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Abstract: This study focuses on the preparation and optimization of caffeic acid (CA)-loaded casein
nanoparticles (CS NPs) via the Box–Behnken design (BBD) for potential applications in cancer
treatment. CS NPs were loaded with CA as a promising anti-cancer molecule. Non-hazardous green
materials were exploited for nanoparticle fabrication. The BBD was used, followed by a desirability
function to select the optimum formulation. The BBD was adopted as it avoids the runs implemented
in extreme conditions, hence making it suitable for proteins. CS NPs were characterized regarding
particle size (PS), size distribution (PDI), zeta potential (ZP), drug entrapment, morphology using
TEM, differential scanning calorimetry, molecular docking, in vitro release, and cytotoxicity studies.
PS, PDI, and ZP had significant responses, while EE% was insignificant. The suggested models were
quadratic with high fitting. Optimized NPs showed PS = 110.31 ± 1.02 nm, PDI = 0.331 ± 0.029,
ZP = −23.94 ± 1.64 mV, and EE% = 95.4 ± 2.56%. Molecular modeling indicated hydrophobic
and electrostatic interactions between CA and CS, accounting for the high EE%. Almost spherical
particles were realized with a sustained CA release pattern. Optimized NPs effectively suppressed
the growth of MCF-7 cell lines by scoring the lowest IC50 = 78.45 ± 1.7 µg/mL. A novel combination
of bioinspired-derived materials was developed for use in breast cancer treatment.

Keywords: casein; caffeic acid; nanoparticles; optimization; Box–Behnken design

1. Introduction

Breast cancer (BC) is one of the most common lethal malignancies that cause death
in women [1,2]. Its pathology is characterized by the overproduction of Rho proteins,
resulting in cancer development, proliferation, breast cancer invasion, oncogenic trans-
formation, and metastasis [3–6]. There are several tactics for BC management, such as
surgery, chemotherapy, and radiotherapy. Surgery is commonly followed by the use of
chemotherapeutic agents, also known as cytotoxic drugs, that interfere with cell division
and growth. Although chemotherapy and radiotherapy showed great effectiveness in
curbing tumor growth, acute and long-term adverse effects on patients’ healthy organs
were observed, affecting patients’ survival rates and their quality of life [7,8]. Effects such
as fatigue, weight loss, peripheral neuropathy, and nausea were seen and may extend
to severe ones such as heart problems, osteoporosis, lymphedema, and concerns about
cognitive functions [9–11]. Improving patients’ quality of life was our motivation for the
nomination of safe green materials.

The main aim of the current research is to implement safe materials in nano-formulations
in order to exploit the benefits of loaded drug while minimizing their undesirable effects.
Accordingly, protein-based nanocarriers acquired researchers’ attention. They are bio-
compatible, biodegradable, cheap, and have several functional groups, allowing for their
interaction with different compounds. They are GRAS (generally recognized as safe) com-
pounds and can be easily manipulated into micro- and nanocarriers [12]. Animal and plant
proteins can be used as drug carriers. In the former group, gelatin, collagen, albumin, and
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casein were extensively used as drug delivery systems, while later plant proteins such as
zein, gliadin, soy protein, and lectins were also reported to be used for this task [13]. In our
current research, we focus on casein as a nanocarrier system.

Casein (CS) is the major component of milk and belongs to the family of phospho-
rylated proteins (αS1-, αS2-, β, and k-caseins) [14,15]. It has a flexible structure composed
of unfolded or randomly coiled peptides, rendering feasible intermolecular interactions
as well as a paucity of disulfide bonds [16,17]. Consequently, CS is heat-stable and thus
durable during pasteurization [18]. Moreover, CS has a low price and is easily produced, so
its implementation in the pharmaceutical industry is recommended [19]. CS nanoparticles
were easily prepared via three approaches. The first is copolymerization with synthetic
polymers such as acrylic acid derivatives [20,21] or dextrans [22]. The second tactic is
electrostatic complexation with polysaccharides [23,24]. The last one is based on simple
coacervation by adding CaCl2 [25], enzymatic treatment with genipen [26], or chemical
cross-linkage with glutaraldehyde [16].

Since we adopted the idea of gaining benefits from natural materials, the implemented
drug chosen was caffeic acid (CA). CA originates from many fruits, vegetables, beverages
(wine and coffee), and olive oil [27]. It exhibits anti-cancer effects due to its antioxidant
effects by scavenging oxygen free radicals and chelating pro-oxidant metal ions [28]. CA
exerts a significant role in reducing monocyte chemotactic protein 1 (MCP-1), inhibiting
epithelial–mesenchymal transition (EMT), and downregulating E-cadherin expression
accordingly, inhibiting BC metastasis. To sum up, CA possesses a significant influence in
curbing cancer metastasis [29–32].

Nowadays, developing nanocarriers by utilizing quality in design is a main com-
ponent in the pharmaceutical field. Mathematical models using statistics are strongly
recommended in the pharmaceutical field. Response surface methodology (RSM) is a smart
tool for both assessing and optimizing prepared nano-formulations. It gives a detailed sta-
tistical analysis of the factors implemented in the design and the required responses [33,34].
One of the main forms of the RSM is the Box–Behnken design (BBD). This is a very effective
model for surveying the interactions between different involved factors and their impact
on responses. Using the BBD is a significant tactic for investigating the maximum number
of variables at different levels with a reduced number of experimental runs [35]. The
BBD exhibits great merit in that it avoids combinations of extreme conditions that hinder
the performance of experiments under extreme conditions that might affect the protein
structure, resulting in potentially unsatisfactory conditions such as coagulation [36,37].

A great challenge in the present era of nanomedicine is the implementation and prepa-
ration of NPs using safe bioinspired materials free from any organic solvents. Accordingly,
the entrapment of CA within CS NPs using a non-toxic cross-linking agent such as CaCl2
is considered a safe tactic. There is a scarcity of the literature regarding the use of CA
as a loaded anti-cancer drug in nanoparticulate systems. CA and its derivative caffeic
acid phenethyl ester (CAPE) exhibited antitumor and anti-metastatic effects against liver,
breast, cervical, ovarian, lung, and colon cancer [38–42]. CAPE was synthesized in 1988 and
extracted from propolis plants [43]. Several studies showed that CAPE is more cytotoxic
than CA in cancerous cells [44]. Although several studies have encountered its efficacy as
an anti-cancer agent, the chemical synthesis of CAPE involves the use of toxic chemicals
and difficulties in its plant extraction and purification. A low-yield product is also realized.
Moreover, if it is extracted from honey bee propolis, the process will be time-consuming
in addition to the presence of many impurities [45]. On the other hand, Mücahit Secme
and his team proved the safety of CA in human embryonic kidney (HEK293) cells used
as normal cells. They observed that CA did not affect the cell viability or proliferation of
HEK293 cells [44]. CA exhibits the characteristic merit that it is well tolerated by cancer
patients and directly targets cancer stem cells (CSCs), thus preventing cancer recurrence,
as CSCs are responsible for the resistance to chemotherapy and radiotherapy [39,46,47].
To the best of our knowledge, no research has focused on the encapsulation of CA as an
anti-cancer active moiety in protein-based nanoparticulate systems.
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The aim of our work was to formulate CA-loaded CSNPs via the simple coacervation
method. The loaded CS NPs were then examined for their particle size (PS), polydisper-
sity index (PDI), zeta potential (ZP), and entrapment efficiency (EE). The practical results
were determined and then emulated by the response surface methodology using the Box–
Behnken design (BBD) where the responses were evaluated statistically. Model validation
was then performed; hence, successful navigation through the model space was endorsed.
After that, the optimized formulation was further evaluated by applying in vitro charac-
terization tests using transmission electron microscopy (HR-TEM), differential scanning
calorimetry (DSC), in vitro drug release, and cytotoxicity studies.

2. Materials and Methods
2.1. Materials

Caffeic acid (CA) (HPLC grade) and casein (CS) from bovine milk of technical grade
off-white powder for R&D use were obtained from Sigma-Aldrich Chemical Co. (Steinheim,
Germany). Tween 80®, calcium chloride (CaCl2), sodium chloride, potassium chloride,
disodium hydrogen phosphate, and potassium dihydrogen phosphate utilized as salts for
phosphate buffer saline ‘PBS’ were purchased from Adwic, El-Nasr Pharmaceutical Co.
(Cairo, Egypt). A Spectra/Por dialysis membrane having a 12,000–14,000 molecular weight
cut off was obtained from Spectrum Laboratories Inc. (Rancho Dominguez, Compton,
CA, USA). Deionized water was obtained from the MilliQ® purification system (Millipore,
Bedford, MA, USA). RPMI-1640 medium, inactivated fetal calf serum, glutamine, and
gentamycin were provided by BioWhittaker (Lonza, Belgium). Human breast carcinoma
(MCF-7) cells were obtained from the American Type Culture Collection (ATCC, Rockville,
MD, USA).

2.2. Methodology
2.2.1. Preparation of CA-Loaded CS NPs

CA-loaded CS NPs were prepared by the simple coacervation method as previously
reported [12,48]. A specific amount of CS was dissolved in deionized water adjusted
at pH 8 using 0.1 N NaOH in order to increase the aqueous solubility of CS. Then, a
weighed amount of CA was added, followed by stirring for 30 min to enhance drug–
protein interaction and hence the entrapment of CA into CS NPs. The cross-linking agent
CaCl2 (1 M) was added to the pre-mentioned solution, followed by stirring for 15 min. to
allow for the interaction between Ca2+ ions and the formed NPs; hence, CA-loaded CS
NPs would be precipitated. Centrifugation was then adopted for 2 min. at a low speed
of 2000 rpm to remove the aggregated undesired microparticles [12]. The supernatant
comprising the recommended particles was subjected to further characterization.

2.2.2. Computational Optimization and Modeling of CA-Loaded CS NPs

CA-loaded CS NPs were optimized using the response surface methodology where a
relationship was constructed between the design factors (independent variables) and the
experimental data responses (dependent variables). The Box–Behnken design (BBD) was
selected to optimize the best design for drug-loaded CS NPs. The three independent factors
were (A) CS concentration, (B) CaCl2 volume, and (C) CA amount, while the dependent
variables were (Y1) PS, (Y2) PDI, and (Y3) ZP. According to the BBD, a total of 17 formulae
of CA-loaded CS NPs were prepared; their compositions are presented in Table 1.
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Table 1. The composition of the prepared caffeic acid-loaded casein nanoparticles according to the
Box–Behnken design.

Formula Code A: CS Concentration (g%) B: CaCl2Volume (µL) C: CA Amount (mg)

F1 1 75 20
F2 1 50 30
F3 1 50 10
F4 1 25 20
F5 2 50 20
F6 2 50 20
F7 2 25 30
F8 2 75 30
F9 2 50 20
F10 2 50 20
F11 2 50 20
F12 2 25 10
F13 2 75 10
F14 3 75 20
F15 3 25 20
F16 3 50 30
F17 3 50 10

CS: casein, CaCl2: calcium chloride, CA: caffeic acid.

2.2.3. Characterization of CA-Loaded CS NPs
PS, PDI and ZP Analysis

The PS and PDI values of all prepared CS NPs were determined through the dynamic
light scattering (DLS) technique using a Zetasizer Nano ZS (Malvern instruments, Malvern,
UK) at 25 ◦C using disposable polystyrene cells, while the ZP of the prepared NPs was mea-
sured via the laser doppler anemometry (LDA) technique using disposable, plain, folded
capillary zeta cells. The samples were diluted with deionized water before measurements.
The measurements were conducted in triplicate.

2.2.4. Determination of CA Entrapment Efficiency Percentage (EE %)

The EE% of CA-loaded CS NPs was determined by measuring the concentration of
free CA in the formed dispersions. A total of 500 µL of each formula was diluted with
1.5 mL deionized water. The total volume (2 mL) was then placed in the Eppendorf® and
subjected to centrifugation using a cooling centrifuge (Hermlez216MK, Hermle, Germany)
at 9000 rpm and 4 ◦C for 1.5 h. The amount of unloaded CA in the filtrate was quantitatively
determined using an HPLC assay, and the EE% was calculated as follows:

EE% =

(
Wt − Wf

Wt

)
× 100

where Wt is the total amount of drug used in the formulation, and Wf is the amount of free
CA remaining in the supernatant.

2.2.5. Molecular Docking Experiments

In order to interpret the entrapment efficiency of caffeic acid on casein nanoparti-
cles, molecular docking experiments were performed. The crystal structure of casein
(κ-casein) was obtained from the EMBL-EBI AlphaFold protein Structure Database (https:
//alphafold.ebi.ac.uk/entry/Q5ZGI1 accessed on 30 May 2024). The structure of the
k-casein chain was encoded as UniProt Q5ZGI1. The IUPAC name corresponding to
the chemical structure of the investigated molecule, caffeic acid, was obtained through
PubChem®. The 3D configuration of the molecule was generated using the ChemDraw Ul-
tra version 10 (Cambridgesoft, Waltham, MA, USA). Additionally, the energy minimization
was attained using the MM2 forcefield of the same program [49]. The docking experiment
was accomplished using ArgusLab v.4.50 (Mark Thompson and Planaria Software LLC,

https://alphafold.ebi.ac.uk/entry/Q5ZGI1
https://alphafold.ebi.ac.uk/entry/Q5ZGI1
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Seattle, WA, USA). The sybyl2 file of casein was imported to ArgusLab where the identifi-
cation of the binding sites was performed [50] to be ready for docking using the ASscore of
the program [51]. The binding site box size was 15 × 15 × 15 angstroms. Additionally, the
Dock and Flexible calculations were used at the maximum number of 150 poses.

2.2.6. Transmission Electron Microscope Imaging

The shape and morphology of the optimized CS NP formulae were examined using an
HR-TEM instrument (Jeol Electron Microscope, JEM-1010, Tokyo, Japan). A droplet of the
nanosuspension was placed on a carbon film-covered copper grid (200-mesh) and stained
using 2% phosphotungstic acid. A filter paper placed at the edge of the copper grid was
used to remove any excess liquid. Subsequently, the sample was air-dried for about 5 min.
before observation by TEM [52–54].

2.2.7. Differential Scanning Calorimetry

The thermal properties of CA, CS, unloaded CS NPs, and the optimized CA-loaded
CS NPs were investigated using DSC (Shimadzu DC-60, Kyoto, Japan). Samples were
sealed in aluminum pans with lids and heated at a rate of 10 ◦C/min. to a temperature of
300 ◦C, using dry nitrogen as the carrier gas with a flow rate of 25 mL/min. Indium was
used as the standard reference material to calibrate the energy and the scale temperature of
the instrument.

2.2.8. In Vitro Release Study of CA from Optimized CS NPs

The in vitro drug release of CA from the optimized formulae was performed by
the dialysis bag diffusion technique using a shaking water bath (GFL1083 Gesellschaft
für Labortechnik, Burgwedel, Germany). An accurately weighed amount of the CA-
loaded CS NP formula equivalent to 8.9 mg CA was filled in a dialysis bag and soaked
in a bottle filled with 100 mL PBS, pH 7.4, containing 0.2% w/v Tween 80 [26,55], to
provide medium preservation and ensure sink conditions during the whole duration of
the release experiment. The bottle was tightly closed and then placed in a shaking water
bath maintained at a temperature of 37 ± 0.5 ◦C. Two-milliliter samples were withdrawn at
different time intervals, 0.5, 1, 2, 4, 6, 8, 24, 48, 72, and 96 h, replaced with a fresh volume of
dissolution medium, diluted appropriately, and drug concentrations were then measured
by HPLC. The experiments were performed in triplicate.

2.2.9. IC50 Determination by Cell Culture Studies
Human Breast Carcinoma Cell Line

Human breast carcinoma (MCF-7) cells were grown on RPMI-1640 medium supple-
mented with 10% inactivated fetal calf serum and 50 µg/mL gentamycin. The cells were
maintained at 37 ◦C in a humidified atmosphere with 5% CO2 and were sub-cultured two
to three times a week.

2.2.10. Evaluation of In Vitro Antitumor Activity of Optimized CA-Loaded CS NPs

The optimized loaded CS NPs and the drug solution were assessed in terms of their
antitumor activities against MCF-7 cell lines. Moreover, the plain formula was implemented
in this study for proving the safety of the bioinspired NPs. The RPMI-1640 medium was
supplemented with 10% inactivated fetal calf serum and 50 µg/mL gentamycin. The MCF-
7 cells were grown as monolayers of 10,000 cells in the previously mentioned medium.
The monolayers were adhered at the bottom of the wells in a 96-well microliter plate and
incubated in a humidified incubator (Shellab water jacketed CO2 Incubators, Inc., American
Laboratory Trading, San Diego, CA, USA) for 24 h at 37 ◦C with 5% CO2. They were washed
with sterile PBS (0.01 M, pH 7.2). A total of 100 µL from different dilutions of the tested
sample was then added to the cells while being incubated at 37 ◦C. Each concentration of
the examined sample was examined using six wells. Untreated cells served as the control
ones. After 24 h, the cells were stained with crystal violet (Sigma-Aldrich Chemical Co.,
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Steinheim, Germany) for determining the number of surviving cells. Cell lysis was caused
by 33% glacial acetic acid, and the absorbance of the stained cells using crystal violet was
estimated at 590 nm using an ELISA reader (SunRise, TECAN, Inc., San Jose, CA, USA)
after well mixing. The number of viable cells was determined by the ELISA reader. The
absorbance of the control cells being untreated was determined as 100% proliferation.

The viability percentage was estimated using the following equation

(ODt/ODc) × 100

where ODt is the mean optical density of wells treated with the examined sample, and
ODc is the mean optical density of untreated cells. The graphical plots determined the 50%
inhibitory concentration (IC50), which is the concentration required to cause toxic effects in
50% of intact cells.

2.2.11. Statistical Analysis

Each experiment was conducted in triplicate, and the mean values ± SD were calcu-
lated. Designing the experiments using the Box–Behnken design and the generation of
models and 3D response surface and contour plots were performed using Design Expert
v. 7.0. (Design Expert® Software, Stat-Ease Inc., Minneapolis, MN, USA). The obtained
data were statistically analyzed by applying a one-way ANOVA test. Differences with
p-values < 0.05 were considered significant.

The validity of the generated models was assessed by calculating the percentage bias
using the following equation for three randomly chosen formulae other than those prepared
in the statistical design:

Bias(%) =
|Predicted − Actual|

Actual
× 100

Numerical optimization using the desirability function (D) was conducted by min-
imizing the values for the PS, PDI, and ZP responses. The optimized formulation was
picked up based on the formulation scoring the highest D value.

The desirability function “D” is a functional tool used to optimize the studied re-
sponses. It aims to reach the most appropriate and compromising point in the design space
that accomplishes the set goal for the dependent variables [56]. It involves the transforma-
tion of each estimated response variable to a desirability value di, where 0 ≤ di ≤ 1. The
higher the desirability of the corresponding responses, the higher the D value that would
be attained.

The desirability value for the response to be minimized can be calculated from the
following equation:

di,min =
Yi − Ymin

Ymax − Ymin

where di,min is the individual desirability of the response to be minimized, Ymin is the lowest
acceptable value, Ymax is the highest acceptable value, and Yi indicates the experimental
value. If Yi is greater than Ymax, then di = 0, and if Yi is less than Ymin, then di = 1 [56].

To obtain the D value by combining individual desirabilities, the geometric mean is
utilized as follows:

D = (d1x d2x d3x. . .. . ..x dk)1/k

The D value becomes higher as the properties of the responses become more favorable.
In other words, if any response has di = 0, meaning that one of the response variables is
unacceptable, then D = 0, meaning that the overall product value is unacceptable, which is
the underlying reason for using the geometric mean rather than the arithmetic mean [57].
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3. Results and Discussion
3.1. Preparation and Optimization of CA-Loaded CS NPs

CA-loaded CS NPs were prepared by the simple coacervation method as reported by
Sona Gandhi, Indrajit Roy, 2019 and Rebeca Penalva, et al., 2014 [12,48]. The selected pa-
rameters adopted in this study were based on previous studies where CS concentration and
CaCl2 volume were used at 2% w/v and 50 µL, respectively [12]. As for CS concentration
the ranges from 1 to 3% w/v were selected while CaCl2 volume ranged from 25 to 75 µL in
addition to the CA amount ranging from 10 to 30 mg. By raising the CS concentration or
CA amount, a significant increase in PS was realized, reaching 1 µm along with observed
precipitation. The selected CA amount range was related to its reported cytotoxic effect [58].

The BBD was adopted for the optimization of the prepared CS NPs rather than other
response surface models, i.e., central composite and full factorial designs as the BBD does
not govern points in which all factors are simultaneously at their highest or lowest levels.
Therefore, the BBD was used in the safe operating zone of the experimental space [59].
Accordingly, the BBD is beneficial for delicate structures such as proteins and for the
avoidance of experiments performed under extreme conditions for which unsatisfactory
results might occur [60,61]. The BBD implements fewer runs [62]. The number of runs is
usually calculated as follows, where the design points lie on the center or in the middle of
the edges of the design cubic space for a three-factor experiment: [59]

N = (2k(k − 1)) + C0

where N = the number of experiments (runs) performed according to the BBD, k = the
number of the investigated factors, and C0 represents the central points. It is worthy to
note that additional central points or replicates were added for further confirmation.

CS concentration (A), CaCl2 volume (B), and CA amount (C) were the three indepen-
dent variables; hence, a set of 17 formulae were prepared in addition to three formulae that
were used as check points to validate the model.

Table 2 demonstrates that the PS of the prepared CA-loaded CS NPs is in the range
from 108.93 ± 2.25 to 268.63 ± 3.88 nm with PDI values varying from 0.301 ± 0.133 to
0.499 ± 0.018. CA-loaded CS NPs manifested negative surface charges within the range
from 10.45 ± 0.37 up to −27.44 ± 0.17 mV.

Table 2. The response data of CA-loaded CS NP formulae prepared according to the BBD.

Formula
Code

A: CS Concentration
(g%)

B: CaCl2
Volume (µL)

C: CA Amount
(mg)

Data * ± SD

Y1:PS (nm) Y2: PDI Y3: ZP (mV) Y4:EE%

F1 1 75 20 189.74 ± 0.95 0.326 ± 0.031 −11.01 ± 1.45 96.01 ± 1.23
F2 1 50 30 136.81 ± 0.33 0.323 ± 0.041 −19.93 ± 0.92 95.42 ± 2.98
F3 1 50 10 122.11 ± 3.52 0.326 ± 0.092 −10.45 ± 0.37 96.32 ± 4.52
F4 1 25 20 114.52 ± 5.13 0.333 ± 0.128 −15.22 ± 0.75 96.81 ± 3.98
F5 2 50 20 110.94 ± 4.42 0.345 ± 0.156 −21.23 ± 0.65 95.04 ± 5.09
F6 2 50 20 108.93 ± 2.25 0.309 ± 0.015 −22.54 ± 0.26 96.52 ± 3.29
F7 2 25 30 144.34 ± 2.81 0.331 ± 0.066 −24.11 ± 2.46 95.12 ± 4.02
F8 2 75 30 236.83 ± 1.34 0.302 ± 0.096 −18.74 ± 2.52 94.74 ± 2.78
F9 2 50 20 109.22 ± 1.79 0.301 ± 0.133 −19.94 ± 2.32 97.26 ± 1.98

F10 2 50 20 111.34 ± 2.61 0.308 ± 0.016 −23.50 ±1.54 95.63 ± 0.96
F11 2 50 20 109.73 ± 1.45 0.339 ± 0.018 −22.92 ± 1.99 96.83 ± 3.04
F12 2 25 10 125.44 ± 0.96 0.334 ± 0.012 −23.43 ± 0.23 95.58 ± 3.27
F13 2 75 10 156.53 ± 0.28 0.327 ± 0.004 −14.42 ± 0.43 94.40 ± 2.98
F14 3 75 20 268.63 ± 3.88 0.381 ± 0.012 −17.42 ± 0.23 95.34 ± 1.88
F15 3 25 20 223.34 ± 5.76 0.493 ± 0.004 −23.53 ± 1.24 93.72 ± 4.56
F16 3 50 30 257.81 ± 3.14 0.455 ± 0.076 −27.44 ± 0.17 94.23 ± 5.09
F17 3 50 10 180.83 ± 2.89 0.499 ± 0.018 −25.12 ±1.99 93.52 ± 4.98

* All data are average of three determinations ± SD. CS: casein, CaCl2: calcium chloride, CA: caffeic acid,
PS: particle size, PDI: polydispersity index, ZP: zeta potential, and SD: standard deviation.

CA is highly encapsulated within the matrix of CS NPs exhibiting an EE% range from
93.52 ± 4.98 to 97.26 ± 1.98%, as depicted in Table 2. This could be from the high binding
affinity between the CS protein and the drug [63] ascribed to the electrostatic interaction
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between these two entities that enhanced the CA entrapment within the CS matrix, thus
lowering the presence of free molecules [64].

CA possesses a double bond between the carboxylic group and the aromatic ring. This
double bond represents a large electron-less conjugated system. Moreover, the CS protein
includes aromatic amino acids, e.g., tryptophan, tyrosine, and phenylalanine groups, in its
binding cavity of the protein. These amino acids encompass conjugated π-electrons, giving
them the chance to form charge-transfer complexes with other functional groups lacking
electrons or with π-electrons [65]. Therefore, the double bond in the CA molecule would
prolong the contact with the binding pockets in the protein. These could account for the
greater affinity (∆G = −6.021 kCal/mole) and thus the enhanced binding mode between CA
and the CS protein [66]. The interaction between caffeic acid (log P = 1.35) [67] and casein
is demonstrated in Figure 1. The interaction of caffeic acid with similar hydrophobic amino
acids such as leucine, isoleucine, valine, and proline is postulated, where hydrophobic
forces prevail.
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Figure 1. Binding affinity between caffeic acid and casein. The colored structures are the protein
chains (red and green), the α-helices (blue coiled ribbon), β-sheets (the red and light blue colored
ar-rows) are of the protein while the grey structure is caffeic acid.

Furthermore, based on the chemical structure of CA, the functional groups para-OH,
meta-OH, and COOH would act as hydrogen bond donors/acceptors for different side
chain groups of the protein; hence, a further stabilization of the CS-CA interaction would
be implemented by the electrostatic interaction [64].

3.2. Model Analysis

After an analysis of the results using an ANOVA, the suggested models for the studied
responses, PS, PDI, and ZP, are quadratic ones, as shown in Table 3. A p-value less than
0.5 indicates that the model is significant. As revealed in Table 3, the suggested models for
the responses demonstrate a high level of significance as the p-value is <0.0001 for the PS,
PDI, and ZP responses.
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Table 3. Model analysis results of investigated responses according to BBD.

Response PS PDI ZP

Suggested Model Quadratic Reduced Quadratic Reduced Quadratic

Equation

PS = 421.5 − 165.575*A − 5.8415
*B − 10.01875*C
− 0.299*A*B
+ 1.5575*A*C
+ 0.0614*B*C
+ 48.825*A2

+ 0.06432*B2

+ 0.1555*C2

PDI
= 0.51142 − 0.21589*A
−7.75*10−4*B
+0.070222*A2

ZP = 5.55526 − 13.86382*A
− 0.33455*B
− 2.10*C
+ 2.30658*vA2

+ 4.57053*10−3*B2

P-value <0.0001 <0.0001 <0.0001
R2 0.9996 0.8760 0.8835
Adjusted R2 0.9991 0.8474 0.8306
Predicted R2 0.9947 0.7454 0.6775
Adequate precision 119.867 14.311 14.366
C.V.% 1.08 7.06 10.12
PRESS 266.66 0.017 125.06

A: casein concentration, B: CaCl2 volume, C: caffeic acid amount.

Furthermore, these three responses are highly fitted to the suggested models, with an
R2 of 0.9996, 0.8760, and 0.8835 for the PS, PDI, and ZP, respectively, as shown in Table 3.

Moreover, the suggested models were tremendously successful where navigating
the design space was possible. This was confirmed by the term ‘adequate precision’ as it
measures the range of a predicted response relative to its associated error, or with further
elucidation, it measures the signal-to-noise ratio. A ratio greater than 4 is usually desirable
for navigating any design space [68]. This was accomplished for the three responses where
these ratios attained 119.867, 14.311, and 14.366 for the PS, PDI, and ZP models, respectively.

‘PRESS’ is the Predicted Residual Sum of Squares for the model, and it measures how
well a particular model fits each point in the design. As clearly shown in Table 2, the three
models are fitting each point in the design where the PS, PDI, and ZP data are greatly fitted
to the model with PRESS values equal to 266.66, 0.017, and 125.06, respectively. Similar
values of the PRESS were obtained by Garg and Prasad, showing the high fitting of the
model [69,70].

Table 3 shows low values for C.V.% which are found to be equal to 1.08, 7.06, and
10.12 for the three responses: PS, PDI, and ZP, respectively. The low value for C.V.%
means a lower deviation of the data around the mean; hence, the suggested models were
successful, and navigation through the design space was credible. A C.V.% less than 10%
indicates lower variation in the actual and model-predicted data, and this is desirable [69].
Furthermore, a non-significant lack of fit was obtained for all the models, confirming the
fitting of the data on the investigated models [59].

3.3. Model Diagnostics

Figure 2 demonstrates the Box-Cox power transformation that usually suggests the
best power (lambda) that all the response data should be raised to in order to obtain the
best-fitting models.

Consequently, Box–Cox plots did not suggest any recommendations for the responses
PS, PDI, and ZP. In other words, the current powers (lambda) were found to precisely
coincide with the best lambdas and were located between the low and high confidence
intervals for the pre-mentioned models [71–73].
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Figure 3 shows a graphical representation of the predicted data versus the actual ones.

Figure 3. Predicted versus actual result plots of the responses: (a) PS, (b) PDI, and (c) ZP.
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It is clear from this figure that almost all the points were in close vicinity to the line
45◦, elucidating a higher correlation between the experimental and predicted results for
the three examined models. These graphs were in great harmony with the high obtained
R2 values.

3.4. The Interpretation of the Models’ Results
3.4.1. The PS Response

CA-loaded CS NPs recorded PS in a range from 108.93 ± 2.25 to 268.63 ± 3.88 nm, as
shown in Table 2. The adopted method for the preparation of CS NPs was the simple coacerva-
tion technique where CaCl2 served as a cross-linking agent. These data were consistent with
those obtained by Sona Gandhi, Indrajit Roy, 2019 and Rebeca Penalva, et al., 2014 [12,48].

The three independent variables studied, CS concentration (A), CaCl2 volume (B), and
CA amount (C), were found to be highly significant terms (p < 0.0001) affecting the PS
response, as depicted from the ANOVA results in Table 4. Moreover, all the possible 2-FI
interactions are highly significant terms scoring p < 0.0001, as observed in Table 4.

Table 4. ANOVA test results of all responses studied according to BBD.

Terms

Responses

PS PDI ZP
F-Value p-Value F-Value p-Value F-Value p-Value

Model 1901.98 * <0.0001 30.62 * <0.0001 16.68 * <0.0001
A 5713.38 * <0.0001 53.82 * <0.0001 41.90 * <0.0001
B 2522.03 * <0.0001 4.78 * 0.0476 18.27 * 0.0013
C 1542.51 * <0.0001 1.39 NS 0.2762 NS 8.59 * 0.0137

AB 75.68 * <0.0001 5.47 NS 0.0520 NS 0.33 NS 0.5815 NS

AC 328.56 * <0.0001 0.83 NS 0.3917 NS 3.93 NS 0.0880 NS

BC 319.14 * <0.0001 0.24 NS 0.6392 NS 0.98 NS 0.3549 NS

A2 3398.80 * <0.0001 33.25 * <0.0001 5.47 * 0.0392
B2 2304.06 * <0.0001 0.43 NS 0.5316 NS 8.39 * 0.0145
C2 344.75 * <0.0001 0.89 NS 0.3780 NS 1.44 NS 0.2692 NS

Lack of fit 4.87 NS 0.0800 1.81 NS 0.2979 2.52 NS 0.1950

* Significant at 5% probability (p < 0.05), NS non-significant; A: casein concentration, B: CaCl2 volume, C: caffeic
acid amount, PS: particle size, PDI: polydispersity index, and ZP: zeta potential.

As shown in Figure 4, by increasing the CS concentration from 1 to 3%, the PS in-
creased significantly (p < 0.05) from 136.81 ± 0.33 to 257.81 ± 3.14 nm, as attained in
F2 and F16, from 189.74 ± 0.95 to 268.63 ± 3.88 nm in F1 and F14, from 122.11 ± 3.52
to 180.83 ± 2.89 nm in F3 and F17, and similarly in F4 and F15, the PS increased from
114.52 ± 5.13 to 223.34 ± 5.76 nm, respectively, while maintaining other parameters con-
stant. When the proportion of the CS protein in the colloidal phase increased, denser
self-assembled CS NPs were attained, so a greater PS of the CS NPs together with more
dispersed and more negatively charged NPs were fulfilled [74].

CaCl2 was the source of the Ca2+ pool that induced the aggregation of CS micelles.
The Ca2+ ions performed bridging between the CS molecules. Accordingly, a reduction in
the electrostatic repulsion of the CS molecules was attained owing to ion binding and the
electrostatic screening effect [75]. Protein aggregation was executed under certain condi-
tions where the net attractive forces (i.e., van der Waals and hydrophobic) surpassed the net
repulsive forces (i.e., electrostatic and steric), and this occurred at high ionic strength [76].
Accordingly, the addition of Ca2+ to CS micelles lessened the strength of the electrostatic
repulsive forces, causing the self-aggregation and more packing of free CS molecules.
Therefore, the subsequent inevitable precipitation of nanomicelles into dense NPs was
achieved [12,76]. As observed in Table 2 and Figure 4, the PS significantly increased
(p < 0.05) by increasing the volume of CaCl2 from 25 to 75 µL under similar formulation
conditions, as in the cases of F4 and F1, F12 and F13, and F15 and F14, where the PS raised
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from 114.52 ± 5.23 to 189.74 ± 0.95 nm, 125.44 ± 0.96 to 156.53 ± 0.28 nm, and 223.34 ± 5.76
to 268.63 ± 3.88 nm, respectively.
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As shown in Figure 4, increasing the CA amount led to a significant increase in PS
(p < 0.05), as demonstrated in the cases of F3 and F2 where PS increased from 122.11 ± 3.52
to 136.81 ± 0.33 nm when the CA amount increased from 10 to 30 mg. Similar observations
were observed where PS raised from 125.44 ± 0.96 to 144.34 ± 2.81 nm, from 156.53 ± 0.28
to 236.83 ± 1.34 nm, and from 180.83 ± 2.89 to 257.81 ± 3.14 nm when elevating the
CA amount from 10 to 30 mg in the cases of F12 and F7, F13 and F8, and F17 and F16,
respectively. These observations were also documented by Görner et al. [77]. This could
be due to the fact that more CA was entrapped within the core of the CS NPs. The later
observation was based on the high hydrophobic interaction between the phenolic rings of
both CA and the CS protein [78].

Further navigating through the parameters affecting the PS response, we investigated
the effect of two-way interactions as well as their magnitudes, as depicted in Table 4. The
significant 2-FI AB interaction scored the lowest F-value of 75.68, confirming its smaller
effect on the PS response than the other interactions. As observed in Figure 5a,d, the
minimal PS (108.9 nm) was attained when the CS concentration was less than 2 g% and
the CaCl2 volume was less than 62.5 µL. Also, the 2-FI AC interaction realized the highest
F-value = 328.56, affirming its significant effect on the PS where the smallest PS was
achieved by lowering the CS concentration and CA amount to less than 2.5 g% and 25 mg,
respectively, as shown in Figure 5b,e. A similar pattern was achieved in the case of the
significant 2-FI BC interaction where the lowest PS was scored when the CaCl2 volume and
the CA amount were less than 62.5 µL and 25 mg, respectively, as illustrated in Figure 5c,f.

Figure 5. Contour plots (a–c): AB, AC, and BC and 3D response surface plots (d–f): AB, AC, and BC,
respectively, of significant 2-FI interactions on PS response, respectively.

3.4.2. The PDI Response

Based on the ANOVA results shown in Table 4, the CS concentration (A) is a highly
significant factor (p < 0.0001) affecting the PDI response. Moreover, the CaCl2 volume
(B) reveals a significant effect on the PDI response (p < 0.05), while the CA amount (C)
is a non-significant parameter (p > 0.05), as depicted in Table 4 and Figure 6. Moreover,
no significant interactions between the studied factors are deduced from the design, as
observed in Table 4.
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By increasing the CS concentration from 1 to 3%, the PDI is significantly increased
(p < 0.05), as illustrated in Figure 6a, and this is revealed in the cases of F2 and F16, F3 and
F17, and F4 and F15 from 0.323 ± 0.041 to 0.455 ± 0.076, from 0.326 ± 0.092 to 0.499 ± 0.018,
and from 0.333 ± 0.128 to 0.493 ± 0.004, respectively, as presented in Table 2. Soleimanifar
et al. and Amighi et al. showed similar observations where the increase in the protein
concentration resulted in a heterogeneous distribution of the particles [79,80]. This could
be due to the fact that the elevation in the protein concentration would result in a higher
viscosity of the resulting solution, as well as enhancing molecular crowding. The latter
rendered higher PDI values [81]. Furthermore, the increase in the protein concentration
would evolve a higher protein aggregation with more diverse nanoparticles [82].
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Moreover, CaCl2 volume shows a great impact on the degree of heterogeneity of the
formed CS NPs as increasing the amount of Ca2+ significantly reduces the PDI (p < 0.05), as
shown in Figure 6b. This observation is fulfilled in the case of F15 and F14 where the values
of the PDI are minimized from 0.493 ± 0.004 to 0.381 ± 0.012 upon raising the volume of
CaCl2 from 25 to 75 µL, as depicted from Table 2. This could be interpreted on the basis
of the structure of CS molecules. More packing of free CS molecules together boosted
their self-assembly and resulted in the precipitation of CS NPs in a more homogenous, less
dispersed pattern [83,84].

3.4.3. The ZP Response

According to the ANOVA results (Table 4), the CS concentration (A) is a highly
significant variable (p < 0.0001) affecting the ZP response. Also, both the CaCl2 volume
(B) and CA amount (C) demonstrate significant impacts on the ZP response (p < 0.05), as
shown in Figure 7. However, no significant interactions between the studied factors are
deduced (p > 0.05), as observed in Table 4.

As shown in Figure 7a, by increasing the CS concentration from 1 to 3%, the neg-
ative ZP value is increased from −11.01 ± 1.45 to −17.42 ± 0.23 mV as in the case of
F1 and F14, respectively, under similar conditions. Similarly, the negativities of ZP val-
ues were increased from −15.22 ± 0.75 to −23.53 ± 1.24 mV, from −19.93 ± 0.92 mV to
−27.44 ± 0.17 mV, and from −10.45 ± 0.37 to −25.12 ± 1.99 mV in F4 and F15, F2 and
F16, and F3 and F17, respectively (Table 2). This could be interpreted by the presence of
the negatively charged K layer of CS covering the CS NPs due to ester phosphate and
the carboxylate groups. Accordingly, more negative charges were introduced to the NPs
associated by increasing the protein concentration [85].

Upon the addition of Ca2+, the negative ZP value of CS NPs is decreased due to the
binding of Ca2+ to the phosphoserine residues of the CS protein, resulting in electrostatic
screening effects [76], as shown in Figure 7b. By increasing the CaCl2 volume from 25 to
75 µL, the negative ZP values are significantly decreased, as shown in Table 2. The latter
observation was also noticed in F4 vs. F1, F7 vs. F8, F12 vs. F13, and F15 vs. F14, where
the ZP values decreased from −15.22 ± 0.75 to −11.01 ± 1.45 mV, from −24.11 ± 2.46 to
−18.74 ± 2.52 mV, from −23.43 ± 0.23 to −14.42 ± 0.43 mV, and from −23.53 ± 1.24 to
−17.42 ± 0.23 mV, respectively.

By a further analysis of the ZP response (Figure 7c), increasing the CA amount
from 10 to 30 mg significantly increases the negative ZP value from −10.45 ± 0.37 to
−19.93 ± 0.92 mV as in F3 and F2, respectively (p < 0.05). Also, by comparing F13 to F8,
the ZP was significantly raised from −14.42 ± 0.43 to −18.74 ± 2.52 mV (p < 0.05). This
could be explained based on the pH of the adjusted alkaline medium involved during
the NP fabrication. The alkaline medium caused the ionization of CA. Consequently, CA
carried a negative charge as the pKa of CA equaled 4.62 [86]. Moreover, the CS protein had
a negative charge, so a greater amount of negative charge enclosed the NPs.

3.5. Model Validation

The validation of the models was assessed by calculating the percentage bias. This
was realized through choosing three random check points other than those prepared in the
BBD and were figured out using the equation stated in the Section 2.2.

Table 5 shows the bias percentages for the three inspected models, recording very low
values (<10%) with an overall mean percentage bias of 1.7% for the PS response, 2.3% for
the PDI response, and 3.5% for the ZP response, indicating the validity of the models and
their success on navigating through the design space [87,88].
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Table 5. Model validation using the calculated percent of bias.

Different Parameters Formulation 1 Formulation 2 Formulation 3

A: CS concentration (g%) 1.25 2.25 2.5
B: CaCl2 volume (µL) 35 60 70
C: CA amount (mg) 15 25 22.5

PS
(n

m
)

±
SD

Actual 98.70 ± 3.85 169.10 ± 2.01 209.70 ± 3.35
Predicted 98.22 163.26 204.27

% Bias
0.49 3.46 1.16

Mean Percentage Bias = 1.7%

PD
I±

SD

Actual 0.315 ± 0.015 0.341 ± 0.028 0.349 ± 0.007
Predicted 0.324 0.334 0.356

%Bias
2.86 2.05 2.01

Mean Percentage Bias = 2.3%

Z
P

(m
V

)
±

SD

Actual −17.10 ± 1.15 −23.20 ± 1.70 −22.00 ± 1.31
Predicted −17.43 −22.83 −20.44

%Bias
1.93 1.60 7.10

Mean Percentage Bias = 3.5%

CS: casein, CaCl2: calcium chloride, CA: caffeic acid, PS: particle size, PDI: polydispersity index, ZP: zeta potential,
SD: standard deviation.

3.6. Optimization of Prepared CA-Loaded CS NPs Using Desirability Function (D)

From the previous investigation, the desirability function was adopted to obtain
the optimized formulation based on the target goals: minimizing the PS and PDI and
maximizing the ZP values. The optimized formula showing the highest D value which
reached 0.884 constituted of a CS concentration of 1.84 g%, CaCl2 volume of 40.23 µL, and
CA amount of 25.19 mg. The chosen formula (O1) manifested a PS of 110.31 ± 1.02 nm,
PDI of 0.331 ± 0.029, ZP of −23.94 ± 1.64 mV, and EE% of 95.4 ± 2.56%.

3.7. Imaging Using High-Resolution Transmission Electron Microscopy (HR-TEM)

Figure 8a,b show the morphology of the unloaded CS NPs and the optimized CA-
loaded CS NPs (O1), respectively. It is obvious from the TEM images that the formulations
were regular in geometry, demonstrating an almost spherical structure. The measured
sizes using the microscope software tool (Gatan Microscopy Suite GMS 3.X) were in good
agreement with the results obtained from the DLS measurement [12,89]. The efficient
loading of CA was confirmed by the TEM images where the loaded particles are greater in
PS compared with the unloaded ones, as shown in the respective Figure 8a,b.
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3.8. DSC

DSC was performed in order to determine the crystalline state of CA entrapped in CS
NPs. As shown in Figure 9a, CA exhibits a single endothermic peak at 225 ◦C corresponding
to its melting point [90], while the CS protein shows a broad endothermic peak in the range
of 50 to 100 ◦C due to CS dehydration [91], as illustrated in Figure 9b. Both unloaded
and loaded CS NPs (O1) display a broad endothermic peak in the range of 50 to 100 ◦C
corresponding to that of CS, as depicted from Figure 9c and Figure 9d, respectively. The
results proved that CA was completely entrapped within the CS NPs as the drug peak
completely disappeared from the corresponding thermogram, as shown in Figure 9d. This
emphasized the molecular dispersion of CA molecules and their efficient encapsulation
within the protein matrix [26].
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Figure 9. DSC thermograms of (a) CA, (b) CS, (c) unloaded optimized CS NPs, and (d) optimized
CA-loaded CS NPs (O1).

3.9. Results of the in Vitro Release Study of CA from Optimized CS NPs

The in vitro cumulative release percentages of CA from the optimized (O1) NPs were
analyzed at different time intervals in PBS (pH 7.4) containing 0.2% w/v Tween 80 and at
37 ± 0.5 ◦C. The release profiles are illustrated in Figure 10. The CA release from the drug
solution was implemented as a control.
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It was clearly obvious that almost 90% of CA was released after 1 h only in the case
of the CA solution. However, the release profiles of CA from the NPs were represented
as biphasic patterns characterized by an initial burst release followed by a sustained rate
of drug release over 120 h. The initial burst release was attained over the first 8 h where
the optimized CA-CS NPs realized a 53.29 ± 2.90% release of CA. The initial burst release
could be attributed to the rapid release of the CA deposited on the surface of the NPs and
relatively shallow channels within the NPs [92]. The sustained drug release pattern could
be due to the little pathway tackled by the drug, promoting the easy partitioning of CA
between the NPs and the release medium [93].

3.10. Cell Culture Studies

The cytotoxicity study of the optimized formulae was performed on MCF-7 cell lines
after 24 h incubation. The safety of the NPs’ components was proven by the IC50 of the
unloaded CS NPs which scored the highest value of 537.5 ± 6.1 µg/mL, as demonstrated
in Table 6. The CA-CS NPs (O1) were more cytotoxic when compared to the drug solution
where CA-CS NPs attained an IC50 of 78.45 ± 1.7 µg/mL compared to 173.3 ± 3 µg/mL
in the case of the drug solution, as shown in Table 6. These results conformed with the
results and the conclusions driven via the meta-analysis that was conducted by Safwat and
co-authors [94]. The capability of the NPs in curbing the viability of the cancerous cells
was significantly greater than the drug solution since the NPs were characterized by a high
surface area-to-volume ratio because of their nanometric merits augmenting their cytotoxic
properties [95]. These nano-entities were able to encapsulate high drug payloads per a
single nanocarrier realizing a higher cytotoxicity than the drug solution [96,97]. Another
beneficial effect of these nanocarriers was the ability of CA to inhibit the efflux effect of P-gp,
resulting in more NPs that were internalized inside the cancerous cells [42]. CA directly
displayed an allosteric modulation on the M site of P-gp, preventing the pump-out effect of
P-gp. Moreover, CA bound to the ATPase binding site. This resulted in the consumption of
ATP and enhanced the repressing effect in the function of P-gp [42]. Furthermore, there was
a strong correlation between oxidative stress and P-gp. CA displayed strong significant
reactive oxygen species (ROS)-related antioxidant effects, resulting in the downregulation
of ROS production. The insufficiency of the ROS level resulted in a higher level of ABCB1
genes that impeded the efflux mechanism by reversing the multi-drug resistance (MDR)
effect [98]. From previous data, we concluded that the CA-CS NPs were highly accumulated
inside MCF-7 cell lines. Once stepping inside the cancerous cells, CA triggered P53 and
P21 upregulation genes in the MCF-7 cell lines [99]. P53, also known as TP53, plays a
significant role in tumor suppression and the initiation of apoptosis by coding a protein
that is responsible for a previous function [100,101]. This gene promotes apoptosis by
target gene activation and is transactivation-independent in mitochondria [102]. The over-
expression of this gene resulted in growth arrest evoking cellular differentiation, thereby
inhibiting cell proliferation [101]. Furthermore, inhibiting several CDKs’ activity, such as
CDK2, CDK3, and CDK4, resulted in cell cycle arrest in G1 or G2 [103]. In addition to the
previous process, P21 binds to the proliferating cell nuclear antigen (PCNA) and results in
the direct prevention of DNA synthesis [102,104]. From this, we came to the conclusion of
the superiority of CA-CS NPs (O1) compared to the drug solution in terms of cytotoxicity
on MCF-7 cancerous cells.

Table 6. Cytotoxicity results presenting IC50 data of CA solution and optimized CA-loaded CS NPs
when incubated in MCF-7 cell line after 24 h.

Formulations IC50 (µg/mL) * ± SD

CA solution 173.30 ± 3.00
Unloaded CA-CS NPs 537.50 ± 6.10

Optimized CA-CS NPs (O1) 78.45 ± 1.70
* The data are the mean of three determinations ± SD. CA: caffeic acid, CS NPs: casein nanoparticles, SD: standard
deviation.
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4. Conclusions

In our investigation, we pursued the development and optimization of a nanoparticu-
late system comprising bioinspired materials for potential cancer treatment. CA-loaded CS
NPs were successfully prepared and optimized using the BBD. Mathematical equations
were obtained, thus paving the road for the researchers to use the designated independent
factors in the investigated ranges and predicting the affected responses. Accordingly, both
time and cost savings can be achieved. The CS concentration, CaCl2 volume, and drug
amount were significant factors affecting the PS and ZP, while the PDI was only affected by
both casein concentration and CaCl2 volume. A desirability function was implemented
and resulted in an optimized formulation characterized by a minimal PS and PDI and
bearing great negative ZP charges. Moreover, molecular docking experiments explained
the high loading capacity of casein to caffeic acid. The TEM imaging of the optimized
formulae was consistent with the DLS measurements, showing almost spherical particles.
The CA-loaded CS NPs showed sustained in vitro drug release. A superb reduction in
the viability of the breast cancer cell lines was attained by the optimized CA-CS NPs.
Consequently, prominent CA-CS NPs with splendid merits and effective anti-cancer effects
were achieved. Future investigations will focus on studying the in vivo antitumor activity
of caffeic acid-loaded casein nanoparticles in animal tumor models. This may include
performing histopathological examinations and monitoring the different levels of related
biomarkers, reflecting the effectiveness of these NPs in curbing tumor cells.
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