
Vol.:(0123456789)1 3

Journal of Pharmaceutical Innovation (2023) 18:1395–1414 
https://doi.org/10.1007/s12247-022-09698-y

ORIGINAL ARTICLE

A Quality by Design Paradigm for Albumin‑Based Nanoparticles: 
Formulation Optimization and Enhancement of the Antitumor Activity

Marwa H. S. Dawoud1,4  · Amira Abdel‑Daim2 · Mai S. Nour3 · Nabila M. Sweed1

Accepted: 18 November 2022 / Published online: 8 May 2023 
© The Author(s) 2023

Abstract
Purpose Albumin nanoparticles are promising carriers for therapeutic agents, owing to their biocompatibility, safety, and 
versatility in fabrication. The formulation of albumin nanoparticles is highly affected by many product and process variables, 
resulting in a great variation in these nanoparticles. The aim of this work was to formulate and optimize albumin nanopar-
ticles loaded with silymarin, as a model drug with low bioavailability, for the treatment of hepatocellular carcinoma, using 
quality by design (QbD) approach.
Methods A thorough risk assessment for albumin nanoparticles formulation was developed and a complete quality product 
profile was defined using the QbD approach. A D-optimal design was used to optimize the amount of albumin and drug, 
which significantly affected the particle size (PS) and the entrapment efficiency (EE%), which was further tested on hepa-
tocellular carcinoma.
Results A design space was constructed, with an optimized formula showing a PS of 135 nm, a polydispersity index (PDI) 
of 0.09, an EE% of 88%, and a zeta potential of − 12.5 mV. The optimized formula  (O1) with spherical particles, showed an 
extended-release rate as compared to free silymarin. Moreover, a pronounced anti-proliferation activity of  O1 was observed 
on human hepatocellular carcinoma cell line HepG2 than the free drug. The flow cytometric analysis of the cell cycle showed 
a significant suppression of the S-phase after treating the HepG2 cell with  O1, but not with free silymarin.
Conclusion Thus, a detailed QbD study has been conducted, with deep product and process understanding, and resulted in 
a successful formulation of silymarin albumin nanoparticles for the suppression of hepatocellular carcinoma.

Keywords Risk assessment · D-Optimal design · Hepatocellular carcinoma · Quality Target Product Profile · Optimization

Introduction

Nano-drug delivery systems have recently gained much 
attention in the site-specific delivery of various drugs, 
as well as in disease management. Their versatile nature 

allowed them to incorporate poorly soluble drugs, lead-
ing to an increase in the bioavailability of many drugs that 
were previously not administered orally [1]. Nanoparticles 
prepared using non-biodegradable polymers could not be 
considered for systemic use [2]; and thus, efforts have been 
made to use biodegradable polymers to reduce the side 
effects, and allow for the systemic use of such systems [3]. 
This, in turn, leads to the use of nanoparticles in the treat-
ment of many fatal diseases such as cancer, cardiovascular 
diseases, AIDS, and intracellular infections [4, 5].

Great focus has been made on the use of albumin in the 
preparation of nanoparticles for the treatment of many dis-
eases [6], owing to its biocompatibility and biodegradability 
[7, 8].

Albumin is an abundant protein representing about 
52–62% of the total plasma proteins. It has a major role in 
the transport of many compounds such as fatty acids, met-
als, amino acids, and therapeutic drugs [9]. Furthermore, 
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serum albumin is well known for its high ligand binding 
capacity, as it contains 11 binding sites for hydrophobic 
compounds [10]. Albumin nanoparticles could deliver drugs 
in a controlled and site-specific manner, thus minimizing 
their possible side effects [11]. Moreover, albumin possesses 
potential advantages over other synthetic polymers, as it has 
a high adsorption capacity, a high loading efficiency, and 
high stability in the blood. Thus, albumin can be used for 
the loading of many drugs to target their accumulation in 
the certain cells, as targeting anticancer drugs in the tumor 
cells. Albumin nanoparticles can be used for the incorpo-
ration of hydrophilic and hydrophobic compounds, owing 
to their subdomain IIA and IIIA, in addition to subdomain 
IB, that allows for the incorporation of hydrophobic drugs, 
complex heterocyclic drugs, and endogenous ligands [9, 
12]. Bovine serum albumin (BSA) potentially binds drugs 
with a non-covalent bond, and it has a structure similar to 
that of the human serum albumin, except for the number of 
tryptophans [13].

Encapsulation of drugs into nanocarrier systems in order 
to achieve targeted drug delivery is promising, but faces 
many challenges to achieve it in the desired manner [14, 15]. 
Accordingly, a detailed and risk-based study of the whole 
process of preparation and optimization is needed to achieve 
the required target. Quality by design (QbD) is a strategic 
approach for product development, initiated by the Food and 
Drug Administration (FDA) [16]. It considers both prod-
uct and process understanding, as well as the relationship 
between the critical process parameters (CPP), the material 
attributes (CMA), and the critical quality attributes (CQA), 
in order to establish a controlled design space [17]. This 
would result in a robust, and a high-quality product, which in 
turn would reduce the overall waste produced during manu-
facturing. QbD would also encourage more pharmaceutical 
companies and researchers across the world to adopt it [18]. 
Hence, the QbD approach, which assesses product and pro-
cess understanding to achieve the desired product, allows for 
achieving a higher quality product [19].

The International Conference on Harmonization (ICH, 
Q8) describes QbD as a comprehensive and deep under-
standing of both the product and the process, as it covers the 
whole steps involved in the pharmaceutical process develop-
ment [20].

Cancer is a leading cause of death worldwide, and it is 
predicted that by year 2030, there would be 12 million can-
cer deaths [2]. Several approaches have been adopted for 
cancer therapy, including chemotherapy, radiation therapy, 
gene therapy, surgical interference for removal of tumor 
cells, and photodynamic therapy. Chemotherapy is the most 
widely used; however, it has several limitations, owing to its 
toxicity on the normal cells. Several approaches have been 
considered to overcome this problem [21]. Targeted site-
specific delivery of therapeutic compounds using albumin 

nanoparticles loaded with natural products is one of the 
approaches used to minimize the side effects on the normal 
cells [22–24]

Silymarin, one of the natural products, is a lipophilic 
extract from the seeds of the milk thistle plant, Silybum 
marianum, and has been widely used as a hepatoprotective 
drug. It has powerful antioxidant effects, as it reduces free 
radical production and lipid peroxidation. It also inhibits 
binding of toxins to the liver cell membrane, thus acting 
as a toxin blockade agent. Silymarin was found to protect 
from liver injury caused by several intoxicants in animal 
models, as well as in humans. Several studies have suggested 
that silymarin possesses potential anticancer activity against 
many types of cancers, such as liver and prostate cancers. 
Despite its potential therapeutic effects against several dis-
eases, its use has been greatly restricted, owing to its low 
oral bioavailability (20–50%) [25]. The low oral bioavail-
ability might be attributed to its low aqueous solubility, its 
high first pass effect, its low intestinal permeability, and its 
rapid excretion in bile and urine [26]. Several approaches 
have been used to overcome such problems, such as solid 
dispersions [27], which increased the solubility of silymarin 
by 23-fold [28], but solid dispersions are well known for 
their great instability [29]; and solid lipid nanoparticles [30], 
which enhanced the therapeutic effectiveness of silyamrin to 
prevent D-GaIN/TNF-α–induced liver damage [31] but are 
being characterized by their low loading efficiencies owing 
to their rigid structures [32]; self-nano-emulsifying drug 
delivery systems [33], which greatly enhanced the bioavail-
ability of silymarin [34], but these systems are characterized 
by their poor palatability owing to their lipidic content [35]; 
and β-cyclodextrin [36], to enhance its solubility and over-
come such problems.

The present study aims to formulate and optimize silyma-
rin albumin nanoparticles by the use of QbD approach, to 
try as much as possible to overcome all the aforementioned 
drawbacks of the other systems for targeting and treating 
hepatocellular carcinoma, and to prepare a comprehensive 
quality product profile that could be used for many other 
albumin nanoparticle-based formulations.

Materials and Methods

Materials

Bovine serum albumin (BSA) was purchased from Caisson 
Labs (East, Smithfield, UT, USA). Sodium chloride was 
obtained from Merck (Darmstadt, Germany), while glutaral-
dehyde was purchased from Sigma Aldrich (St. Louis, MO), 
and isopropyl myristate from Lobachemie (Mumbai, India). 
Ethanol was obtained from Piochem (Giza, Egypt). Silyma-
rin was a generous gift from Sedico Company (Giza, Egypt). 
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All materials and solvents were of analytical grade, and were 
used as purchased, from ADWIC Company (Giza, Egypt). 
HepG2 hepatocellular carcinoma cell line was obtained from 
Nawah Scientific Inc. (Mokatam, Cairo, Egypt). Cells were 
maintained in DMEM supplemented with 100 mg/mL of 
streptomycin, 100 units/mL of penicillin, and 10% of heat-
inactivated fetal bovine serum in humidified, 5% (v/v) CO2 
atmosphere at 37 °C.

Methods

Fabrication of Albumin Nanoparticles

Desolvation technique was used for the preparation of albu-
min nanoparticles [37]. An appropriate amount of bovine 
serum albumin was accurately weighed and dissolved in 
distilled water or 10 mM sodium chloride solution in water. 
The pH of this solution was adjusted to 8 or 9 using 0.1 N 
sodium hydroxide solution. A magnetic stirrer (MMS-3000, 
Biosan LTD, UK) at 500 rpm at room temperature was used 
to prepare silymarin-loaded nanoparticles. First, silymarin 
was dissolved in ethanol (the desolvating agent), and then 
was continuously added to the previously prepared solution 
at a rate of 1 mL/min. Blank formula was prepared using the 
same procedure as above except for not adding silymarin [8]. 
After the addition of ethanol, cross-linking of the nanopar-
ticles was induced by adding 8% glutaraldehyde solution in 
distilled water. The cross-linking process was continued by 
stirring for the specified period of time. The nanoparticles 
were further purified by the complete removal of ethanol 
using vacuum evaporation (Heidolph 2, Schwabach, Ger-
many), followed by re-dispersion of the pellets in the same 
volume of distilled water or 10 mM solution of NaCl in 
water solution.

Molecular Docking

Docking was performed using MOE version 2014.0901. 
Silymarin was docked in the active site of bovine serum 
albumin obtained from the protein databank (www. rcsb. org) 
as a co-crystal structure in complex with 3,5-diiodosalicylic 
acid as native ligand (PDB ID: 4JK4). Prior to perform-
ing the docking protocol, protein–ligand complex obtained 
from the protein databank was subjected to 3D protonation, 
partial charges were calculated using Amber99 forcefield, 
water of crystallization was deleted, and the active site was 
isolated. Moreover, recognition of the active sites of amino 
acid was done where studying of the interaction between the 
active site amino acids and the ligand was accomplished. 
Validation was performed by re-docking of the native ligand 
and rmsd value of 0.478342503 was obtained as depicted 
in Fig. 1a.

The 3D structure of silymarin was built using MOE 
builder and was 3D protonated, subjected to conforma-
tion analysis using systematic search, and the least ener-
getic conformer was selected and used for molecular 
docking.

Alpha triangle placement method was used for docking, 
without changing the default parameters. Poses were pri-
oritized based on affinity London dG scoring method, and 
those with the best affinity were used for study of ligand 
receptor interactions.

Physicochemical Characterization

• Particle size, polydispersity index, and zeta potential

Photon correlation spectroscopy was used to measure 
the particle size (in terms of hydrodynamic diameters), 
particle size distribution (in terms of polydispersity index 
(PDI)), and zeta potential (z-pot) using zetasizer (Mal-
ven Zetasizer version 6.20 serial number: MAL 104 4595, 
Worcestershire, UK). The scattering angle was adjusted 
to 90° at a temperature of 25 °C, after suitable dilutions. 
Disposable polystyrene cuvettes were used for the PS and 
PDI determination, whereas fixed glass cell was used for 
the z-pot determination [38]. Triplicate samples were used 
throughout the whole study.

• Morphological determination using transmission elec-
tron microscopy

Morphological examination of albumin nanoparticles 
was analyzed using transmission electron microscopy 
(TEM) (Joel JEM-1400, Tokyo, Japan). The samples were 
properly diluted with distilled water, then were added to a 
carbon film-covered grid that was negatively stained with 
phosphotungistic acid. The grid with the sample was dried 
and observed with TEM [39].

Determination of Entrapment Efficiency Percentage (EE%) 
and Percentage Yield (% yield)

Separation of the un-entrapped silymarin from the 
entrapped drug was accomplished by centrifugation at 
14,000 × g (Megafuge 16R, Hanau, Germany) at 4 °C for 
30 min, followed by washing of the precipitate twice with 
distilled water. The un-entrapped drug in the superna-
tant was measured spectrophotometrically, after filtration 
through a 0.22-μm Millipore® filter, and suitable dilu-
tion. At a predetermined wavelength, λmax = 286 nm, the 
absorbance was measured, and the entrapment efficiency 
was calculated as follows [9]:

http://www.rcsb.org
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The percentage yield and the drug loading %, calculated 
using Eqs. 2 and 3, were measured after washing the precipi-
tate and then it was dried and weighed [9, 40]:

In Vitro Release Study

Dialysis bag method was used to test the in vitro release 
of both silymarin from albumin nanoparticles, and the cor-
responding silymarin standard dispersion in water. Briefly, 
silymarin albumin nanoparticles corresponding to 3 mg 
silymarin (optimized formula), or 3 mg silymarin in 10 mM 
solution of NaCl in water (standard), were placed in cellulose 

(1)

Silymarin EE% =

(

1 −
amount of free drug in supernatant

amount of drug added

)

∗ 100

(2)

Percentage yield = (
weight of the nanoparticles

Albumin + Drugamount
) ∗ 100

(3)

Drug loading% = (
amount of drug in nanoparticles

Albumin + Drugamount
) ∗ 100

dialysis bags (cutoff 12,000–14,000 Da) (Spectrum Medi-
cal Inc.,Los Angeles, CA, USA), which were immersed in 
100 mL phosphate buffer saline (PBS) with pH 7.4 at 37 °C, 
under constant shaking (incubator shaker, ZHWY-2102C, 
Shanghai, China), at 100 rpm. The dialysis bags, presoaked 
in PBS, were firmly clipped from both ends before being 
immersed in the release medium. Three-milliliter samples 
were withdrawn at 0, 0.5, 1, 2, 3, 4, 5, 6, 8, 12, and 24 h, and 
were replaced with fresh buffer to maintain sink conditions. 
The samples were measured spectrophotometrically to deter-
mine the concentration of each sample [41]. All samples 
were replicated 3 times.

Quality by Design (QbD) Paradigm

• Construction of quality target product profile

A desired quality product could be ensured by achieving 
all the quality characteristics and properties that are required 
to be in a drug product. This could be achieved by ensuring 
the product’s safety and efficacy; hence, the Quality Target 
Product Profile (QTPP) could be determined. The key ele-
ment in achieving the QTPP is the appropriate determination 

Fig. 1  a 3D overlay of the native (green) and re-docked ligand (red), b 2D interactions of native ligand, c 2D interactions of silymarin with 
bovine serum albumin
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of the critical process parameters (CPP) and material attrib-
utes (CMA) [42].

As the main target in the current study was to enhance 
silymarin’s bioavailability by enhancing its solubility, a 
thorough risk assessment study was conducted to determine 
the highest risk factors affecting the QTPP. It was found 
that a small vesicular size could increase the drug’s solu-
bility. Moreover, a better formulation performance could 
be reflected by its high drug encapsulation efficiency [42]. 
Hence, the highest risk factors affecting the QTPP in this 
study were the particle size and the entrapment efficiency. 
These were considered the critical quality attributes (CQA) 
in this work.

• Risk assessment

The target of any risk assessment study is to gather all 
data and the main risk factors that significantly enhance the 
QTPP. This study started with the identification of risk fac-
tors affecting the QTPP. This was followed by a risk analysis 
study in which the parameters were ordered according to 
their significance impact on the QTPP. Risk analysis was 
conducted through Ishikawa diagrams. Two Ishikawa dia-
grams were constructed, one for the particle size and the 
other for the EE% [43]. Further analysis of these diagrams 
showed that 6 critical process parameters and material attrib-
utes (CPP/CMA) affected the chosen CQA; thus, they were 
used for the screening design.

• Screening of CPP/CMA applying fractional factorial 
design

A 26–2 fractional factorial design was the design of 
choice in the screening step. Fractional factorial design 
is basically used to explore cause-and-effect relationships 
based on an economic point of view. It differentiates the 
main significant effects from the less important ones [44], so 
it is very beneficial in the screening step in QbD approach. 
The six CPP/CMA were XS1: time of cross-linking, XS2: 
albumin amount, XS3: pH of albumin solution, XS4: sily-
marin amount, XS5: volume of desolvating agent, and XS6: 
type of the solvent, which were all studied at 2 levels. This, 
in turn, led to the production of 16 formulae as shown in 
Table 1.

• Optimization of CPP/CMA applying D-optimal design

To find the optimum formulation, the most significant 
CPP/CMA that affected the CQA were deeply explored 
using a D-optimal design, while the rest of the CPP/CMA 
were kept constant at the levels that showed the best con-
straints. Accordingly, two CMA, namely X1: albumin 
amount and X2: silymarin amount, were deeply studied 

through a D-optimal design. The D-optimal design was cho-
sen as it minimizes the area of confidence, and can accom-
modate multiple types of factors [44]. Accordingly, 16 new 
formulations were suggested by the design to investigate the 
potential effects of these two CMA, together with their inter-
actions, on the PS and the EE% as shown in Table 2.

Data Optimization and Model Validation

Desirability criteria were used by the software to select an 
optimized formula (O1), where the constraints were set to 
have the smallest particle size and the highest EE%. The 
optimized formula was prepared to be tested in terms of 
the previously mentioned CQA in order to calculate the % 
bias between the expected and observed results. Moreover, 
the optimized formula was tested in terms of polydispersity 
index (PDI), z-pot, TEM, in vitro release rate, stability study, 
and in vitro cytotoxicity.

Design Space and Control Strategy

In order to study the relationship between the variables 
(CMA on the CQA), a design space was created where the 
successful operating ranges were determined. Thus, operat-
ing within this range is expected to have a product with the 
desired properties [19].

The consistency and reproducibility of the product with 
the desired quality were further ensured through the control 
strategy [45].

Stability Study

The optimized formula was subjected to a stability study 
over a 3-month period. The PS, EE%, PDI, and z-pot were 
measured at 4 °C, as mentioned previously [39].

Assessment of the Effect of Silymarin as a Free Drug 
and in the Optimized Formula on the Proliferation 
of HepG2 Cells

The in vitro cytotoxicity of silymarin in the free form, and 
in the optimized formula, on the proliferation of HepG2 
cells was measured using SRB assay. This method is based 
on the stoichiometric binding of SRB to the protein; thus, 
the amount of bound dye is the indicator for the cell mass 
and can be used as a measure of the cell proliferation. Ali-
quots of 100 μL cell suspension (5 × 103cells) were seeded 
in 96-well plates and incubated in complete media for 24 h. 
Cells were treated with another aliquot of 100 μL media 
containing drug standard solution (dissolved in DMSO) or 
optimized formula (O1) at various concentrations: 0.1, 1, 10, 
100, 1000 μM. After 72 h of drug exposure, cells were fixed 
by replacing media with 150 μL of 10% TCA and incubated 



1400 Journal of Pharmaceutical Innovation (2023) 18:1395–1414

1 3

Ta
bl

e 
1 

 F
ra

ct
io

na
l f

ac
to

ria
l d

es
ig

n,
 w

ith
 le

ve
ls

 a
nd

 re
su

lts
 fr

om
 th

e 
sc

re
en

in
g 

ste
p

Re
su

lts
 a

re
 e

xp
re

ss
ed

 a
s m

ea
n ±

 S
.D

.

Lo
w

er
 le

ve
l (

-1
)

H
ig

he
r 

le
ve

l (
+

1)

X
S 1

: T
im

e 
of

 c
ro

ss
-li

nk
in

g 
(h

)
2

24
X

S 2
: A

lb
um

in
 a

m
ou

nt
 (m

g)
50

20
0

X
S 3

: p
H

 o
f a

lb
um

in
 so

lu
tio

n
8

9
X

S 4
: S

ily
m

ar
in

 a
m

ou
nt

 (m
g)

5
50

X
S 5

: D
es

ol
va

tin
g 

ag
en

t v
ol

um
e 

(m
L)

8
12

X
S 6

: T
yp

e 
of

 so
lv

en
t

W
at

er
So

lu
tio

n 
of

 N
aC

l i
n 

w
at

er

Fo
rm

ul
a

X
S 1

X
S 2

X
S 3

X
S 4

X
S 5

X
S 6

PS (n
m

)
EE (%

)

S 1
24

50
8

5
8

N
aC

l
15

9.
0 ±

 6.
7

86
.1

1 ±
 4.

2
S 2

24
20

0
9

50
12

N
aC

l
20

4.
5 ±

 5.
6

82
.2

0 ±
 2.

7
S 3

2
20

0
9

5
8

N
aC

l
95

.5
 ±

 3.
6

79
.3

2 ±
 4.

6
S 4

2
50

8
50

12
N

aC
l

16
5.

1 ±
 4.

9
88

.7
3 ±

 9.
4

S 5
2

50
9

50
8

W
at

er
18

7.
0 ±

 3.
9

87
.2

6 ±
 4.

7
S 6

2
20

0
8

5
12

W
at

er
22

3.
8 ±

 9.
8

89
.2

9 ±
 3.

7
S 7

24
20

0
8

50
8

W
at

er
15

0.
1 ±

 6.
5

97
.0

9 ±
 4.

7
S 8

24
50

9
5

12
N

aC
l

16
0.

8 ±
 7.

4
26

.1
9 ±

 1.
6

S 9
24

20
0

9
50

12
N

aC
l

20
8.

8 ±
 3.

9
81

.9
9 ±

 4.
8

S 1
0

24
50

8
5

8
N

aC
l

16
4.

0 ±
 6.

7
86

.2
6 ±

 7.
3

S 1
1

24
20

0
8

50
8

W
at

er
15

4.
9 ±

 4.
3

97
.1

5 ±
 3.

6
S 1

2
24

50
9

5
12

W
at

er
16

5.
9 ±

 3.
9

25
.4

9 ±
 5.

1
S 1

3
2

50
9

50
8

W
at

er
19

0.
5 ±

 5.
7

86
.9

3 ±
 4.

9
S 1

4
2

20
0

8
5

12
W

at
er

22
9.

8 ±
 4.

6
80

.7
0 ±

 4.
6

S 1
5

2
20

0
9

5
8

N
aC

l
99

.9
 ±

 4.
2

78
.4

2 ±
 7.

3
S 1

6
2

50
8

50
12

N
aC

l
17

0.
4 ±

 3.
5

88
.6

8 ±
 4.

6



1401Journal of Pharmaceutical Innovation (2023) 18:1395–1414 

1 3

Ta
bl

e 
2 

 D
-O

pt
im

al
 d

es
ig

n 
stu

dy
 w

ith
 re

su
lts

 fr
om

 th
e 

op
tim

iz
at

io
n 

ste
p

Re
su

lts
 a

re
 e

xp
re

ss
ed

 a
s m

ea
n ±

 S
.D

.

Lo
w

 le
ve

l (
-1

)
H

ig
h 

le
ve

l (
+

 1)

X
1:

 A
lb

um
in

 a
m

ou
nt

 (m
g)

10
0

20
0

X
2:

 S
ily

m
ar

in
 a

m
ou

nt
 (m

g)
5

50

Fo
rm

ul
a

X
1

X
2

Y
1 =

 P
S 

(n
m

)
Y

2 =
 E

E 
(%

)

F 1
20

0.
0

5.
0

17
6.

6 ±
 14

.6
88

.4
 ±

 3.
8

F 2
12

7.
0

50
.0

18
6.

6 ±
 21

.6
74

.5
 ±

 9.
4

F 3
12

7.
0

50
.0

18
6.

0 ±
 5.

8
73

.3
 ±

 4.
6

F 4
18

1.
5

12
.8

15
1.

0 ±
 13

.8
78

.5
 ±

 1.
8

F 5
19

7.
5

30
.7

18
8.

9 ±
 12

.1
94

.5
 ±

 3.
4

F 6
20

0.
0

50
.0

15
2.

4 ±
 23

.6
83

.1
 ±

 9.
5

F 7
10

0.
0

5.
0

18
0.

7 ±
 3.

6
34

.8
 ±

 4.
7

F 8
20

0.
0

5.
0

17
5.

8 ±
 16

.7
89

.8
 ±

 3.
7

F 9
12

0.
18

16
.0

9
12

1.
7 ±

 16
.9

3
58

.5
9 ±

 5.
76

F 1
0

16
3.

50
41

.3
3

17
9.

 ±
 15

.9
8

79
.1

5 ±
 7.

18
F 1

1
10

0.
00

33
.1

7
18

9.
2 ±

 10
.8

2
81

.2
2 ±

 6.
27

F 1
2

14
7.

00
5.

00
22

3.
1 ±

 6.
87

65
.2

3 ±
 7.

34
F 1

3
10

0.
00

5.
00

18
0.

6 ±
 11

.4
3

33
.3

6 ±
 5.

87
F 1

4
15

6.
00

21
.5

3
14

0.
0 ±

 14
.7

6
71

.4
1 ±

 6.
98

F 1
5

20
0.

00
50

.0
0

15
2.

3 ±
 6.

87
81

.8
9 ±

 6.
99

F 1
6

10
0.

00
33

.1
7

18
9.

1 ±
 23

.1
2

80
.5

7 ±
 3.

88



1402 Journal of Pharmaceutical Innovation (2023) 18:1395–1414

1 3

at 4 °C for 1 h. The TCA solution was removed, and the cells 
were washed 5 times with distilled water. Aliquots of 70 μL 
SRB solution (0.4%w/v) were added and incubated in a dark 
place at room temperature for 10 min. Plates were washed 
3 times with 1% acetic acid and allowed to air-dry over-
night. Then, 150 μL of TRIS (10 mM) was added to dissolve 
protein-bound SRB stain. The absorbance was measured at 
540 nm using a BMGLABTECH®-FLUOstar Omega micro-
plate reader (Ortenberg, Germany). The percentage of cell 
growth was plotted versus the logarithm of drug concen-
tration to determine the IC50, the drug concentration that 
causes 50% reduction in the cell growth.

The effects of silymarin as a free drug and in the opti-
mized formula (O1) on the cell cycle of HepG2 cells were 
analyzed by flow cytometry. HepG2 cells (cultured in 
12-well plates for 24 h) were treated with 100 μL media 
containing either free silymarin, or the optimized formula 
equivalent to a concentration equal to IC50. After 72 h of 
drug exposure, cells were detached from plates using the 
enzyme-free cell dissociation buffer, and fixed with 70% 
ethanol. The nucleic acid contents were stained with pro-
pidium iodide in RNase-containing buffer and analyzed on 
FACSVerse. Cell cycle (G0, G1, G2M, and S) was analyzed 
using FlowJo software (Becton and Dickinson, USA).

Data Analysis

Design-Expert 10.0.1.0® software (Stat-Ease Inc., Minne-
apolis, USA) was used for the statistical analysis of the frac-
tional factorial design and D-optimal design by regression 
equations and analysis of variance (ANOVA). 3-D response 
surface plots were considered from the important tools used 
in the analyses. A p-value < 0.05 was considered significant 
[46]. In vitro cytotoxicity was analyzed using GraphPad 
Prism software package, version 5 (GraphPad Software, Inc., 
USA). All data was presented as mean ± SD.

Results and Discussion

Preparation of Albumin Nanoparticles

The desolvation technique was used for the preparation of 
albumin nanoparticles as this method is well known to cre-
ate a less aggregated system, with a homogenous and sta-
ble distribution [47]. Ethanol was used as the desolvating 
agent, owing to its suitable dielectric constant and dipole 
moment, in addition to its excellent solubilizing property. 
In addition, ethanol passes through the hydrophobic region 
of the bovine serum albumin and disrupts the hydrophilic 

layer of the protein in water, leading to the denaturation of 
the albumin, and hence the formation of the nanoparticles. 
Furthermore, as compared to other desolvating agents, 
ethanol is considered less toxic [39].

Glutaraldehyde was used as the cross-linking agent 
owing to its high reactivity and low cost, in addition to 
being a water-soluble bifunctional reagent. Glutaraldehyde 
is known to react with several functional groups of pro-
teins, such as amine, thiol, phenol, and imidazole, because 
the most reactive amino acid side chains are nucleophiles 
[48]. The nucleophiles attack the ε-amino groups of lysine 
and arginine residues of the protein, where the cross-link-
ing process takes place. Thus, the two carbonyl groups of 
glutaraldehyde make this and form Schiff bases which are 
unstable in acidic conditions and are very stable under 
basic conditions. Furthermore, glutaraldehyde is capable 
of forming both inter- and intracovalent bonds between the 
protein units or within them [9, 49].

It has been previously reported that in the preparation 
of albumin nanoparticles, the drug could be loaded during 
the preparation or after the formation of nanoparticles, 
by incubating the drug solution with the formed nano-
particles. The addition of the drug during the preparation 
will allow the drug to be embedded into the nanoparticles’ 
matrix as well as to be adsorbed on the surface of the par-
ticles [2]. Encapsulating the drug into the nanoparticles 
could sustain the release of the drug, which satisfies the 
target of the current study to control the drug release in the 
blood circulation before reaching the site of action [50].

Quality Target Product Profile

Defining the QTPP is the first step in the QbD, which 
describes all the characteristics related to the quality that 
should be present in the product in order to achieve the 
main target of the study [51]. The entire steps of QbD fol-
lowed in this study are illustrated in Fig. 2a, which enlists 
the whole phases taking place to achieve the target. QbD 
starts by defining the target of the study, which is the opti-
mization of silymarin-albumin nanoparticles, to be used 
as an anticancer agent. This was followed by risk factor 
identification, and determination of the CQA, which were 
found to be PS and EE% in the current study. An experi-
mental design was first developed by screening the main 
CPP/CMA that may have a direct significant impact on the 
CQA, using a fractional factorial design. Next was apply-
ing a D-optimal design to reach the optimal silymarin-
loaded albumin nanoparticles. Then was the creation of a 
design space and control strategy, ending with continual 
improvement, with assurance of consistent quality, which 
was achieved by the further steps applied on the optimized 
silymarin-loaded albumin nanoparticles.
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Fig. 2.  a QTPP of silymarin-albumin nanoparticles, b Ishikawa diagram for the particle size, c Ishikawa diagram for the entrapment efficiency
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Risk Assessment

Defining the QTPP could be assessed by determining the 
most critical parameters that when achieved may result in 
the desired drug product. Accordingly, in this study, these 
formulation parameters were the particle size and the drug 
entrapment efficiency. Consequently, a goal of the current 
study is to formulate albumin nanoparticles with the smallest 
vesicular size together with the highest EE%. A reduction in 
the vesicular size is expected to enhance the drug’s solubility 
[52]; furthermore, the vesicular size has a dynamic role for 
targeting tumor tissues, where a size less than 400 nm can 
potentially target cancerous cells by the enhanced perme-
ability and retention effect [2]. Moreover, a higher entrap-
ment of the drug within the nanoparticles could reduce the 
manufacturing cost with a greater flexibility in dosing [53].

In order to facilitate risk assessment, Ishikawa diagrams 
were constructed to help in the identification of the potential 
risks and the corresponding causes [54]. Accordingly, two 
Ishikawa diagrams (cause and effect diagrams) were built 
(Fig. 2b, c) which show the whole factors that may con-
tribute to the quality attribute, including methods, material, 
and machines used in the preparation and measurements, 
together with the personnel and environmental factors. One 
Ishikawa diagram was constructed for the particle size, and 
the other was constructed for the entrapment efficiency. Ana-
lyzing these diagrams resulted in the identification of six key 
variables, namely, time of cross-linking, albumin amount, 
pH of albumin solution, silymarin amount, desolvating agent 
volume, and the type of the solvent, which were recognized 
as high risk factors and were used for the screening study. 
The rest of the variables were kept at a constant level, and 
could be routinely controlled.

Screening Using Fractional Factorial Design

The levels of the six CPP/CMA were chosen based on pre-
liminary experiments and based on previous literature. Sev-
eral research studied the effect of the time of cross-linking 
and obtained different results [8, 39, 55], so thus would 
be studied deeply in the current study. Furthermore, the 

albumin and the drug amount might have a direct impact 
on the studied CQA [50, 56–58]. The pH was chosen to 
be between 8 and 9, which is above the isoelectric point 
of albumin (4.7); as it is well reported that the particle 
size decreases with increasing the pH [39], so it would be 
screened if this difference would significantly affect the for-
mulation of albumin nanoparticles. It was reported that the 
albumin nanoparticle formation process depends greatly on 
the volume of the desolvating agent added, which also may 
have a direct impact on the vesicular size [2, 8, 9, 37, 50, 55, 
59, 60]. Moreover, the sodium chloride solution would be 
compared with water as the solvent to obtain the solvent that 
would not interfere with the desolvation and the cross-link-
ing processes [39]. The CPP/CMA that most significantly 
affected the CQA were further analyzed to be more deeply 
deliberated in the optimization step.

To screen the most significant CPP/CMA affecting the 
albumin nanoparticles, a 26–2 fractional factorial design was 
conducted with six CPP/CMA each at two levels, resulting 
in 16 formulations (S1–S16). These formulations were pre-
pared and characterized in terms of PS and the EE%, as tabu-
lated in Table 1. Further analysis using ANOVA revealed 
that the particle size and the EE% were affected by all the 
CPP/CMA as represented in Table 3. The correlation coef-
ficient R2 was found to be 0.999 for the PS and 0.904 for the 
EE%, giving a significant fitting to the model.

As can be observed from Table 3, the time of cross-
linking (XS1) had a negative impact on the EE%, where 
a short time of cross-linking resulted in a higher EE%. As 
for the effect of albumin amount (XS2), it was observed 
that increasing the albumin amount resulted in a significant 
increase in both the particle size and the EE%. The relation-
ship between the albumin amount was not linear with the PS 
or the EE%, and thus would be deeply studied in the further 
optimization step. Similar results were obtained by [61].

The pH of the albumin solution (XS3) significantly 
affected both the PS and the EE%. A smaller vesicular size 
was observed as the pH increased from 8 to 9: this could be 
attributed to the extension of the BSA backbone with loose 
unordered parts, by increasing the pH, allowing charged 
side chains to be accessible [62], which in turn increases 

Table 3  ANOVA study of the 
fractional factorial design

Y1: PS (nm) Y2: EE (%)

Coefficient p-value Coefficient p-value

β0  + 170.69  < 0.0001  + 78.87 0.0010
XS1: Time of cross-linking (hr)  + 0.31 0.05310  − 6.05 0.0278
XS2: Albumin amount (mg)  + 0.35 0.03100  + 6.91 0.0156
XS3: pH  − 6.45  < 0.0001  − 10.39 0.0017
XS4: Silymarin amount (mg)  + 8.22  < 0.0001  + 9.89 0.0023
XS5: Desolvating agent volume (mL)  + 20.45  < 0.0001  − 8.46 0.0056
XS6: Type of solvent  − 12.16  < 0.0001  + 5.10 0.0537
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the surface charge and reduces the particle attraction and 
agglomeration, leading to a reduction in the vesicular size 
[63]. This finding was in accordance with [37]. However, the 
higher pH resulted in a lower EE%, which could be due to 
more ionization of the protein at the higher pH, resulting in 
the hindrance of the incorporation of the drug into the nano-
particles due to the surface charge at that pH, and hence a 
lower EE% [55]. Furthermore, at high pH, less particle yield 
could be obtained, which could reduce the incorporation of 
the drug due to insufficient particle formation [37].

A larger particle size with higher EE% was observed as 
the drug amount (XS4) increases; however, the relationship 
was not linear, and thus would be deeply studied in the opti-
mization step. These results were in accordance with that 
obtained by [61].

The increase in the volume of the desolvating agent (XS5) 
resulted in a significant increase in the vesicular size, which 
could be attributed to the direct relationship between the vol-
ume of non-solvent and the hydration of the protein. Large 
amounts of the desolvating agent might reduce the hydra-
tion of the albumin, with the consequence of the reduction 
in the dielectric constant (DEC) of the whole solution [8], 
which finally increases the vesicular size. It was previously 
reported that when the volume of the non-solvent is small, 
it will be insufficient to make the solute reach its supersatu-
ration point; thus, precipitation will not occur efficiently, 
leading to deformation of the particles [55], and hence an 
increase in the vesicular size. Furthermore, as stated by 
Yoshikawa et al. (2012), the increase in the percentage of 
desolvating agent above 80% may lead to a dramatic change 
in the structure of protein, which in turn may increase the 
vesicular size [64]. Moreover, a less entrapment of the 
drug was observed as the volume of the desolvating agent 
increased. This could be attributed to the insufficient hydra-
tion of the protein, which might not give it the chance to 
form sufficient nanoparticles, resulting in small yield of the 
nanoparticles [55].

Sodium chloride solution had a less significant impact 
than water on increasing the particle size (XS6), which could 
be due to the higher ionic strength of sodium chloride solu-
tion over that of water. This, in turn, reduces the surface 

charge on the albumin nanoparticles, with the consequence 
of reducing the electrostatic repulsion between the parti-
cles due to the charge screening by the addition of the ions, 
and the subsequent reduction in the electrophoretic mobil-
ity [55]. Accordingly, sodium chloride solution would be 
used to prepare the albumin nanoparticles in the subsequent 
optimization step.

As mentioned previously, the constraints of the current 
study were to attain a small particle size and a high EE%. 
Thus, the CPP/CMA were all set at constant levels which 
achieve the aforementioned constraints, except the albumin 
amount and the drug amount that will be studied deeply in 
the optimization step. Accordingly, the pH was chosen to be 
set at 8, as its effect on the PS was greater than on the EE%, 
with the least time of cross-linking, and the least volume of 
the desolvating agent.

D‑optimal Design Analysis

The results of the PS and the EE%, from the D-optimal 
design, were fitted to polynomial cubic models. The lin-
ear regression equations showing the effect of each of the 
studied CMA, and their interactions on the PS and EE%, 
are represented in Table 4. A perfect fit of the model was 
obtained as indicated by the correlation coefficient (R2) val-
ues. Perfect results were obtained between the adjusted R2 
and the predicted R2, together with an adequate precision 
greater than 4, indicating an adequate signal, and assuring 
the ability of the model to navigate the design space.

Further analysis using ANOVA showed significant mod-
els of each of the PS, and the EE% at p-level < 0.05, with a 
non-significant lack of fit as represented in Table 5.

Particle Size Analysis

It has been reported that nanoparticles smaller than 200 nm 
decrease phagocytic uptake due to opsonization. This, in 
turn, enhances drug targeting to cancerous cells. Accord-
ingly, one of the main goals of the current study is to obtain 
a particle size less than 200 nm [65]. Furthermore, a study 

Table 4  Regression equations,  R2, adjusted  R2, predicted  R2, and adequate precision as obtained from D-optimal design

PS EE%

Regression 
equation

P.S. = +20.41∗A + 64.44
∗
B − 21.59

∗
AB + 5.43

∗
A

2
78.59

∗
B
2

+61.39∗A2 − 56.40
∗
AB

2 − 2.54
∗
A

3 − 142.61
∗
B
3

(4) EE% = +74.0 + 8.83
∗
A + 18.35

∗
B − 17.04

∗
AB + 6.05

∗
A

2 − 5.40
∗
B
2 + 13.36

∗
A

2
B + 4.73

∗
A

3 − 20.41
∗
B
3

(5)

R2 0.9999 0.9986
Adjusted R2 0.9998 0.9971
Predicted R2 0.9533 0.9910
Adequate 

precision
372.467 84.232
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showed that the pore size of the capillaries supplying the 
tumor cells is about 400 nm; thus, nanoparticles with vesicu-
lar size less than 400 nm could increase the residence time 
of the nanoparticles in the systemic circulation, and would 
passively target the tumor cells through the enhanced perme-
ability and retention effect [2].

As observed from Table 2, particle size ranged from 
121.7 ± 16.9 to 223.1 ± 6.8 nm. Further ANOVA analysis 
showed that the individual effect of each of the studied CMA 
and their interactions significantly affected the particle size 
as represented in Table 5. A larger particle size was obtained 
as the albumin amount (X1) or the drug amount increased 
(X2), as observed from the positive coefficients in Eq. 4 in 
Table 4.

The larger size of the albumin nanoparticles due to the 
increase in the albumin amount (X1) might be attributed to 
the formation of a stronger intermolecular disulfide bond at 
the higher albumin concentration. This, in turn, resulted in a 
greater aggregation of the protein, and hence a larger-sized 
albumin nanoparticle [50]. Moreover, better hydrophobic 
interaction takes place at an increased albumin amount, 
which leads to an increase in the protein coagulation, and 
finally an increase in the size of the albumin nanoparticles 
[57]. Furthermore, at a higher BSA concentration, the vis-
cosity increases, which slows down the frequency of trans-
port of the protein from water to ethanol, resulting in a 
slower nucleation rate and a bigger vesicular size [55].

The positive impact of the silymarin amount (X2) on the 
particle size could be attributed to the poor solubility of 
silymarin in water (< 50 μg/mL) [66]. This poor solubil-
ity will allow the drug to be incorporated into the protein’s 
matrix during the desolvation process. As a result, a kind of 
hydrophobic interaction between the drug and the protein 
will occur, which increases the vesicular size of the nano-
particles [57]. Moreover, at a high drug amount, no protein 
binding sites would be available, and thus silymarin would 
be forced to interact with the nanoparticles at the protein’s 
surface, causing an increase in the vesicular size [58]. As can 
be deduced from Eq. 4 in Table 4, there was an antagonistic 
effect between the albumin amount and the drug amount.

As can be observed from Fig. 3a, a cubic model existed 
between each of the CQA and the studied CMA. The 3-D 
plot showed an initial reduction in the particle size as each of 
the albumin amount or the drug amount increased. This was 
followed by an increase in the particle size with a further 
increase in both CMA.

Entrapment Efficiency Analysis

The percentage yield for all formulations were found to be 
from 93.67 ± 3.7 to 98.77 ± 1.87. whereas, the drug loading 
% was found to be from 40.31% ± 2.76 to 77.65 ± 5.65%.

A major goal of the current study is to maximize the 
entrapment of the drug into the nanoparticles in order to 
increase the drug concentration at the site of action [50].

As observed in Table  2, the EE% ranged from 
33.36% ± 5.8 to 94.57% ± 3.4, with a cubic best fitting 
model as represented in Table 5. The entrapment efficiency 
was found to increase by increasing each of the albumin 
amount (X1) and the drug amount (X2) individually, as 
observed in Eq. 5 in Table 4. The increase in the EE% at 
a higher albumin amount is due to the higher availability 
of the albumin surrounding the drug [67]. As the albu-
min concentration increases, more nanoparticles would be 
formed, which in turn increases the chance for better drug 
encapsulation.

A higher EE% was observed when the drug amount 
increased. This may be due to the higher interaction of the 
drug with the active sites in the protein at the higher drug 
amount, causing a higher EE% [58]. Moreover, a larger par-
ticle size was observed with the increase in the drug amount, 
which gives a larger volume of the nanoparticles to encap-
sulate more drug [56].

Equation 5 shows a negative coefficient of XAB, indicat-
ing a synergistic effect between the studied MA on the EE%. 
Figure 3b shows the non-linear effect of each of the albumin 
amount and the drug amount.

Data Optimization and Model Validation, Design 
Space, and Control Strategy

A design space was constructed based on the key param-
eters discussed earlier, as represented in Fig. 3c. It shows 
two regions: a yellow region where working within this 
region is expected to get the desirable outcomes, and a 
gray region which shows the undesirable limits. A desir-
ability approach based on a numerical technique was 
employed to get an optimized formula [18]. Accordingly, 
a new formula (O1) was chosen, with a desirability of 
0.859.

A control space has been established, showing the 
highest and lowest limits for the MA and CQA, which 
also ensures the reproducibility of CMA and CQA that 
could be routinely controlled. Table 6 shows the opti-
mized formula (O1), together with the expected results 
as suggested by the software. The optimized formula was 
prepared and characterized in terms of particle size and 
EE% to calculate the % bias [68]. The low % bias indi-
cates the validity of the design.

∗ %bias =
(|Expected − Observed|)

Expected
∗ 100
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Fig. 3.  a 3-D response surface 
plot of the particle size, b 3-D 
response surface plot of the 
entrapment efficiency, c design 
space of silymarin-albumin 
nanoparticles

(a)

(b)

(c)
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Characterization Tests on the Optimized Formula

Transmission Electron Microscope Analysis

The morphological analysis of albumin nanoparticles in 
Fig. 4 shows spherical particles of about 100 nm ± 2.8, with 
a uniform particle size distribution, which coincides with the 
diffractive light scattering measurements (DLS). It should be 
mentioned that the slight difference between the diffractive 
light scattering (DLS) and the TEM might be attributed to 
the difference in the sample preparation. The DLS meas-
ures the hydrodynamic particle diameter, whereas the TEM 
measures the diameter of the particles in their dried states 
[39].

Zeta Potential and Polydispersity Index

Zeta potential gives an indication of the stability of the nano-
particles in the dispersion through electrostatic repulsion 

between the particles. As the value increases, it gives an 
indication of more repulsion between the nanoparticles, 
reducing the tendency of aggregation that could occur 
between the nanoparticles [2]. The zeta potential for the 
silymarin nanoparticles was found to be − 12.5 ± 1.2 mV. 
The negative charge might be due to the preparation of the 
albumin at a pH higher than the isoelectric point of the pro-
tein [69], leading to the ionization of the carboxyl terminal 
of the protein, and hence imparting a negative charge [39].

Polydispersity index was found to be 0.09 ± 0.007, which 
indicates the homogeneity of the size distribution within the 
formed nanoparticles.

In Vitro Drug Release

The release of silymarin from both the standard solution and 
the optimized formula (O1) is shown in Fig. 5. The release 
of silymarin from albumin nanoparticles showed a biphasic 
release, with an initial burst effect, which is followed by a 
sustained release over 48 h. A sudden burst release of about 
45% was observed within 4 h from O1, followed by a slower 
release over the 48 h, whereas the standard drug was com-
pletely released within 3 h. The initial burst effect might be due 
to the free unencapsulated drug and the drug on the surface of 
the nanoparticles. The sustained release pattern may be attrib-
uted to the drug incorporated in the core of the nanoparticles’ 
matrix. It should be mentioned that the sustained release effect 
is in great favor for the cancer targeting as it is required for the 
anticancer drugs to have a slow release in the blood to reduce 
its side effects on the normal cells, whereas when it reaches 
the cancer cells, it should be high [2].

Table 6  The optimized formula with the expected and the observed 
results

Albumin 
amount 
(mg)

Drug 
amount 
(mg)

PS
(nm)

EE
(%)

200 18.2
Expected results 139.350 88.084
Observed results 135.3 ± 7.9 88.1 ± 2.9
% bias* 2.901%  0.086%

Fig. 4  TEM micrographs of the optimized silymarin-albumin nanoparticles
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Stability Testing

The values of the PS, EE%, PDI, and z-pot of the 
optimized formula after a 3-month storage at 4  °C 
were 133.01 ± 2.7  nm, 85.64 ± 0.4%, 0.09 ± 0.1, 
and − 11.94 ± 0.9  mV respectively. The results of the 
stored samples show no significant difference as com-
pared to the freshly prepared ones. This validates the sta-
bility of the formulation at 4 °C.

Molecular Docking

In an attempt to explore the molecular basis behind the 
observed cytotoxic activity, silymarin was docked in the 
active site of bovine serum albumin obtained from the 
protein databank (PDB ID: 4JK4) using MOE software 
version 2014.0910.

The docking scores in (kcal/mol) and major interac-
tions of silymarin are provided in Table 7 and Fig. 1b 
along with the score and interactions of the native com-
pound of the albumin.

As depicted in both Table 7 and Fig. 1b, it is clear that 
silymarin displays similar interactions as the native ligand 
with the essential amino acids Arg 217, Arg 256, and Tyr 
149. Additional interaction with Asp 250 was found with 
silymarin.

Antiproliferative Effects of Silymarin on HepG2 Cells

Silymarin has been used for centuries as a hepatoprotec-
tive agent and its anticancer effects on various malignan-
cies have been reported. Silymarin was shown to suppress 
the proliferation of a variety of tumor cells, including 
prostate, ovarian, breast, lung, skin, liver, and bladder 
[70–75].

The effects of free silymarin and albumin-based sily-
marin on the proliferation of HepG2 cells for 72 h were 
examined by SRB assay. According to Fig. 6 and Table 8, 
both free silymarin and the optimized formula signifi-
cantly (p < 0.05) inhibited the growth of HepG2 cells 
in a concentration-dependent manner. The IC50 for the 
optimized formula was lower than that of the free drug 
(84 μM versus 140 μM, respectively). This indicates that 
the optimized formula was more effective in the inhibi-
tion of the proliferation and in the induction of apoptosis 
in the human hepatocellular carcinoma cell line HepG2 
than the free drug. A lower IC50 of the optimized for-
mula and a pronounced cell death were observed in the 
flow cytometric analysis, as compared to the free drug. 
Twenty percent of the cells with reduced DNA content 
(Sub-Go peak) were markedly observed which indicates 
apoptosis. The effects of free silymarin and the optimized 
formula on the cell cycle of HepG2 cells were assessed 
after exposing the cells to 140 μM of both for 72 h. A 
significant suppression of the S phase was observed after 
treating the HepG2 cell with the optimized formula. 

Fig. 5  Release pattern of 
silymarin from the optimized 
formula and standard silymarin
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Table 7  Docking scores and major interactions. The amino acid with 
which the ligand interacts with is provided below the relevant interac-
tions

Ligand Score (kcal/mol) Interactions

Native ligand  − 5.39686871 Arg 217
Arg 256
Tyr 149

Silymarin  − 5.44053364 Arg 217
Arg 256
Tyr 149
Asp 450



1411Journal of Pharmaceutical Innovation (2023) 18:1395–1414 

1 3

However, no suppression of the S phase was observed 
after treating the HepG2 cell with the free drug. In addi-
tion, a pronounced proportion of dead cells (20.7 ± 0.6) 
was also observed after treating the HepG2 cell with the 
optimized formula. This could be attributed to that sily-
marin could induce G0/G1-phase arrest with a concomi-
tant decrease in the percentage of cells in the S-phase 
of the cell cycle [72]. Moreover, silymarin could induce 
inhibition and apoptotic cell death in carcinoma cells 
[76]. Furthermore, silymarin could inhibit the prolifera-
tion of human prostate carcinoma PC3 cells, induce cell 
death, and cause G1 cell cycle arrest and suppression 
of S phase [74]. In addition to that, silymarin may have 
an effect on the growth of the hepatocellular carcinoma 
cells, in addition to the increase of apoptotic cell per-
centage, and the proportion of cells with reduced DNA 
content (Sub-Go peak), with loss of cells in the G1 phase 
[75].

Conclusion

The current study focused on the formulation and optimi-
zation of albumin nanoparticles, encapsulating a poorly 
water-soluble drug, silymarin, with the aim of enhanc-
ing its solubility and bioavailability, using a quality by 
design approach. A deep product and process understand-
ing was accomplished using several tools as a complete 
risk assessment study that showed the most influential 
CPP/CMA affecting the CQA, which were found to be 
the albumin amount and the drug amount. Each of these 
CMA had a direct effect on the PS and the EE%. The study 
resulted in the creation of a design space and a control 
strategy. The optimized albumin-based formula showed 
promising results when further tested in terms of its mor-
phology, in vitro release, and stability. The optimized 
albumin-based silymarin nanoparticles were tested for 
its effectiveness against hepatocellular carcinoma, and 
showed promising results when compared with the free 
silymarin, as indicated by the suppression of the S phase, 
after treating the HepG2 cell. Thus, successful silymarin-
loaded albumin nanoparticles were prepared, and QbD was 
found to be a successful approach for its comprehensive 
and deep understanding.
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Fig. 6  Effects of silymarin as 
free drug (standard silymarin) 
and in the optimized formula on 
the proliferation of HepG2 cells. 
Cells were treated for 72 h with 
1000 μM of free silymarin or 
the optimized formula; control 
cells were treated with DMSO. 
The cell growth was assessed by 
SRB assay
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Table 8  Effect of silymarin as a free drug and in the optimized for-
mula on cell cycle distribution in human hepatocellular carcinoma 
cells (HepG2)

Data are presented as mean ± S.D. of percent cell population in differ-
ent phases of cell cycle
* p-value < 0.05

G1 phase S phase G2/M phase SubGo

Control 50.5 ± 2.0 26.9 ± 2.0 18.8 ± 0.4 1.7 ± 0.6
Free silymarin 59.1 ± 0.8 23.9 ± 0.7 11.8 ± 0.3 3.2 ± 0.1*

Optimized 
formula

41.0 ± 1.5 18.0 ± 0.8* 18.9 ± 1.2 20.7 ± 0.6*
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