be greater than 50 min (between 50 and 60 min).

3.2.1.4. Global control operating region. The final step consists in
determining which combinations of the factors allow to meet all the
CQA specifications: Y1, Y2 and Y3 with a probability greater than 95%
for each one. The joint probability map is given in Fig. 6D. Regarding
this obtained joint probability map, four control operating regions were
identified: (i) u; € [6.55;7.5],uy € [0.26;0.35]andus € [41,55], (ii) u; €
[6.55;7], uy € [0.28;0.35]andus € [41,56], (iii) u € [6.7;7],
uy € [0.29;0.34]andus € [40, 60), and @iv) u € [6.7;7],
uy € [0.29;0.4]andus € [45,60]. Among these four possibilities, we have
chosen to test the last Control Operating Region (iv) since it corresponds
to the best practical and relevant compromise (weighing power, solu-
bilization of the drug and limited experimentation time) for our future
experiments.

3.3. Validation of a control operating region

This validation of a Control Operating Region (COR) is the last part
required for the QbD method. It consists in checking there exists a sub-
region, often a cube, set within the design space in which all operating
points lead to comply all the CQA specifications with an acceptable
probability. Since it is impossible to test all the constitutive points of the
COR, only the furthest points (corners of the cube) are evaluated, with
experimental data different from those used previously to build the
model. In this case, it consists in applying a 22 full factorial design. Fig. 7
shows the predicted values and their 95% confident interval compared
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with the experimental values for the 8 validation experiments. Details of
the size distribution of the 8 batches for validation are given in Table A4
in supplementary data.

The experimental values always fall in the prediction range, except
for 3 points among the 24. Nevertheless, in all cases, CQA specifications
are met. However, particles were still slightly polydisperse but non-
aggregated. Particle size real values were comparable to those ex-
pected by the model with a mean of the size between 100 pm and
125 um for the real values against 70 ym to 110 um for the expected
values with 14 pm for the lower and 160 um for the upper. Experi-
mentally, the encapsulation efficiency reached more than 70% with a
maximum drug loading of 19 mg of drug for 100 mg of dried particles.
These values were similar than those expected which demonstrates the
robustness of the model-based predictions.

QbD is a hot topic in pharmaceutical development for drug charac-
terization [38-40] or formulation, whether for soft phases (liposomes
[41]) semi-solids (gels [42]) and solid forms (tablets [43], particles
[44]). A QbD rationale was applied to develop alginate microparticles
for encapsulation and oral delivery of hydrophilic drugs. Several vari-
ables influencing microparticles performances were identified,
providing an increased understanding of this emulsification/gelation
process and assuring flexibility of formulation. As expected [12], the
polymer concentration and the drug/polymer ratio were the most crit-
ical factors, although the introduction of cross-linking agent has also an
influence.

Among the four control operating regions identified, one was vali-
dated, and the developed statistical models were able to predict the
experimental results with an acceptable precision. A small, very hy-
drophilic and ionizable model drug was used for this study. It remains to
be seen how easily these results can be transposed to other molecules of
therapeutic interest. In this case, further characterization of the particles
will be needed, e.g in vitro release profile, depending on their
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Fig. 7. Particle morphology observed in optical microscopy with 40 times magnification and critical quality attributes (Y1 = microparticles size, Y2 = encapsulation
efficiency and Y3 = drug loading) expected and real values obtained for the 8 trials of the validation design with minimum and maximum value according to the

prediction interval at 95%.
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therapeutic applications.
4. Conclusions

The optimization of the encapsulation of hydrophilic drug by algi-
nate microparticles was conducted using a QbD approach. The produc-
tion of the microparticles was performed by the emulsification/gelation
process for which the hydrophilic drug was confined inside the aqueous
droplets of the W/O emulsion, before being trapped in the microparti-
cles produced by ionotropic gelation of the alginate polymer by in-
teractions with calcium ions.

The optimization of the hydrophilic sunset yellow encapsulation was
performed following an agile QbD approach decomposed into three
consecutive sprints, based each on different designs of experiments. In
the first QbD sprint, four process parameters were screened using a
Plackett-Burman design. The second sprint was devoted to identify the
design space and control operating regions, i.e. ranges of the three
critical process parameters in which the probability to meet the CQA
specifications is above 95%. To this aim, a response surface model based
on a central composite Hartley’s design was computed. The last sprint
used a full factorial design of experiments to quality one operating
region.

After exploration experiments, factors selected were the alginate
concentration, the drug to polymer ratio, the cross-linker addition flow
rate and volume, and the cross-linking time. The tested alginate con-
centrations varied between 2% and 7% w/v. The drug to polymer ratios
ranged between 0.1/1 and 0.5/1. The low level for crosslinker flow rates
equaled 1 mL/min while the highest level read as 1.6 mL/min. The
crosslinking volume was studied at 5 and 10 mL. The minimum cross-
linking time was equal to 15 min while the maximum cross-linking
time duration was 60 min. The critical quality attributes were the mi-
croparticles size and polydispersity, the encapsulation efficiency and the
drug loading. The particle size had to be between 30 and 150 um. The
encapsulation efficiency was expected to be larger than 50% and the
drug loading higher than 10%.

The results demonstrated that the CQAs specifications could be
achieved for each response separately by a subtle combination of the
values of the factors. For each response, the design space had a complex
shape. The size of the control operating regions (COR) depended on the
studied response. A large COR was obtained for the drug loading while
smaller CORs were estimated for the particle size and encapsulation
efficiency. More interestingly, we have identified a combination of the
factors meeting the joint specifications of all CQAs with a probability
above 95%. Four control operating regions were isolated. For the first
region, alginate concentrations between 6.55% and 6.75%w/v, ratios of
drug to polymer in the range 0.26 and 0.35, and crosslinking time be-
tween 41 and 55 min can be used. For the region 2, the alginate con-
centration was comprised between 6.55% and 7%w/v, the drug to
polymer ratio ranged between 0.28 and 0.35, while the crosslinking time
had to be between 41 and 56 min. For the third region, alginate con-
centrations between 6. and 7%w/v, ratios of drug to polymer in the
range 0.29 and 0.34, and crosslinking time between 40 and 60 min were
recommended. For the region 4, the alginate concentration was
comprised between 6.7% and 7%w/v, the drug to polymer ratio ranged
between 0.29 and 0.4, while the crosslinking time had to be between 45
and 60 min. Region 4 has been finally qualified after the application of
24 testing experiments.

In a future work, the optimal parameters found in this study will be
used to encapsulate a more realistic active principle used in pharma-
ceutic with similar properties as sunset yellow. A thorough evaluation
(size, encapsulation, release, stability) of these particles aimed at ther-
apeutic applications will be conducted. In addition, the optimal pa-
rameters will be used to develop the same formulations using a
microfluidic system in order to shift from a batch mode to a continuous
mode.
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