<

pharmaceutics

Article

Risk-Assessment-Based Optimization Favours the
Development of Albumin Nanoparticles with Proper
Characteristics Prior to Drug Loading

Gabor Katona **({, Bence Sipos *

check for
updates

Citation: Katona, G.; Sipos, B.; Csoka,
I. Risk-Assessment-Based
Optimization Favours the
Development of Albumin
Nanoparticles with Proper
Characteristics Prior to Drug
Loading. Pharmaceutics 2022, 14, 2036.
https://doi.org/10.3390/
pharmaceutics14102036

Academic Editors:
Juan Aparicio-Blanco,
Cristina Martin-Sabroso and

Ana Fernandez-Carballido

Received: 16 August 2022
Accepted: 21 September 2022
Published: 24 September 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

and Ildiko Csodka

Faculty of Pharmacy, Institute of Pharmaceutical Technology and Regulatory Affairs, University of Szeged,
Eotvos Str. 6, H-6720 Szeged, Hungary

* Correspondence: katona.gabor@szte.hu; Tel.: +36-62-546-115

t These authors contribute equally to this paper.

Abstract: Albumin nanocarrier research and development is a challenging area in the field of per-
sonalized medicine and in providing advanced therapeutic solutions. Albumin as a biocompatible,
nonimmunogenic, and non-toxic protein carrier that can be exploited to conjugate drugs with poor
bioavailability to improve on this feature. With many different perspectives and desired target
profiles, a systematic structural approach must be used in nanoparticle development. The extended
Research and Development (R&D) Quality by Design thinking and methodology proved to be useful
in case of specific nanoparticle development processes before. However, the coacervation method is
the most frequently applied preparation method for HSA nanoparticles; there is a lack of existing
research work which has directly determined the influence of process parameters, control strategy, or
design space. With a quality-management-driven strategy, a knowledge space was developed for
these versatile nanoparticles and an initial risk assessment was conducted on the quality-affecting
factors regarding the coacervation method, followed by an optimization process via Plackett-Burman
and Box-Behnken experimental design. As a result of screening the effect of process variables on the
fabrication of HSA nanoparticles, an optimized colloidal drug delivery system was engineered with
desired nanoparticulate properties.

Keywords: nanomedicine; Quality by Design; albumin nanoparticle; quality control; factorial design

1. Introduction

Meeting the needs of today’s pharmaceutical industry cannot be achieved without
structured, time- and energy-efficient, thoroughly considered research and development
processes, in addition to serving patients’ therapeutic expectations [1]. Current stakeholders’
demands and the utilization of innovative techniques lie in the field of nanomedicine,
of which territory the current manufacturing processes require systematic and holistic
approaches in order to develop a stable, long-lasting, reproducible nanomedical product
on top of satisfying the production line [2,3]. This is especially true for protein-based drug
carrier systems, in which case we are able to develop these systems capable of administering
small- and large-molecule active substances achieving improved bioavailability. Solutions
that emphasize mathematical modelling and quality improvement techniques based on
risk assessment can provide answers to the problems arisen from industrial scale-up and
manufacturing difficulties. This problem is particularly evident in the development of
albumin-based carrier systems, where, due to high operation temperature (>60 °C) or high
shear stress of albumin that tends to irreversible, many industrially adaptable productions
methods fall out of the possible range where a nanomedical product with a qualitatively
appropriate product profile can be developed [4].

However, with the application of appropriate development technologies, albumin-
based carrier systems can be characterized by a number of beneficial properties that are
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capable of meeting therapeutic needs with improved treatment strategies that traditional
carriers cannot or only to a small extent can meet [5,6]. Most specifically, human serum
albumin (HSA) is used to fulfil the requirements of an advanced therapeutic system as it is
endowed by high biocompatibility, biodegradability, and safety profile (reduced immuno-
genicity). It is less opsonized by the reticuloendothelial system (RES) through an aqueous
steric barrier, which may increase the circulation half-life of the albumin-bound active sub-
stance [7]. HSA offers a high drug-loading capacity due to its multiple binding sites, where
both lipophilic and hydrophilic drugs, regardless of their surface charge conditions, can
bind to albumin efficiently. This is possible by the well-defined primary structure and high
measure of charged amino acids (e.g., lysine) capable of forming electrostatic interactions
with positively and negatively charged molecules [8]. This chemical-conjugation-driven
nanoparticle formation assures that the active substance is protected from metabolic and
elimination mechanisms and increases its drug release and permeability across crudely
accessible and permeable biological barriers. HSA itself has a high tendency to provide
active targeting without using external ligands as it has high affinity to the gp60 receptors,
which are expressed on the endothelial cells, as well as to neonatal Fc receptor (FcRn),
which is expressed in the intestines to a great extent [9]. The high affinity can be observed to
secreted protein, acidic and rich in cysteine (SPARC) pathways as well as being responsible
for regulation of cell growth [8,10].

In recent years, alternative drug delivery routes became the focus of research and
development with the aim of satisfying patient expectations by applying simple and ef-
fective drug therapy avoiding invasive medication (e.g., parenteral administration) [11].
Utilization of alternative drug delivery routes of proteins, such as oral, nasal, or ocular
routes, indicates several advantages (e.g., targeted therapy, bypassing biological barriers,
a chance to minimize therapeutic dose, or minimization of side effects); however, from
technological point of view it might be challenging. Nasal delivery of HSA already rep-
resents a significant impact in brain targeting with the aim to treat neurodegenerative
diseases [12-14]. Proteins, as HSA, are commonly sensitive against the biological milieu;
they can undergo irreversible structural changes mainly due to enzymatic degradation,
and therefore the optimization of adequate formulation is required to exploit these special
pathways [15].

To improve product stability and to control the drug release from the nanocarrier
system on these administration routes, crosslinking is an essential step for HSA nanoparticle
formulation. Stability-enhancing techniques and excipients provide opportunities that have
a direct impact on the ability of the carriers to enclose the active substance and their effect
in biological media [16]. Glutaraldehyde is the most commonly applied crosslinker for
stabilizing HSA nanoparticles; however, due to its neurotoxicity and unfavourable reaction
with the encapsulated drugs (such as mediating fast degradation and instant burst-like drug
release prior to reaching the target biological compartment) it is advised to be avoided [17].
As an alternative, 1-ethyl-3-(3-dymethylaminpropyl) carbodiimide hydrochloride (EDC) is
a suitable compound which is widely used due to its low cytotoxicity. EDC reacts with the
biopolymers” hydroxyl groups in order to form active O-urea, which creates an amide link
with amino groups and releases the water soluble, easily removable isourea [18].

Optimization of nanocarriers prior to drug loading plays a pivotal role in achieving
the predetermined goals of the formulation. This optimization strategy can be observed
in polymeric micelles, where the blank micelles with the highest capacity of drug-loading
and appropriate colloid chemical characteristics are chosen for further assessment [19].
The same can be claimed in the case of liposomes, where the selection of the optimal
lipid composition precedes the drug loading [20]. Currently, the literature of albumin
optimization techniques scarcely touches this subject, let alone yet in a quality-controlled
environment. The risk-assessment- and factorial-design-based Quality by Design (QbD)
methodology can be utilized to perform the initial drug carrier development to its full
extent [21]. Followed by the proper establishment of knowledge space and determination
of critical quality attributes (CQAs), the critical material attributes (CMAs) and critical
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process parameters (CPPs) of a well-structured, multi-level optimization design can be
evaluated. The main cornerstones of the QbD methodology are adequate quality, safety,
and therapeutic efficacy. Risk-assessment-based quality management provides a better
understanding of the process parameters and the factors affecting the product quality. This
quality management approach is described in specified guidelines of the International
Council of Harmonisation of Technical Requirements for Pharmaceuticals for Human Use
(ICH) [22-24]. Screening for optimizable factors can be performed via various methods.
In multicomponent systems, it is common to utilize phase diagrams as tools to optimize
the composition [25]. Another method which we applied is the evaluation of multi-level
factorial design studies. The most common approach is to apply Plackett-Burman screening
design, which has the benefit of finding the highly influencing factors with a decreased
amount of trial runs. As an equivalent to the phase diagram methodology, it provides
in-depth mathematical modelling. By exploiting this screening technology, further opti-
mization can be more precise and accurate and it also minimizes the trials runs later, for
instance, in a Box-Behnken-type or the classic 2* factorial designs [26].

This present study lies on the hypothesis that prior-to-drug-loading optimization of
albumin nanoparticles (i) increases the potential of the formation of drug-bound albumin
nanoparticles with proper nanocharacteristics and (ii) provides nanoparticles with high
drug-loading and encapsulation capacity. This approach is novel in the case of HSA
nanoparticles, where the quality assurance was based on a structured and precisely defined
target product profile. The methodology is applied to the widely applied, simple, and robust
rapid coacervation method. To support our claims and accomplish the goals, an initial
risk assessment was performed followed by a factorial-design-conducted optimization
and a detailed colloidal characterization and statistical evaluation of the engineered has
nanoparticles.

2. Materials and Methods
2.1. Chemicals and Reagents

Human serum albumin (HSA) (lyophilized powder, purity > 97%), 1-(3-dimethylaminopropyl)-
3-ethylcarbodiimide hydrochloride (EDC), physiological saline solution, and sodium hy-
droxide (NaOH) to prepare 0.1 M NaOH solution were purchased from Sigma Aldrich
Co. Ltd. (Budapest, Hungary). Analytical-grade ethanol (EtOH) was obtained from Merck
KGaA (Darmstadt, Germany). In all experiments, water was purified by the Millipore
Milli-Q® Gradient Water Purification System.

2.2. Definition of the Quality Target Product Profile (QTPP)

Defining the target profile of the desired nanomedical product is of paramount im-
portance and it is the first essential step in the QbD-based risk assessment process. The
Quality Target Product Profile (QTPP) refers to all the requirements set up by technological
solutions, the characteristics of the nanoparticle, and the desired pharmaceutical effect after
administration. The definition of the QTPP was performed accordingly to the specified
ICH guidelines [22,23].

2.3. Determination of CQA, CMA, and CPP Elements

CQAs are physicochemical, biological, or microbiological characteristics of the desired
product which must meet the requirements of the goals set up as QTPPs to ensure appro-
priate product quality, safety, and efficacy. CPPs are related to the production method as
well as CMAs, which production method in our case was the rapid coacervation method.
Data and the selection of factors were based on a collection process via literature screening
for albumin nanoparticle development and prior knowledge and experience.

2.4. Initial Risk Assessment

QbD is a risk-assessment (RA)-oriented approach where qualitative and quantitative
risk factors expressed as severity scores must be presented. Risk assessment was performed
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in a two-step rating system using LeanQbD® Software (QbD Works LLC, Fremont, CA,
USA). Firstly, an interdependence rating was performed amongst the feasible QTPP and
CQA elements and amongst CQA and CMA /CPP elements. A three-level scale was used
to describe the relation between the parameters where “high” (H), “medium” (M), or “low”
(L) attributes were assigned to each other. The assignment had the general quality control
aspects: occurrence of the risk, controllability, eliminability, fixability, and detectability.
To quantify these qualitative assigned relations, severity scores were calculated using the
software. As a result, Pareto diagrams were generated, presenting the numeric severity
score, and rankings of CQAs and CPPs were established [2,21].

2.5. Screening Study Using Plackett—Burman Design

At first, Plackett-Burman design was set up in order to investigate the effect on
nanoparticle characteristics of 7 high-risk factors obtained from the RA procedure. As
dependent variables, the average hydrodynamic diameter (Z-average) (Y1), polydispersity
index (PdI) (Y7), and zeta potential (Y3) of the HSA nanoparticles were selected. Each inde-
pendent factor was evaluated at low (—1) and high (+1) levels (Table 1). The determination
of the low and high values was based on preliminary experiments. An 8-run factorial
design was performed in triplicate. TIBCO Statistica® 13.4 (Statsoft Hungary, Budapest,
Hungary) software was used to generate and randomize a design matrix for statistical
analysis. The relationship of the variables on the response was analysed by the following
general equation:

Y = Bo + B1x1 + Poxo + B3x3 + Paxy + B5x5 + Bexe + Brxy 1)

where B is a constant, $1_y are linear coefficients, and x;_y are the main effect factors.
Analysis of variance (ANOVA) was performed to test the significance of the model and the
factor coefficients. Differences were considered significant when the p-value was less than
0.05. Data is presented as mean =+ SD.

Table 1. The 7 high-risk factors based on risk assessment and their lower and upper levels applied in
the Plackett-Burman screening design in order to screen for optimizable factors regarding the rapid
coacervation method to develop HSA nanoparticles.

Levels
Formulation Variables Code

-1 +1

Amount of ethanol (mL) X1 2 4

Amount of crosslinker (EDC) (mg) Xo 2.5 5

Incubation time (h) X3 1 3
Concentration of HSA (mg/mL) Xq 50 75

Ethanol flow rate (mL/min) X5 1 2

Stirring speed (rpm) X6 750 1500

Concentration of NaCl (w/v%) Xz 0 0.9

2.6. Preparation of HSA Nanoparticles

HSA nanoparticles were prepared by a rapid coacervation method (Figure 1) [27].
Briefly, HSA was dissolved in 2 mL of purified water or physiological saline solution
with the set pH of 8.0 using 0.1 M NaOH solution. Then, nanoparticles were precipitated
by the continuous addition of the coacervating agent ethanol to the HSA solution at a
defined flow rate using a peristaltic pump under constant stirring using a magnetic stirrer
(AREC.X heating magnetic stirrer, Velp Scientifica Srl, Usmate Velate, Italy) at a set ambient
temperature of 25 °C. After finishing the coacervation process, determined volume of
freshly prepared EDC aqueous solution (10 mg/mL) was added to induce crosslinking of
free carboxyl and amino groups. The crosslinking process was continued under constant
stirring of the nanoparticles for the predetermined incubation time. Followed by the
incubation, the nanoparticles were purified by 30 min centrifugation at 4 °C and 16,500 rpm
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/[ EDC

(22,413 RCF) in a Hermle Z323 laboratory centrifuge (Hermle AG, Gossheim, Germany) in
two cycles, during which the pellet was redispersed in 1.5 mL of purified water using a
vortex mixer (Biobase MX-S, Jinan, Shandong, China).

&% HSA nanoparticle HSA HSA

. Primer amine group

= B
. Carboxylate group o@ )
@ H,0 A ‘HIO ®
L J

Desolvating agent HO ¥ H,0 /

HSA aqueous
solution

coacervation nanoparticles

(Ethanol) 0" 9

Phase _ Addition of
separation S Cross-linking agent

EDC

Figure 1. Preparation of HSA nanoparticles.

2.7. Optimizing the Rapid Coacervation Method for HSA Nanoparticle Formation

The rapid coacervation method applied to produce HSA nanoparticles was optimized
using Box-Behnken factorial design. As independent variables, the investigated parameters
with the highest significance determined by the Plackett-Burman screening design, i.e., the
amount of ethanol, the concentration of HSA, and the incubation time, were considered
in the optimization process. As potentially critical parameters influencing the Z-average
(Y1), PAI (Y3), and zeta potential (Y3), the effect of these independent variables, as well as
nanoparticle yield (Yy), for supporting the selection of optimal pH for preparation was
investigated at 3 levels (—1; 0 and +1) in a 15-run trial (Table 2). The terminal factor values
were directly adopted from the prior screening design. To construct the second-order
polynomial models and to investigate the quadratic response surface of the trial, TIBCO
Statistica® 13.4 (Statsoft Hungary, Hungary) was applied. The relationship of the variables
on the response can be analysed by the following second-order equation:

Y = Bo + B1x1 + Brixd + Baxa + Poax3 + Baxs + Paax3 )

where Y is the response variable; By is a constant; B1, B2, and 3 are linear coefficients; B11,
B22, and B33 are quadratic coefficients; x1_3 are the main effect factors; and x12, X2, and x32
are the quadratic effect factors. Response surface plots were plotted in order to get a better
understanding of the main effects and the interaction amongst the investigated factors,
taking into account the change in the direction of the values of the examined dependent
factors depending on the setting of the independent variables. The 3D response surface
plots were plotted according to the regression model by keeping one variable at the centre
level. The significance of the variables and interactions were evaluated using analysis of
variance (ANOVA). Differences were considered significant when the p-value was less than
0.05. All experimental runs (formulations) were prepared in triplicate. Data is presented as
mean £ SD.
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Table 2. Independent variables selected for further optimization after the screening study, their codes,
and the investigated values in the 3-level, 15-run Box-Behnken factorial design.

Levels
Independent Variables Code
-1 0 +1
Amount of ethanol (mL) X1 1 2 3
Incubation time (h) X3 3 4.5 6
Concentration of HSA (mg/mL) Xy 50 62.5 75

2.8. Average Hydrodynamic Diameter, Polydispersity Index and Zeta Potential Determination

The Z-average, PdI, and zeta potential of HSA nanoparticles were determined by
dynamic light scattering (DLS) in folded capillary cells using a Zetasizer Nano ZS (Malvern
Instruments, Malvern, UK) at 25 °C. The refractive index of nanoparticles was 1.334. All
measurements were repeated three times, and the average values of each were used for
statistical evaluation in the selected optimization designs.

2.9. Determination a Nanoparticle Yield after Coacervation

For the determination of the percentage yield, HSA nanoparticles were separated from
free albumin by centrifugation at 16,500 rpm (22,413 RCF) for 20 min at 4 °C in a Hermle
7323 laboratory centrifuge (Hermle AG, Gossheim, Germany). Aliquots of the supernatant
were diluted 10-fold with purified water and the amount of free HSA in the supernatant
was determined using a standard BCA protein assay. Briefly, 1000 uL of BCA working
reagent was added to 50 pL of withdrawn supernatant and incubated for 30 min at 37 °C.
Then, the samples were analysed spectrophotometrically at 562 nm. The free HSA content
of the samples was determined based on the linear regression of the calibration curve.
The calibration was performed using HSA standard solution in the 25 to 1000 pg/mL
concentration range, where the determined coefficient of linearity (R?) value was 0.9982.

2.10. Raman Spectroscopy

Raman spectra of HSA nanoparticles at the key steps of preparation was performed
using a Thermo Fisher DXR Dispersive Raman instrument (Thermo Fisher Scientific Inc.,
Waltham, MA, USA) equipped with a CCD camera and a diode laser operating at a
wavelength of 780 nm, applying a laser power of 12 mW at a 50 um slit aperture size. Each
spectrum was recorded with an exposure time of 2 s and an acquisition time of 6 s, for a
total of 32 scans per spectrum in the spectral range 3300-200 cm ! with cosmic ray and
fluorescence corrections.

3. Results
3.1. Determination of Quality Target Product Profiles

QTPPs were considered regarding the general nanoparticle characteristics of the
formulation. The chosen elements contain factors with specific colloid chemical and
biopharmaceutical aspects that strongly influence the quality and usability of the product
for medicinal purposes (Table 3).

3.2. Initial Risk Assessment on the Rapid Coacervation Method for HSA Nanoparticle Development

The risk assessment was performed as stated before: first, the impact on the selected
CQA elements on QTPPs was evaluated, followed by investigation amongst the CPP/CMA
and CQA elements (Figure 2). The design space was constructed based on an extensive
literature review and preliminary experience. The coacervation method is the most com-
monly applied method to prepare HSA nanoparticles, during which the precipitation of
nanoparticles is induced by the continuous addition of a water-miscible desolvating agent
(e.g., methanol, ethanol, acetone) under constant stirring.
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Table 3. Selected Quality Target Product Profile (QTPPs) of HSA nanoparticles with the desired aim
to optimize these particles prior to drug loading.

QTPP Element Aim Justification
. . Nanoparticles below 200 nm show increased surface
Particle size (expressed as average . . . e
o <200 nm area, which contributes to a highly diffusive area of
hydrodynamic diameter) A .
drug release and permeation tendencies.

PdI below 0.3 results in a uniform drug release and
Particle size distribution (expressed permeabll.lt}'f prof}le, allowmg cont?ollak?le targetmg and
as polydispersity index) <0.300 drug administration. Uniform particle size prior to drug
P loading also increases the potential of the formation of
uniform drug-bound albumin particles.

Generally speaking, nanoparticles with a zeta potential
Zeta potential 115 mV | Va.lue ébove an absc.)lute value of 15 mV (in elther charge
direction) are considered stable, as the repulsion forces

are increased amongst particles.

It depends on the target active substance concentration,
the desired administration route, and the chosen dosage
form. Generally, it should be as high as possible based
on the reachable equilibrium amongst the active
substance and albumin.

Capable of binding the required

Drug-binding capacity amount of active substance

Depends on the active substance, additional excipients, the administration route, and the

Drug release profile expected pharmacokinetic profile.

. . Depends on the active substance, additional excipients, the administration route, and the
Drug permeability profile A !
expected pharmacokinetic profile.

A QTPP L Drug Drug
S Particle size Zeta FlaT Drug release o
Eatice sze distribution otential Piading gr';ufile pirkiosiaty
CQA P capacity P profile
Average hydrodynamic M M M M
diameter

M

M

M M

Polydispersity index

Zeta potential

Crosslinking

Structure (e.g.,
crystallinity)

=

Morphology M M M
= - £ ) = = 2
B CMA/CPP ) E o g E“ g £ E g E ) @ 4 g
55552 : | S| <E|E5| 28| E & | %
=gE|=s8 = 2 ESE | EE | B | EE = e by
o HAE e EE B o =€ | T3 | 2 | 2F 2 = -3
$°35/8°3 £ | 2 S| 5| 52| = £ B
CQA | Ee & 2 | = 5| 9e| 9 & =
Average hydrodynamic M M M
diameter
Polydispersity index M M M M
Zeta potential M M M M M
Crosslinking M M M
Structure (e.g.,
crystallinity)
Morphology

Figure 2. Interdependence rating amongst CQA-QTPP (A) and CPP/CMA-CQA (B) elements. The
relations between the elements were assigned with “H”—high, “M”—medium, and “L”"—low attributives.
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The type and amount of desolvating agent are effective parameters with regards to the
Z-average of HSA nanoparticles. Strop et al. studied the effect of solvents with different
dielectric constants (1) (Hacetone < Hethanol < Hmethanol) Ot the size of HSA nanoparticles.
They concluded that desolvating agents with higher dielectric constants led to a smaller
particle size, which can be explained with the slower decrease in the polarity of mixture,
and therefore slower dehydration of protein [28]. In contrast, Mohammad-Beigi et al.
obtained not so clear a correlation between the dielectric constant and Z-average, as well
as no significant effect of different desolvating agents on the zeta potential. Based on
their results, the use of ethanol can result in nanoparticles with the desired particle size
(~150 nm) [29], which fits our criterion. The use of methanol and acetone was rejected
because of safety issues. As methanol belongs to Class 2 solvents with the maximum
permitted daily contamination of 3000 ppm [30], its residual in the final product can be
extremely dangerous. The use of acetone could also be a rational choice; however, its effect
on the unfolding of HSA is less remarkable than that of ethanol. Unfolding of albumin
exposes its interactive sites, such as thiol and amine groups or other hydrophilic regions, to
relocate to the surface, which makes a molecule capable of further intra-molecular binding,
therefore increasing the potential to entrap bioactive compounds due to the reduction in
hydrophobic interactions. Ethanol led to extreme changes in the content of the secondary
structure of albumin, supporting its efficiency. The size and surface properties of has
nanoparticles can be significantly changed by the number of disulphide bonds and thiol
groups, degree of unfolding, electrostatic repulsion between protein molecules, pH, and
ionic strength [31].

The flow rate and the volume of the added ethanol is also an important parameter to
obtain a favourable size of albumin nanoparticles. Manual addition of desolvating agent
by a syringe was already reported; however, using a peristaltic pump is more effective for
carefully controlling the flow rate of desolvation agent addition [32]. Jahanban-Esfahlan
et al. concluded that the addition of ethanol in an equal amount with the HSA solution led
to fabricating nanoparticles with around a 100 nm Z-average [27]. Langer et al. reported
that using 1.0 and 2.0 mL/min ethanol flow rates resulted in HSA nanoparticles with a
more uniform particle size in the range between 100 and 200 nm and a narrow PdI [33].
However, stirring speed or temperature did not prove to be significant parameters on the
particle size of albumin nanoparticles [34,35].

Langer et al. also revealed that, in the pH range of 7.5-9.0, the particle size decreased
from 200 to 150 nm, but particle yield also decreased from 90 to 66%. Therefore, to find
the golden mean of both important parameters, pH 8 was selected for formulation of
HSA nanoparticles, where the particle yield was still 80% [33]. Sebak et al. supported our
decision, according to which at higher pH (8.0 to 8.5) also leads to repulsion among the
HSA molecules due to a steric effect, reducing particle size and avoiding aggregation of
particles [36]. Ionic strength also showed a remarkable effect on the desolvation process;
nanoparticles prepared in 10 mM NaCl solution showed a significantly higher Z-average
in comparison to purified water at the same pH. The amount of HSA in the concentration
range between 25 and 100 mg/mL indicated only a slight influence on the Z-average, with
a shallow size minimum of 155 nm at 50 mg/mL HSA. Increasing the HSA concentration
slightly reduced the PdI [33]. As crosslinker, 3-5 mg EDC is sufficient to crosslink the
applied amount of HSA instead of glutaraldehyde to avoid toxicity issues and to reduce
the time of the preparation process from overnight to 3 h [27].

Designing nanoparticles with consideration of these factors is the basic step towards
an efficient and clinically translatable nanoproduct.

To quantify the results of the knowledge-space-based interdependence rating, occurrence-
and probability-based calculations were performed using the software engine and Pareto
charts were generated (Figure 3).
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Figure 3. Probability-based quantitative estimation of possible risk factors associated with HSA
nanoparticle formulation via the rapid coacervation preparation method. The software-calculated
severity scores are depicted in the case of Critical Quality Attributes (A) and Critical Process Parame-
ters/Critical Material Attributes (B).

Based on the risk assessment, seven high-risk factors were further evaluated in a
Plackett-Burman screening factorial design. To cope with risk factors, two strategies can
be exercised: either set a factor to a set point, or the opposite, vary them. In our case, the
qualitative attributes of the crosslinker as EDC was set as a fix factor alongside a set pH of
8.0 and the usage of ethanol as desolvating agent, and all experiments were performed at
ambient temperatures.

3.3. Screening of Optimizable Factors via Plackett—Burman Design

Plackett-Burman design was performed for screening the potential high-risk factors
obtained from the risk assessment results in order to identify the most significant process
variables affecting the CQAs and the desired nanoparticle characteristics. Plackett—-Burman
design is a two-level-based factorial screening design which can estimate the significant
factors from numerous factors with very high efficiency and accuracy. Therefore, it is a
rational choice for reducing the number of high-risk factors that need to be studied in
further experiments. Different HSA nanoparticle formulations were prepared by vary-
ing the process variables, then the Z-average (Y1), Pdl (Y;), and zeta potential (Y3) of
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the formulations were measured to determine the response of selected process variables
(Table 4).

Table 4. Plackett-Burman screening design of experiments and their results: X;: Amount of EtOH
(mL), X5: Amount of cross linker (EDC) (mg), X3: Incubation time (h), X;: Concentration of HSA
(mg/mL), X5: Ethanol flow rate (mL/min), X¢: Stirring speed (rpm), X7: Concentration of NaCl
(w/v%), Y1: Z-average (nm), Y,: Pdl, and Yj: zeta potential (mV). Data are presented as mean + SD,
(n=23).

Process Variables Response
Batch ID X1 Xz X3 Xy Xs Xe X7 Y1 Y, Y3
(mL) (mg) (h) (mg/mL) (mL/min) (rpm) (wlv%) (nm) (mV)
PB1 2 2.5 1 75 2 1500 0 90 £ 11 0.445 £ 0.065 —18.37 = 4.65
PB2 4 2.5 1 50 1 1500 0.9 1828 103 0.836 £ 0.044 —3.37 £294
PB3 2 5 1 50 2 750 0.9 194 £ 16 0.405 + 0.169 —6.04 £ 0.88
PB4 4 5 1 75 1 750 0 109 £ 19 0.401 £ 0.106 —27.07 +3.96
PB5 2 2.5 3 75 1 750 0.9 181 £ 19 0.818 4 0.052 —5.25 £2.06
PB6 4 2.5 3 50 2 750 0 116 +4 0.230 4+ 0.033 —11.00 £ 0.26
PB7 2 5 3 50 1 1500 0 131 £25 0.430 4 0.023 —10.27 £1.31
PB8 4 5 3 75 2 1500 0.9 233+ 9 0.190 £ 0.086 —22.03 &= 3.45
3.3.1. Screening the Effect of Process Variables on Average Hydrodynamic Diameter
The Plackett-Burman Experimental Design results revealed that varying the prepara-
tion process variables has a remarkable effect on the Z-average, resulting in a wide range
of particle sizes from the micro to nano meter size range. The relationship between process
variables and the Z-average (Y1) can be described with the following equation:
Y; = 360.140 4 211.383x7 — 193.484x7 — 194.906x3 — 206.977x, — 201.950x5 4 210.400x¢ + 248.760x7 (©)]

The regression coefficient (R?) and adjusted R? of the surface plot were 0.79919 and
0.71134, respectively. The positive coefficients before the independent variables of the linear
model indicate an unfavourable course of action regarding the increase in the Z-average,
while the negative coefficients indicate a favourable effect on the Y;. We found that all the
investigated process variables (x;—xy) had significant effects on the Z-average (Table 5).

Table 5. Effects of the 7 investigated processes and material parameters on the Z-average of HSA
nanoparticles produced by the rapid coacervation method. Statistical analysis: One-way ANOVA,
o =0.05. (* p <0.05; ** p < 0.01 significant).

Variable Code Significance Effect of Variable on
Z-Average

Amount of ethanol (mL) X1 **p<0.01 +
Amount of crosslinker (EDC) (mg) X2 *p <0.05 —
Incubation time (h) X3 *p<0.05 -
Concentration of HSA (mg/mL) Xy **p<0.01 —
Ethanol flow rate (mL/min) X5 *p <0.05 —
Stirring speed (rpm) X6 *p<0.01 +
Concentration of NaCl (w/v%) X7 **p<0.01 +

11

“+” indicates increasing the value of variable leads to the increase in Z-average, while
value of variable leads to the decrease in Z-average.

indicates increasing the

The results demonstrated that decreasing X; (amount of ethanol), X; (stirring speed),
and Xy (concentration of NaCl), while increasing X, (amount of crosslinker), X3 (incubation
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time), Xy (concentration of HSA), and X5 (ethanol flow rate) would contribute to the
reduction in the Z-average of HSA nanoparticles. As all factors showed different levels of
significance, it can be claimed that the build-up of the knowledge space and the initial risk
assessment were performed successfully and the quality-controlled environment was set

up properly.

3.3.2. Screening the Effect of Process Variables on the Polydispersity Index

Despite all seven of the high-risk investigated factors showing some level of signifi-
cance on the Z-average, the same cannot be claimed concerning the polydispersity index of
the albumin particles. The relationship between process variables and the PdI (Y;) can be
described with the following equation:

Y, = 0.516 — 0.035x7 — 0.067x, — 0.052x3 4 0.015x4 — 0.146x5 + 0.006x6 + 0.099x7  (4)

The regression coefficient (R?) and the adjusted R? of the surface plot were obtained
as 0.77536 and 0.67708, respectively. The effect of the process variables on the PdI is
presented in Table 6. The positive coefficients before the independent variables of the linear
model indicate in this case an unfavourable effect, while the negative coefficients indicate a
favourable effect on the Y,. The results revealed that decreasing x7 (concentration of NaCl)
while increasing x, (amount of crosslinker) and x5 (ethanol flow rate) would result in the
decrease in the PdI of HSA nanoparticles.

Table 6. Effect of the 7 investigated process and material parameters on the PdI of HSA nanoparti-
cles produced by the rapid coacervation method. Statistical analysis: One-way ANOVA, o = 0.05.
(* p < 0.05; ** p < 0.01 significant, while n.s. means non-significant effect).

Variable Code Significance Effect)ifl}?; iable

Amount of ethanol (mL) X1 n.s. —
Amount of crosslinker (EDC) (mg) X5 *p<0.05 -
Incubation time (h) X3 ns. -
Concentration of HSA (mg/mL) Xq n.s. +
Ethanol flow rate (mL/min) X5 **p<0.01 —
Stirring speed (rpm) Xg n.s. +
Concentration of NaCl (w/v%) X7 *p<0.01 +

“+” indicates increasing the value of variable leads to polydisperse distribution, while “—" indicates increasing

the value of variable leads to monodisperse distribution.

The highest level of significance (** p < 0.01) can be observed in case of the ethanol flow
rate and the ionic strength of the formulation expressed as the concentration of sodium
chloride. The high speed and high-volume addition of the desolvating agent showed that
it leads to the decrease in the PdI. This can be due to the fact that, by slow addition of
the agent, the potential of aggregation would increase as free, non-coacervated albumin
particles can bond with the coacervated moiety. Therefore, in the case of rapid desolvation,
uniform-sized particles can form. As an increase in salt concentration includes a risk
potential for surface-charge-mediated aggregation, it is also an unbeneficial factor when
increased. Data in the literature also support our claim, as most types of generally applied
buffer solutions or salts can interfere with the desolvation process [27].

3.3.3. Screening the Effect of Process Variables on Zeta Potential

The impact of process variables on the zeta potential was also investigated with
Plackett-Burman Design. Based on the ANOVA analysis, most of the investigated variables
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have significant effects on the zeta potential. The relationship between process variables
and the zeta potential (Y3) can be described with the following equation:

Y; = —12.92 — 2.94x; — 3.42x; + 0.78x3 — 5.26x4 — 1.43x5 — 0.59x5 + 3.75x;  (5)

The regression coefficient (R) and the adjusted R? of the surface plot were obtained
as 0.92344 and 0.88994, respectively. The impact of process variables on the zeta potential
can be seen in Table 7.

Table 7. Effect of the 7 investigated process and material parameters on the zeta potential of HSA
nanoparticles produced by the rapid coacervation method. Statistical analysis: One-way ANOVA,
o =0.05. (* p <0.05; ** p < 0.01 significant, while n.s. means non-significant effect).

Variable Code Significance Eé?ﬁ;?;:g::gﬁ t(;n
Amount of ethanol (mL) X1 **p<0.01 +
Amount of crosslinker (EDC) (mg) X5 **p<0.01 +
Incubation time (h) X3 ns. -
Concentration of HSA (mg/mL) Xq *p<0.01 +
Ethanol flow rate (mL/min) X5 *p<0.05 +
Stirring speed (rpm) Xg ns. +
Concentration of NaCl (w/v%) X7 **p<0.01 —

“+” indicates increasing the value of variable leads to increase in the absolute value of zeta potential, while “—"
indicates increasing the value of variable leads to decrease in the absolute value of zeta potential.

The results demonstrated that increasing X; (amount of ethanol), X, (amount of cross
linker), X4 (concentration of HSA), X5 (ethanol flow rate), and X¢ (stirring speed) while
decreasing X7 (concentration of NaCl) would contribute to the increase in colloidal stability
of HSA nanoparticles. Comparing the three responses, it can be clearly seen that increasing
Xy (amount of cross linker) and X5 (ethanol flow rate) results in a lower Z-average, a
narrower Pdl, and higher colloidal stability, while when increasing X7 (concentration of
NaCl), the aggregation tendency will increase. A partially negative resultant effect was
obtained, in the case of increasing X; (amount of ethanol), on the Z-average; X3 (incubation
time), on colloidal stability; X4 (concentration of HSA), on the Pdl; and Xg (stirring speed),
on both the Z-average and Pdl. Therefore, for further optimization, the refinement of
previously mentioned process variables is required.

3.4. Optimization of HSA Nanoparticles with Box—Behnken Experimental Design

For Box—Behnken experimental design, the first step was the careful selection of
three most significant variables out of the seven based on the evaluation of Plackett—
Burman screening design. For this purpose, the values of those variables were fixed, which
indicated a clear response on the investigated nanoparticulate properties (Y1-Y4). The
factor-screening results showed that the nanoparticle yield (Y4) of the different formulations
of Box-Behnken design ranged from 78 to 98%, which was appropriate as the pH of the
formulation was set to 8.0 [33,36]. As a result, the Y4 response was not included in the
optimization process. Two of these fixed factors were X, (amount of crosslinker—EDC)
and X5 (ethanol flow rate), which were maximized to 5 mg and 2 mL/min, respectively.
An ethanol flow rate of 2 mL/min is appropriate to result in fast desolvation of HSA,
while 5 mg EDC amount ensures adequate crosslinking of nanoparticles in the present
concentration, indicating a low Z-average, a narrow PdI, and increased colloidal stability.
Another two fixed factors were X4 (stirring speed) and X7 (concentration of NaCl); however,
their values were minimized to 750 rpm and 0 w/v%, respectively, to avoid an increased Z-
average and PdI, while decreasing the zeta potential, i.e., colloidal stability. On an exclusion
basis, three factors remained, X;, the amount of ethanol (mL) as coacervating agent; X3,
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the incubation time (h) for crosslinking of nanoparticles; and X4, the concentration of HSA
(mg/mL), whose effect required a more complex statistical analysis. Therefore, the effect
of these variables were further investigated in a three-factor, three-level Box-Behnken
experimental design with a total run number of 15 (Table 8). The number of experiments
included the replicated centre points. The specification of low and high levels of factors
was based on the previous Plackett-Burman design, whereas the medium levels were set
as the average value of the low and high levels.

Table 8. Box—Behnken experimental design and its results: X;: Amount of EtOH (mL), X3: Incubation
time (h), X4: Concentration of HSA (mg/mL), Y1: Z-average (nm), Y;: Pdl, Y3: zeta potential (mV),
and Yy: Yield (%). Data are presented as mean =+ SD, (1 = 3).

Process Variables Response
Batch ID ) & (mg)jfnL) (o v ) o
BB1 1 45 50 485 + 26 0.901 £0.019 —289+ 3.6 833+ 34
BB2 3 4.5 50 117 £ 11 0.436 £+ 0.181 —245+49 94.8 + 2.8
BB3 1 45 75 489 +22 0.876 £0.107  —305+47 827 +41
BB4 3 45 75 144 +7 0.652 + 0.112 —37+3.1 98 £12
BB5 1 3 62.5 434+ 6 0.871 £ 0.109 —26.7 £ 6.3 782 +£39
BB6 3 3 62.5 168 + 21 0412 +0.156  —352+45 95.6 £ 1.5
BB7 1 6 62.5 308 £ 26 0.731 £ 0.124 —30+4.2 83.5+2.38
BB8 3 6 62.5 111 +£8 0.507 £ 0.161 —364+44 91.3 £3.1
BB9 2 3 50 197 £ 21 0453 £0.113 —294+26 88+29
BB10 2 3 75 186 + 19 0.442 £0.062 —295+6.5 94442
BB11 2 6 50 196 + 20 0.438 £ 0.172 —-301+74 92.6 £ 3.7
BB12 2 6 75 117 + 18 0429 +£0.185  —26.7+27 929 £25
BB13 2 45 62.5 110+ 5 0.251 £0.051 —29.6+4.6 92 £17
BB14 2 4.5 62.5 110+ 6 0.253 £+ 0.059 —302+4.1 939 £21
BB15 2 45 62.5 119 + 4 0.247 £0.063  —30.4+42 925+22

3.4.1. Influence of Process Variables on the Z-Average (Box-Behnken Design)

The influence of selected process variables on the Z-average of HSA nanoparticles was
investigated using a Box-Behnken response surface methodology. A quadratic equation
describing the individual main effects of x1, x3, and x4 on Y| was generated:

Y, = 245.950 — 146.900x; — 69.213x% — 7.225x, — 28.613x3 — 31.575x3 — 1.887x3  (6)

The regression coefficient (R?) and the adjusted R? of the surface plot were obtained
as 0.94978 and 0.91211, respectively. The negative coefficients before the independent
variables of the linear model indicate the favourable effect on Y;. The significance of the
effect of investigated process variables (x1, x3, and x4) on the Z-average is presented in
Table 9.
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Table 9. Effect of the selected process and material parameters on the Z-average of HSA nanoparti-
cles produced by the rapid coacervation method. Statistical analysis: One-way ANOVA, « = 0.05.
(* p <0.05; ** p < 0.01 significant, while n.s. means non-significant effect).

Variable Code Significance Effec;_’;y:‘:;;:le on

Amount of ethanol (mL) X1 **p<0.01 —

Amount of ethanol (mL) X2 *p <0.05 —
Incubation time (h) X3 n.s. —
Incubation time (h) X352 n.s. —

Concentration of HSA (mg/mL) Xq n.s. —
Concentration of HSA (mg/mL) X4? *p<0.05 -

“—* indicates increasing the value of variable leads to decrease in the absolute value of zeta potential.

Based on the ANOVA analysis, it can be clearly seen that the amount of ethanol as
coacervating agent was significant in terms of both the linear and quadratic effect on the
Z-average. The concentration of HSA also showed a significant quadratic effect, while
its linear effect was negligible. However, incubation time for crosslinking proved to be
insignificant in the applied concentration range. For easier interpretation of the signifi-
cant impact of variables, the surface plot of particle size may provide more information
(Figure 4).

(wu)
abeiane-7

I > 500
I < 480
[ <380
[] <280
B < 180
I <80

Figure 4. Response surface showing the effects of the amount of ethanol (X;) and the concentration
of HSA (X4) at the mid-level of incubation time (X3) on the Z-average (Y1).

On the surface plot, a minimum point can be identified indicating that the levels of
factors were selected in an appropriate range to find the optimal ratio of HSA and Ethanol,
which fits the general criteria of an adequate particle size range. In fact, particle size is
a key attribute for a successful drug delivery system, as it affects the drug-loading and
release behaviour as well as particle pharmacokinetics, biodistribution, and biological fate.
Nanoparticles with a lower Z-average have a larger surface-area-to-volume ratio and thus
can encapsulate less drug; moreover, they release it at a faster rate, with the drug being
closer to the surface. Based on data in the literature, the optimal particle size of HSA
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nanoparticles should be in the size range of 100-200 nm to ensure adequate drug release
and to reduce the chance of uptake by macrophages after absorption [37]. A Z-average
of <200 nm is also advantageous for passive targeting, especially to tumour tissue, by the
EPR effect [38]. Moreover, the smaller the particle size of the nanoparticles, the larger the
specific surface area and the higher the loading efficiency. Taking into account these facts,
the applied amount of ethanol should be 2.5 mL, while the applied concentration of HSA
should be 62.5 mg/mL to reach the desired Z-average.

3.4.2. Influence of Process Variables on the PdI (Box-Behnken Design)

The impact of selected process variables (x1, x3, and x4) on the PdI (Y;) of HSA
nanoparticles can be described with the following generated quadratic equation:

Y, = 0.661 — 0.208x; — 0.129x% + 0.017x, — 0.023x3 — 0.006x3 4 0.010x3 @)

The regression coefficient (R?) and the adjusted R? of the surface plot were obtained
as 0.9338 and 0.84416, respectively. The positive coefficients before the independent vari-
ables of the linear model indicate, in this case, an unfavourable effect, while the negative
coefficients indicate a favourable effect on Y,. The significance of the effect of investigated
process variables (x1, x3, and x4) on the PdI is demonstrated in Table 10.

Table 10. Effect of the selected process and material parameters on the PdI of HSA nanoparticles pro-
duced by the rapid coacervation method. Statistical analysis: One-way ANOVA, o = 0.05. (** p < 0.01
significant, while n.s. means non-significant effect).

Variable Code Significance Effectozfl};alr iable
Amount of ethanol (mL) X1 *p<0.01 —
Amount of ethanol (mL) X2 **p<0.01 —

Incubation time (h) X3 n.s. —

Incubation time (h) X532 n.s. +
Concentration of HSA (mg/mL) Xq n.s. +
Concentration of HSA (mg/mL) X4? *p<0.01 -

“+” indicates increasing the value of variable leads to polydisperse distribution, while “—" indicates increasing

the value of variable leads to monodisperse distribution.

The ANOVA analysis clearly demonstrated that the amount of ethanol as coacervating
agent was significant in terms of both the linear and quadratic effect on Pdl. However,
incubation time for crosslinking and the concentration of HSA proved to be insignificant at
the applied variable levels. For easier interpretation of the significant effect of the variables,
the surface plot of the PdI can also provide more information (Figure 5).

The surface plot of the PdI has also a minimum point that claims the levels of factors
were as well selected in an appropriate range to define the optimal ratio of HSA and ethanol
in order to result in a monodisperse distribution of nanoparticles. Based on data in the
literature, the narrower the PdI, the more colloidally stable the nanoparticulate system [39].
The PdI of HSA nanoparticles can be accepted in the range of 0.2-0.7, but it should be as
small as possible [40].

3.4.3. Influence of Process Variables on the Zeta Potential (Box—Behnken Design)

The influence of selected process variables xj, x3, and x4 on the zeta potential (Y3)
of HSA nanoparticles was also examined. This relationship can be described with the
following generated quadratic equation:

Y3 = —5.62 4 0.14x; + 0.35x3 — 1.08x; — 0.42x3 — 1.28x3 + 0.05x3 8)
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Figure 5. Response surface showing the effects of the amount of ethanol (X;) and the concentration
of HSA (X4) at the mid-level of incubation time (X3) on the PdI (Y5).

Based on the R? (0.53895) and adjusted R? (0.19316) of the surface plot that was
obtained, a poor correlation can be established, which was also supported with the ANOVA
results (Table 11).

Table 11. Effect of the selected process and material parameters on the zeta potential of HSA
nanoparticles produced by the rapid coacervation method. Statistical analysis: One-way ANOVA,
o = 0.05. (n.s. means non-significant effect).

Variable Code Significance Eg:ﬁ;?j:{g:::: Lel t(;n

Amount of ethanol (mL) X1 n.s. -

Amount of ethanol (mL) X2 n.s. —
Incubation time (h) X3 ns. +
Incubation time (h) X532 n.s. —

Concentration of HSA (mg/mL) Xq n.s. +
Concentration of HSA (mg/mL) X42 n.s. +

“+” indicates increasing the value of variable leads to increase in the absolute value of zeta potential, while “—"
indicates increasing the value of variable leads to decrease in the absolute value of zeta potential.

Based on the ANOVA analysis, all the investigated variables indicated an insignificant
effect both in the linear and quadratic approach at the applied variable levels, which can
be mostly claimed with the poor regression coefficients. Apart from an increase in the
incubation time of the crosslinking reaction presuming increased colloidal stability through
a linear effect, increasing the concentration of HSA presumes the same effect both linearly
and quadratically. As the zeta potential is also a crucial nanoparticulate property, the
variables which have a favourable effect on it should be taken into account as well at
the optimization process. Particles aggregation via the bridging effect can occur in the
case of HSA, due to its excessively high molecular weight and non-uniform surface [37].
According to the literature, the higher absolute value of the zeta potential influences the
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particle stability due to increased repulsion forces avoiding aggregation, cellular uptake,
and intracellular trafficking [38].

3.5. Confirmation Test of the Model

To confirm the model, HSA nanoparticles were fabricated according to the optimized
values of process variables determined in the design of experiment (Table 12). Prepared
nanoparticles were characterized, and the response was compared to the predicted value.
The particle size distribution and zeta potential plot of optimized nanoparticles are pre-
sented in Figure 6.

Table 12. Model confirmation of the design of the experiment: X;: Amount of EtOH (mL), Xj:
Amount of crosslinker (EDC) (mg), X3: Incubation time (h), X4: Concentration of HSA (mg/mL),
Xs: Ethanol flow rate (mL/min), X4: Stirring speed (rpm), X7: Concentration of NaCl (w/v%), Y:
Z-average (nm), Y,: Pdl, Y3: zeta potential (mV) and Y: Yield (%). Data are presented as mean + SD,

(n=23).
Process Variables Response
X1 Xz X3 Xy Xs X X7 Y: Y- Y; Y,
(mL) (mg) (h) (mg/mL) (mL/min) (rpm) (wlv%) (nm) (mV) (%)
Predicted 122 0.231 —284 -
- . .. 25 2.5 3 62.5 2 750 0
Experimental 11945 0.236 £ 0.051 —2724+26 96.3 £ 1.7

A

15
2 ™,
£ 40 A
' [\
g // \
i 0 /

0.1 1 10 100 1000 10,000
Size (d.nm)

ws!

" , . : .
£ 800000 - - - - - - - R @ 2 ﬂ L 8 o B s Sena gy ,
B 6000000 & & s 8 2 SRR || S T D pn 4 gpn ;
g » \ ' - '
T 400000f - - - / ..................
£2 00,0000 = & %6 5 & £ 5 5 2 5 J\ -------------------

3 ; 0 , : : :

—100 0 100 200

Apparent zeta potential (mV)

Figure 6. Particle size distribution (A) and zeta potential plot (B) of optimized HSA nanoparticles.

The results indicate that the predicted and observed response values of the formula-
tions with the optimized variables were nearly similar (within SD). A good agreement was
obtained between the model prediction and experimental observation. Thus, the validity
of the model was established.

3.6. Raman Spectroscopic Structural Investigation

Using ethanol at concentrations above 30% causes changes in the secondary structure
of albumin by unfolding, indicating change in the o-helical structure. To investigate the
reversibility of unfolding after purifying the nanoparticles, Raman spectroscopic studies
were conducted. The secondary structure of HSA was studied at each key step of HSA
nanoparticle preparation; Raman spectra are shown in Figure 7.
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Figure 7. Raman spectrum of HSA aqueous solution (HSA), HSA nanoparticles after desolvating
with EtOH and crosslinking with EDC (HSA-EtOH-EDC), and HSA nanoparticles after purifying
with centrifugation (HSA-NPs).

The most remarkable change for unfolding and refolding in the Raman spectrum
can be observed at the peak centred at 1655 cm ! in the amide I region, which is usually
attributed to the ordered a-helix (ho). In the Raman spectrum of HSA-EtOH-EDC, the
decrease in the fraction of the ordered a-helix (ho) indicates unfolding of HSA [41]. The
appearing peaks at 888 cm~! (CCO skeleton symmetric stretching vibration); 1054 cm™!
(CO scaling); 1104 cm ! (CCO skeleton stretching vibration); 1287 cm~! (CH2 deformation);
and 1462 cm~! (CH3 antisymmetric deformation) are unique to ethanol, the desolvating
agent [42]. The absence of these characteristic peaks in the spectrum of HSA-NPs indicates
a successful purification process, while the increased fraction of the ordered a-helix (ko) in
comparison to HSA-EtOH-EDC supports partial refolding of HSA after redispersion of the
nanoparticles in purified water due to hydrophobic interactions.

4. Discussion

This study focused on the risk-assessment-based development of HSA nanoparticles
as a suitable colloidal carrier for targeted drug delivery. As an advanced drug delivery
system, it has a significant role in future medicine. However, to achieve this, a sustainable,
reproducible, and robust preparation method is required. Herein, a comprehensive QbD-
based development approach is provided for the development of HSA nanoparticles,
which can be generally used for designing a colloidal drug delivery system with desired
nanoparticulate properties.

Several studies deal with the optimization of HSA nanoparticles; nevertheless, the
exact value of some process parameters is often undefined. The rapid coacervation method
is the simplest and most frequently applied preparation method, during which, due to
the addition of an organic solvent (ethanol or acetone), the solubility of HSA decreases,
resulting in precipitation into nanoparticles. However, the exact amount of required
coacervating agent is not defined; in the most cases, it is suggested to add as much as
needed to obtain a turbid colloidal solution, which is not a discrete determination for
a reproducible process. Similar important process variables are, e.g., flow rate of the
coacervating agent, concentration of HSA, amount of crosslinker, incubation time of the
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crosslinking reaction, pH, stirring speed, and ionic strength, which should be also defined
for establishing the control strategy. For that purpose, QbD is an essential tool.

After the initial risk assessment, Plackett-Burman screening design was applied to
identify the most significant process variables affecting the CQAs. Based on the regression
analysis, the value of those variables was fixed, which indicated a clear response on
the investigated nanoparticulate properties (Y1-Y3). Two of these fixed factors were X,
(amount of crosslinker—EDC) and X5 (ethanol flow rate), which were maximized to 5 mg
and 2 mL/min, respectively, as these increased values indicated a low Z-average, a narrow
PdI, and increased colloidal stability. Another two fixed factors were Xg (stirring speed)
and Xy (concentration of NaCl); however, their values were minimized to 750 rpm and
0 w/v%, respectively, to avoid an increased Z-average and Pdl, while decreasing the zeta
potential i.e., colloidal stability.

The remaining three variables, X, the amount of ethanol (mL) as coacervating agent;
X3, the incubation time (h) for crosslinking of nanoparticles; and X4, the concentration
of HSA (mg/mL), of which the effects were not totally clear, were further investigated
in the Box-Behnken experimental design. It was revealed that the amount of ethanol
as coacervating agent and the concentration of HSA had significant effects on the Z-
average. However, incubation time for crosslinking proved to be insignificant in the
applied concentration range. In terms of the Pdl, the amount of ethanol as coacervating
agent had a significant effect, but incubation time for crosslinking and the concentration of
HSA proved to be insignificant at the applied variable levels. In the case of zeta potential,
all the investigated variables were indicated as insignificant at the applied variable levels,
which can be mostly claimed with the poor regression coefficients.

The optimization model of has nanoparticle preparation was confirmed by comparing
the response of optimized process variables on nanoparticulate properties (Z-average, Pd],
and zeta potential) to the predicted values. The results established the validity of the model
as the predicted and the observed response values of the formulations with the optimized
variables were nearly similar (within the SD). Based on the results, it can be claimed that a
fundamental optimization strategy of HSA nanoparticles was established, which can be
further utilized for the development of drug loading of HSA-based drug delivery systems.

5. Conclusions

In conclusion, this study demonstrated how the risk-assessment- and quality-control-
driven QbD methodology can be utilized for the development of an HSA-based colloidal
carrier which is suitable for improving drug delivery. With the fundamental understanding
of the process variables affecting the coacervation method, the current case study provides
a comprehensive development approach, which can be applied in general for designing
HSA nanoparticles with desired nanoparticulate properties.

Author Contributions: Conceptualization, G.K. and B.S.; methodology, G.K.; software, B.S.; vali-
dation, G.K., B.S. and L.C.; formal analysis, I.C.; investigation, G.K. and B.S.; resources, G.K.; data
curation, B.S.; writing—original draft preparation, G.K.; writing—review and editing, B.S. and 1.C.;
visualization, B.S.; supervision, I.C.; project administration, G.K.; funding acquisition, G.K. All
authors have read and agreed to the published version of the manuscript.

Funding: Project No. TKP2021-EGA-32 was implemented with the support provided by the Ministry
of Innovation and Technology of Hungary from the National Research, Development, and Innovation
Fund, financed under the TKP2021-EGA funding scheme.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

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

Acknowledgments: This work was supported by Janos Bolyai Research Scholarship of the Hungarian
Academy of Sciences (G. Katona, BO/00251/21).



Pharmaceutics 2022, 14, 2036 20 of 21

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

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Schweizer, L.; Dingermann, T. Introduction: Trends and Developments in the Pharmaceutical and Life Sciences Industry. In
Advances in Pharma Business Management and Research: Volume 1, Schweizer, L., Dingermann, T., Russe, O.Q., Jansen, C., Eds.;
Springer International Publishing: Cham, Switzerland, 2020; pp. 1-5. ISBN 978-3-030-35918-8.

Sipos, B.; Katona, G.; Csodka, I. A systematic, knowledge space-based proposal on quality by design-driven polymeric micelle
development. Pharmaceutics 2021, 13, 702. [CrossRef] [PubMed]

Khanna, I. Drug discovery in pharmaceutical industry: Productivity challenges and trends. Drug Discov. Today 2012, 17, 1088-1102.
[CrossRef] [PubMed]

Igbal, H.; Yang, T; Li, T.; Zhang, M.; Ke, H.; Ding, D.; Deng, Y.; Chen, H. Serum protein-based nanoparticles for cancer diagnosis
and treatment. J. Control. Release 2021, 329, 997-1022. [CrossRef] [PubMed]

Lomis, N.; Westfall, S.; Farahdel, L.; Malhotra, M.; Shum-Tim, D.; Prakash, S. Human serum albumin nanoparticles for use in
cancer drug delivery: Process optimization and in vitro characterization. Nanomaterials 2016, 6, 116. [CrossRef] [PubMed]
Loureiro, A.; Azoia, N.G.; Gomes, A.C.; Cavaco-Paulo, A. Albumin-Based Nanodevices as Drug Carriers. Curr. Pharm. Des. 2016,
22,1371-1390. [CrossRef] [PubMed]

Liu, Z; Jiao, Y.; Wang, Y.; Zhou, C.; Zhang, Z. Polysaccharides-based nanoparticles as drug delivery systems. Adv. Drug Deliv.
Rev. 2008, 60, 1650-1662. [CrossRef] [PubMed]

Elzoghby, A.O.; Samy, W.M.; Elgindy, N.A. Albumin-based nanoparticles as potential controlled release drug delivery systems. .
Control. Release 2012, 157, 168-182. [CrossRef] [PubMed]

Hashem, L.; Swedrowska, M.; Vllasaliu, D. Intestinal uptake and transport of albumin nanoparticles: Potential for oral delivery.
Nanomedicine 2018, 13, 1255-1265. [CrossRef]

An, FE; Zhang, X.H. Strategies for preparing albumin-based nanoparticles for multifunctional bioimaging and drug delivery.
Theranostics 2017, 7, 3667-3689. [CrossRef]

Hersh, D.S.; Wadajkar, A.S.; Roberts, N.; Perez, ].G.; Connolly, N.P; Frenkel, V.; Winkles, ].A.; Woodworth, G.E,; Kim, A J. Evolving
Drug Delivery Strategies to Overcome the Blood Brain Barrier. Curr. Pharm. Des. 2016, 22, 1177-1193. [CrossRef]

Wong, L.R.; Ho, P.C. Role of serum albumin as a nanoparticulate carrier for nose-to-brain delivery of R-flurbiprofen: Implications
for the treatment of Alzheimer’s disease. J. Pharm. Pharmacol. 2018, 70, 59-69. [CrossRef] [PubMed]

Tiozzo Fasiolo, L.; Manniello, M.D.; Bortolotti, F.; Buttini, F.; Rossi, A.; Sonvico, F.; Colombo, P.; Valsami, G.; Colombo, G.; Russo, P.
Anti-inflammatory flurbiprofen nasal powders for nose-to-brain delivery in Alzheimer’s disease. J. Drug Target. 2019, 27, 984-994.
[CrossRef] [PubMed]

Katona, G.; Balogh, G.T.; Darg6, G.; Gaspar, R.; Marki, A.;Ducza, E.; Sztojkov-Ivanov, A.; Tomosi, F.; Kecskeméti, G.; Jandky, T.;
et al. Development of meloxicam-human serum albumin nanoparticles for nose-to-brain delivery via application of a quality by
design approach. Pharmaceutics 2020, 12, 97. [CrossRef] [PubMed]

Morishita, M.; Peppas, N.A. Is the oral route possible for peptide and protein drug delivery? Drug Discov. Today 2006, 11, 905-910.
[CrossRef] [PubMed]

Niknejad, H.; Mahmoudzadeh, R. Comparison of different crosslinking methods for preparation of docetaxel-loaded albumin
nanoparticles. Iran. J. Pharm. Res. 2015, 14, 385-394.

Oh, H.N.; Yoo, D,; Park, S.; Lee, S.; Kim, W.K. Developmental neurotoxicity induced by glutaraldehyde in neuron/astrocyte
co-cultured cells and zebrafish. Ecotoxicol. Environ. Saf. 2022, 242, 113891. [CrossRef]

Jarquin-Yanez, K.; Arenas-Alatorre, J.; Pifidn-Zarate, G.; Arellano-Olivares, R M.; Herrera-Enriquez, M.; Hernandez-Téllez, B.;
Castell-Rodriguez, A.E. Structural effect of different EDC crosslinker concentration in gelatin-hyaluronic acid scaffolds. J. Bioeng.
Biomed. Sci. 2016, 6, 182. [CrossRef]

Sunogqrot, S.; Alsadi, A.; Tarawneh, O.; Hamed, R. Polymer type and molecular weight dictate the encapsulation efficiency and
release of Quercetin from polymeric micelles. Colloid. Polym. Sci. 2017, 295, 2051-2059. [CrossRef]

Pallagi, E.; Jojart-Laczkovich, O.; Németh, Z.; Szab6-Révész, P.; Csoka, I. Application of the QbD-based approach in the early
development of liposomes for nasal administration. Int. |.Pharm. 2019, 562, 11-22. [CrossRef]

Csoka, I; Pallagi, E.; Paal, T.L. Extension of quality-by-design concept to the early development phase of pharmaceutical R&D
processes. Drug Discov. Today 2018, 23, 1340-1343. [CrossRef]

ICH. Quality Risk Management Q9; ICH Harmonised Tripartite Guideline; ICH: Geneva, Switzerland, 2005.

ICH. Pharmaceutical Quality Systems Q10; ICH Harmonised Tripartite Guideline; ICH: Geneva, Switzerland, 2008.

ICH. Pharmaceutical Development Q8; ICH Harmonised Tripartite Guideline; ICH: Geneva, Switzerland, 2009.

Rakotoarisoa, M.; Angelov, B.; Drechsler, M.; Nicolas, V.; Bizien, T.; Gorshkova, Y.E.; Deng, Y.; Angelova, A. Liquid crystalline
lipid nanoparticles for combined delivery of curcumin, fish oil and BDNF: In vitro neuro-protective potential in a cellular model
of tunicamycin-induced endoplasmic reticulum stress. Smart Mater. Med. 2022, 3, 274-288. [CrossRef]

Analytical Methods Committee. AMCTB No 55. Experimental design and optimisation (4): Plackett-Burman designs. Anal.
Methods 2013, 5, 1901-1903. [CrossRef] [PubMed]

Jahanban-Esfahlan, A.; Dastmalchi, S.; Davaran, S. A simple improved desolvation method for the rapid preparation of albumin
nanoparticles. Int. J. Biol. Macromol. 2016, 91, 703-709. [CrossRef] [PubMed]


http://doi.org/10.3390/pharmaceutics13050702
http://www.ncbi.nlm.nih.gov/pubmed/34065825
http://doi.org/10.1016/j.drudis.2012.05.007
http://www.ncbi.nlm.nih.gov/pubmed/22627006
http://doi.org/10.1016/j.jconrel.2020.10.030
http://www.ncbi.nlm.nih.gov/pubmed/33091526
http://doi.org/10.3390/nano6060116
http://www.ncbi.nlm.nih.gov/pubmed/28335244
http://doi.org/10.2174/1381612822666160125114900
http://www.ncbi.nlm.nih.gov/pubmed/26806342
http://doi.org/10.1016/j.addr.2008.09.001
http://www.ncbi.nlm.nih.gov/pubmed/18848591
http://doi.org/10.1016/j.jconrel.2011.07.031
http://www.ncbi.nlm.nih.gov/pubmed/21839127
http://doi.org/10.2217/nnm-2018-0029
http://doi.org/10.7150/thno.19365
http://doi.org/10.2174/1381612822666151221150733
http://doi.org/10.1111/jphp.12836
http://www.ncbi.nlm.nih.gov/pubmed/29034965
http://doi.org/10.1080/1061186X.2019.1574300
http://www.ncbi.nlm.nih.gov/pubmed/30691325
http://doi.org/10.3390/pharmaceutics12020097
http://www.ncbi.nlm.nih.gov/pubmed/31991767
http://doi.org/10.1016/j.drudis.2006.08.005
http://www.ncbi.nlm.nih.gov/pubmed/16997140
http://doi.org/10.1016/j.ecoenv.2022.113891
http://doi.org/10.4172/2155-9538.1000182
http://doi.org/10.1007/s00396-017-4183-9
http://doi.org/10.1016/j.ijpharm.2019.03.021
http://doi.org/10.1016/j.drudis.2018.03.012
http://doi.org/10.1016/j.smaim.2022.03.001
http://doi.org/10.1039/C3AY90020G
http://www.ncbi.nlm.nih.gov/pubmed/33985300
http://doi.org/10.1016/j.ijbiomac.2016.05.032
http://www.ncbi.nlm.nih.gov/pubmed/27177461

Pharmaceutics 2022, 14, 2036 21 of 21

28.

29.

30.
31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Von Storp, B.; Engel, A.; Boeker, A.; Ploeger, M.; Langer, K. Albumin nanoparticles with predictable size by desolvation procedure.
J. Microencapsul. 2012, 29, 138-146. [CrossRef] [PubMed]

Mohammad-Beigi, H.; Shojaosadati, S.A.; Morshedi, D.; Mirzazadeh, N.; Arpanaei, A. The effects of organic solvents on the
physicochemical properties of human serum albumin nanoparticles. Iran. . Biotechnol. 2016, 14, 45-50. [CrossRef]

ICH. Guideline for residual solvents Q3C(R5); ICH Harmonised Tripartite Guideline; ICH: Geneva, Switzerland, 2011.

Sadeghi, R.; Moosavi-Movahedi, A.A.; Emam-Jomeh, Z.; Kalbasi, A.; Razavi, S.H.; Karimi, M.; Kokini, J. The effect of different
desolvating agents on BSA nanoparticle properties and encapsulation of curcumin. J. Nanoparticle Res. 2014, 16, 1-14. [CrossRef]
Bae, S.; Ma, K.; Kim, T.H.; Lee, E.S.; Oh, K.T.,; Park, E.S.; Lee, K.C.; Youn, Y.S. Doxorubicin-loaded human serum albumin
nanoparticles surface-modifiedwith TNF-related apoptosis-inducing ligand and transferrin for targetingmultiple tumor types.
Biomaterials 2012, 33, 1536-1546. [CrossRef]

Langer, K.; Balthasar, S.; Vogel, V.; Dinauer, N.; Von Briesen, H.; Schubert, D. Optimization of the preparation process for human
serum albumin (HSA) nanoparticles. Int. ]. Pharm. 2003, 257, 169-180. [CrossRef]

Wang, Y.; Chen, S.; Yang, X.; Zhang, S.; Cui, C. Preparation optimization of bovine serum albumin nanoparticles and its application
for siRNA delivery. Drug Des. Devel. Ther. 2021, 15, 1531-1547. [CrossRef]

Hornok, V. Serum albumin nanoparticles: Problems and prospects. Polymers 2021, 13, 3759. [CrossRef]

Sebak, S.; Mirzaei, M.; Malhotra, M.; Kulamarva, A.; Prakash, S. Human serum albumin nanoparticles as an efficient noscapine
drug delivery system for potential use in breast cancer: Preparation and in vitro analysis. Int. |. Nanomed. 2010, 5, 525-532.
[CrossRef]

Taha, M.S.; Padmakumar, S.; Singh, A.; Amiji, M.M. Critical quality attributes in the development of therapeutic nanomedicines
toward clinical translation. Drug Deliv. Transl. Res. 2020, 10, 766-790. [CrossRef] [PubMed]

Jithan, A.V,; Madhavi, K.; Madhavi, M.; Prabhakar, K. Preparation and characterization of albumin nanoparticles encapsulating
curcumin intended for the treatment of breast cancer. Int. |. Pharm. Investig. 2011, 1, 119-125. [CrossRef] [PubMed]

Rohiwal, S.S.; Tiwari, A.P; Verma, G.; Pawar, S.H. Preparation and evaluation of bovine serum albumin nanoparticles for ex vivo
colloidal stability in biological media. Colloids. Surf. A: Physicochem. Eng. Asp. 2015, 480, 28-37. [CrossRef]

Firedi, P; Kovacs, K.; Ludanyi, K.; Antal, I.; Klebovich, I. Development and characterization of voriconazole loaded nanoparticles
for parenteral delivery. Int. |. Pharm. 2016, 510, 159-163. [CrossRef]

David, C.; Foley, S.; Mavon, C.; Enescu, M. Reductive unfolding of serum albumins uncovered by Raman spectroscopy. Biopolym.
Orig. Res. Biomol. 2008, 89, 623-634. [CrossRef]

Emin, A.; Hushur, A.; Mamtimin, T. Raman study of mixed solutions of methanol and ethanol. AIP Adv. 2020, 10, 065330.
[CrossRef]


http://doi.org/10.3109/02652048.2011.635218
http://www.ncbi.nlm.nih.gov/pubmed/22329480
http://doi.org/10.15171/ijb.1168
http://doi.org/10.1007/s11051-014-2565-1
http://doi.org/10.1016/j.biomaterials.2011.10.050
http://doi.org/10.1016/S0378-5173(03)00134-0
http://doi.org/10.2147/DDDT.S299479
http://doi.org/10.3390/polym13213759
http://doi.org/10.2147/ijn.s10443
http://doi.org/10.1007/s13346-020-00744-1
http://www.ncbi.nlm.nih.gov/pubmed/32170656
http://doi.org/10.4103/2230-973X.82432
http://www.ncbi.nlm.nih.gov/pubmed/23071931
http://doi.org/10.1016/j.colsurfa.2015.04.017
http://doi.org/10.1016/j.ijpharm.2016.06.027
http://doi.org/10.1002/bip.20972
http://doi.org/10.1063/1.5140722

	Introduction 
	Materials and Methods 
	Chemicals and Reagents 
	Definition of the Quality Target Product Profile (QTPP) 
	Determination of CQA, CMA, and CPP Elements 
	Initial Risk Assessment 
	Screening Study Using Plackett–Burman Design 
	Preparation of HSA Nanoparticles 
	Optimizing the Rapid Coacervation Method for HSA Nanoparticle Formation 
	Average Hydrodynamic Diameter, Polydispersity Index and Zeta Potential Determination 
	Determination a Nanoparticle Yield after Coacervation 
	Raman Spectroscopy 

	Results 
	Determination of Quality Target Product Profiles 
	Initial Risk Assessment on the Rapid Coacervation Method for HSA Nanoparticle Development 
	Screening of Optimizable Factors via Plackett–Burman Design 
	Screening the Effect of Process Variables on Average Hydrodynamic Diameter 
	Screening the Effect of Process Variables on the Polydispersity Index 
	Screening the Effect of Process Variables on Zeta Potential 

	Optimization of HSA Nanoparticles with Box–Behnken Experimental Design 
	Influence of Process Variables on the Z-Average (Box–Behnken Design) 
	Influence of Process Variables on the PdI (Box–Behnken Design) 
	Influence of Process Variables on the Zeta Potential (Box–Behnken Design) 

	Confirmation Test of the Model 
	Raman Spectroscopic Structural Investigation 

	Discussion 
	Conclusions 
	References

