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3 |nstitute of Medicinal Background: Colorectal cancer (CRC) is a type of cancer that affects the colon

and Pharmaceutical Chemistry, or rectum and occurs in individuals over the age of 50, although it can affect people
gf;:“giﬂ;’jeﬁj”‘gf;‘;a;;wel of all ages. Quercetin is a flavonoid, which is a type of plant pigment with antioxidant
Germany & & and anti-inflammatory properties. Some studies have explored the potential of querce-
Full list of author information is tin as an adjuvant therapy to enhance the effectiveness of chemotherapy or radiation
available at the end of the article therapy

Methodology: In the proposed work, the nano-biomaterials of solid lipids such

as stearic acid (SA) and tripalmitin (TpN) as well as the surfactants tween 80 and span
80 were used to prepare novel quercetin (QuR)-loaded-solid lipid nanoparticles (QuR-
SLNs) for medical applications in colorectal cancer (CRC). The resulting bio-nano SLNs'
mean entrapment efficiency (EE) and particle size (PS) were optimized by Box-Behnken
design (BBD) approach based on the response-like surface methodology (RSM). The
variables include lipid ratio (X;), surfactant ratio (X,), QuR-to-lipid ratio (X;), the sonica-
tion time (X,), and the homogenization time (X;). Requirements on the maximum EE
(%) and minimum PS (nm) were optimized for the preparation of QUR-SLN. Differential
scanning calorimetry (DSC), X-ray diffraction (XRD) analysis, and scanning electron
microscopy (SEM) were then used to analyze the optimized SLN and to find the crystal-
line state of QuR with lipid relationship. In addition, on the Caco-2 cells, at ICy, (49 pM/
mL), in vitro cytotoxicity was attained.

Results: The optimized QuR-SLN had practically spherical shapes, with % EE and a PS
of 97.8+1.16% and 132.16 £4.1 nm, respectively. In agueous media, the degree

of lipid crystallinity and the lipid modification was investigated, and the QuR incor-
poration and release patterns showed high correlations with both. The results

showed that over 41.12+1.6% of the bio-nano QUR-SLNs was released gradually

over the course of 48 h, demonstrating effective QuR delayed release. Results on apop-
totic observations indicate that apoptosis accounts for the majority of cell death,

while necrosis, a type of cell death, constitutes a very minor portion. In conclusion,

the prepared bio-nano QuR-SLNs might improve cytotoxicity and can act as an ideal
carrier for the delivery of QuR and this preparation is used in the treatment of CRC.
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Introduction

One of the most prevalent types of gastroenteric cancer in the world is colorectal can-
cer (CRC), a malignant tumor which begins in the rectum or colon. Every year, around
150,000 new patients are identified in the USA, and 35% of them will face death from
CRC (Rawla et al. 2019). Even though the exact etiology of CRC is unidentified, it is
believed to be complex, and mounting data point to a connection between several risk
factors and the condition. For instance, there is evidence that lifestyle variables such as
nutrition, smoking, and alcohol use, as well as genetic factors such as family history,
hereditary disorders, racial and cultural origin, are substantially connected with the
development of colon cancer (Marmol et al. 2017).

Various studies suggest that quercetin (QuR) may have anticancer effects, includ-
ing the ability to inhibit the growth of cancer cells and induce apoptosis (programmed
cell death). It has been proposed that quercetin may interfere with various signal-
ing pathways involved in cancer development and progression (Lotfi et al. 2023). QuR
(3,37 ,4,5,7-pentahydroxyflavone) is the most essential member of the flavonol subclass
of flavonoids. It has been demonstrated to have a wide range of pharmacological and
biological effects on coronary arteries, blood cholesterol levels, platelet aggregation, can-
cer, oxidative stress, anemia, inflammation, and anaphylaxis (David et al. 2016). There is
increased interest in the treatment of cancer due to the positive benefits of chemopro-
phylaxis and the therapeutic effects of quercetin.

Various factors are essential to be taken into account while selecting QuR-SLNs for
anticancer purposes, including the anticancer effects observed in numerous preclini-
cal studies. It is believed to interfere with several cellular processes involved in cancer
development, including cell proliferation, apoptosis, and angiogenesis (Michalkova et al.
2023). Also, it has natural flavonoids with a class of polyphenols that are abundantly pre-
sent in our everyday food and the plant kingdom. In addition, it can reverse multidrug
resistance of cancer cells and boost the anticancer effects of another drug (El-Hela et al.
2023).

Although QuR exhibits promising antitumor activity, its therapeutic utility has been
limited by its rapid metabolism, low water solubility, stability, and systemic elimination.
The poor aqueous solubility of QUR significantly decreases the bioavailability and sta-
bility of the pharmaceutical formulations. Various formulations, such as nanoparticles,
micelles, or complexes, have been developed to improve the solubility and bioavailability
of QuR. Numerous QuR delivery strategies, including liposomes, solid dispersion, phos-
pholipid complexes, polymeric nanoparticles, and nanocrystals, have been researched
to overcome these constraints (Das et al. 2020; Roy et al. 2023). These systems have sev-
eral complications, including drug leakage, poor physical stability, and possible excipient
toxicity. A novel nano drug delivery system has emerged, combining the benefits of poly-
meric nanoparticles and solid lipid nanoparticles (SLNs).

Because of their excellent tolerance and biological degradability, physical-chemical
stability, potential for large-scale manufacture, and addition of lipophilic drug into the
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lipid structure, solid lipid nanoparticles (SLNs) have gained attention in controlling drug
delivery. Well-suited high-melting point lipids make up the core principle of SLNs, while
the outer shell is covered with nontoxic amphiphilic surfactants (Jacob et al. 2022). At
both room and body temperatures, nanoparticles between 50 and 1000 nm in size are
solid, but triglycerides and their mixes, waxes, and fatty acids have an extensive range of
applications in SLNs. Lipids along with surfactants and their mixtures are directly pro-
portional to the particle size (PS), which has a significant impact on the physical and
chemical properties and stability of the drug-enclosed SLNs. For each drug, an ideal
SLN formulation requires consideration of drug loading and release behavior (Muthu
Mohamed et al. 2022).

Over the previous several years, research has been carried out on the utilization of
QuR as a promising novel natural molecule for cancer treatment and chemoprevention
therapy. Although QuR exhibits promising antitumor activity, its therapeutic utility has
been limited by its rapid metabolism, low water solubility, stability, and systemic elimi-
nation. Numerous QuR delivery strategies, including liposomes, solid dispersion, phos-
pholipid complexes, polymeric nanoparticles, and nanocrystals, have been researched
to overcome these constraints. These systems have several problems, including drug
leakage, poor physical stability, and possible excipient toxicity. Therefore, SLNs avoid the
drawbacks of polymeric nanoparticles and liposomes, which include undesirable stabil-
ity issues and potential material toxicity, and simultaneously offer stability and biological
compatibility of the solid lipid matrix.

In this study, a mixture of stearic acid (SA) and tripalmitin (TpN) was used as the lipid
core. Subsequently, a combination of emulsifiers such as Tween 80 and Span 80 was
utilized to prepare QuR-loaded solid lipid nanoparticles (QuR-SLNs) (Gao et al. 2013).
SLNs were formulated using the micro-emulsion technique. To achieve uniform distri-
bution and lower PS, a combination of ultrasonication and high-speed homogenization
is needed. The equipment utilized in these approaches is extremely common in all labo-
ratories, which is one of their biggest advantages. Investigations were conducted on the
impacts of surfactant composition and composition of lipid mixture on the PS, EE, ther-
mal properties, and the drug release behavior of delivery systems.

Materials and methods

Materials

The following substances were bought from the Indian market. Quercetin (QuR) from
SRL Pvt. Ltd., Maharashtra, India. Free samples provided by Hi-media in Maharashtra,
India, are tripalmitin (TpN) and stearic acid (SA). Tween 80 and Span 80 were obtained
from Sigma Aldrich, Bengaluru, India. Cell culture: the NCCS (National Center for Cell
Science) in Pune provided the colorectal adenocarcinoma cell lines (human) of Caco-2.
The cells were sown in DMEM (Sigma-Aldrich, USA), supplemented with FBS (10%),
and streptomycin/penicillin as an antibiotic (20 mL, 1%; Hi-media, Mumbai, India), at
37 °C in a humid environment of 5% CO, in a CO, incubator (Thermo Scientific, USA).
Analytical-grade chemicals and reagents were used in this study.
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Preparation of QuR-loaded SLNs (QuR-SLNs)

The aqueous and oil phases were prepared separately, and QuR-loaded (QuR-SLNs)
and QuR-free SLN (blank SLN; B-SLN) were prepared by micro-emulsion method, fol-
lowed by ultrasonication (Kumar et al. 2018). QuR, TpN, and SA made up the oil phase,
while nonionic surfactants (Tween 80 and Span 80) made up the aqueous phase. The two
phases were simultaneously heated for 10 min at a separate temperature of 70 °C. The oil
phase was added with the aqueous phase before being subjected to sonication at vari-
ous intervals of time and at 70 °C using a heated ultrasonic bath (Tecno-GAZ SPA Ultra
Sonic System) at a rate of 40 to 89 kHz and a power rating of 120 W was employed. The
emulsion was then diluted with 25 mL final volume of cold water (2 to 4 °C) with 5 min
stirring. The suspension was then homogenized (Ultra Turrax T25, IKA, Ohio, USA) at
12,500 rpm, at various time intervals (to be changed).

Box-Behnken design (BBD) for screening

A BBD was facilitated to determine the coefficient of parameters and their influences
including the correlation, which were assessed by ANOVA with confidence inter-
val (95%) after executing a limited number of runs and lowering the mistakes and cost
(Greenland et al. 2016). The current investigational design has been subjected to several
factors, including the ratios of SA to TpN (X;), Span 80 to Tween 80 (X,), QuR to lipid
(X5), sonication time (X,), and homogenization time (X;) (Table 1).

To minimize the influence of variables, 46 random trials were selected and optimized
using this design. Statistical analysis was based on Fisher’s theory, and the efficacy of the
model and the influence of key elements were evaluated using ANOVA. The criteria cal-
culated for each variable (at p-value < 0.05 and F value > 0.05) was used to determine the
substantial impact of each factor to the model and their significant contribution

Percentage entrapment efficiency (% EE)

After passing the aqueous dispersion through a 0.45-m syringe filter, an Agilent Cary 60
UV-Vis spectrophotometer (USA) was used to detect the proportion of integrated QuR
(% EE) at 382 nm. After identifying the quantity of unentrapped QuR in the filtrate, the
quantity of added QuR was considered by deducting the amount of original drug from
the amount of free drug (Yadav et al. 2022). Equation (1) was used to determine the drug
% EE in the SLNs:

Table 1 Various independent variables in BBD for the preparation of QUR-SLN

Factors Levels

Low Center High
(X;) SA/TpN ratio (mg/mq) 250 50.0 75.0
(X;) Tween 80/Span 80 ratio (51/52) 300 500 70.0
(X5) lipid/drug ratio (mg/mg) 25 5.0 75
(X,) sonication time (min) 40 50 6.0
X)

X5) homogenization time (min) 40 5.0 6.0
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Amount of QuR added in QuR-SLN — Amount of free QuR
x

% EE =
’ Amount of QuR added in QuR-SLN

100. (1)

In vitro QuR release studies

The dialysis bag (M.W. cutoff: 12,000 Da) method was employed to study the drug release
pattern of the ideal preparation of QuR-SLNs, and the dissolution medium was a mixture
of 50% ethanol and phosphate bufter (50:50; PBS, pH 6.8) (Satheesh et al. 2022). The dialy-
sis bag was initially packed with 10 mL of prepared QuR-SLN and it was previously being
soaked in PBS (pH 6.8) for 12 h. The dissolution media was then added, maintained at
37 °C, and combined while being stirred magnetically (100 rpm). Then, 2 mL of dissolving
medium was elevated and substituted with the same quantity of new dissolution media at
various times (0.5, 1, 2, 4, 8, 12, 24, and 48 h). According to the established technique, the
level of QuR was measured using spectrophotometry at 382 nm. All tests were run in tripli-
cate, and the outcomes were presented as mean =+ standard deviation.

Release kinetics from QuR-SLN

Various kinetic release models were used to understand the kinetics of drug release from
the preparation, including the Higuchi model (% CDR vs. square root of time), the first
order (% log of QuR balance vs. time), and the zero order (% CDR vs. time). The highest
regression values were used to make the determination of the ideal functioning and high
linear (R?) fitting model.

Desirability function

After constructing polynomial equations that establish the relationship between both
responses to meet the specified variables, they were expressed and judged using the desir-
ability function (DF), which ranges from 0 to 1. In our earlier papers, the phenomena and
utility of respective variables were presented in complete detail (Rahman et al. 2019). The
BBD technique is more widely used for estimation and evaluation of the key factors and
their interactions in an economically efficient pathway, which correlates the numerical pat-
tern of the variables’ responses in a quadratic manner (Table 2).

MTT assay

On Caco-2 cell lines, the MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bro-
mide) assay was carried out (Muthu Mohamed et al. 2022). The cells were grown up at a
density of 5 x 10* cells in 96-well culture plates. The cells were employed as a control using
200 pL/well DMSO solvent. Following a 24-h incubation period, the prepared QuR-SLNs
were treated with 20 pL/well MTT reagent and incubated for an additional 4 h at 37 °C. The
100 uL DMSO solvent was added to each well to dilute the purple formazan product. The
absorption of the aforementioned solution was estimated with a plate reader (iMark, Bio-
Rad, USA) at 570 nm. This statistic was utilized to calculate the inhibition percentage using
the following formula:

OD control — OD test

% cell inhibition = OD control x 100. (2)
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Table 2 BBD parameters attained for several runs and trial ranges of PS (nm) and EE (%)

(2024) 15:16

Std. Run X, X, X3 X, X5 PS EE (%)
Actual Predicted Actual Predicted

1 1 25 30 5 5 5 129.32 129.98 97.07 97.52
2 2 75 30 5 5 5 238.1 237.70 97.01 97.37
3 5 25 70 5 5 5 13138 13081 98.76 98.24
4 7 75 70 5 5 5 177.98 178.49 9744 97.66
5 20 50 50 25 4 5 119.01 119.28 98.31 9841
6 37 50 50 7.5 4 5 178.98 178.49 97.51 97.66
7 23 50 50 25 6 5 227.12 227.00 97.33 97.34
8 11 50 50 7.5 6 5 136.01 136.05 98.14 98.80
9 19 50 30 5 5 4 113.63 113.21 97.09 97.13
10 29 50 70 5 5 4 161.97 162.21 97.89 97.52
11 39 50 30 5 5 6 194.82 196.09 98.67 98.10
12 26 50 70 5 5 6 136.2 13473 97.56 97.00
13 9 25 50 25 5 5 221.76 22093 98.25 98.11
14 13 75 50 25 5 5 179.2 178.49 97.23 97.66
15 8 25 50 7.5 5 5 177.82 17849 97.11 97.66
16 33 75 50 75 5 5 161.56 161.72 979 98.10
17 10 50 50 5 4 4 189.67 190.02 97.02 97.57
18 25 50 50 5 6 4 178.78 178.49 9742 97.66
19 34 50 50 5 4 6 174.02 17373 97.59 9740
20 41 50 50 5 6 6 160.71 160.89 98.43 98.34
21 22 50 30 25 5 5 115.01 114.52 98.98 98.93
22 16 50 70 25 5 5 173.03 17242 97.5 97.15
23 38 50 30 7.5 5 5 171.95 173.25 97.1 96.90
24 43 50 70 75 5 5 176.67 17718 97.87 98.02
25 31 25 50 5 4 5 175.01 17457 97.21 97.03
26 35 75 50 5 4 5 183.12 183.25 98.32 98.60
27 3 25 50 5 6 5 243.01 24246 99.01 99.09
28 44 75 50 5 6 5 200.1 200.02 98.22 98.07
29 42 50 50 25 5 4 163.02 163.04 97.11 97.15
30 36 50 50 75 5 4 179 17849 97.66 97.66
31 24 50 50 25 5 6 11791 11845 9747 97.69
32 28 50 50 7.5 5 6 180.1 179.32 97.32 9743
33 21 25 50 5 5 4 24413 243.77 96.11 96.59
34 45 75 50 5 5 4 181.71 18242 98.3 98.12
35 12 25 50 5 5 6 22591 22617 98.1 97.94
36 27 75 50 5 5 6 179.63 179.81 97.55 97.32
37 40 50 30 5 4 5 184.01 183.73 97.76 97.30
38 46 50 70 5 4 5 195.21 195.26 98.05 97.74
39 17 50 30 5 6 5 193.89 193.94 9743 97.48
40 32 50 70 5 6 5 177.58 177.66 9743 97.32
41 6 50 50 5 5 5 194.42 194.78 97.96 97.97
42 4 50 50 5 5 5 156.55 156.97 97.16 97.22
43 15 50 50 5 5 5 184.67 184.56 9742 97.66
44 18 50 50 5 5 5 237.99 23853 97.66 96.76
45 14 50 50 5 5 5 22223 22225 95.01 9561
46 30 50 50 5 5 5 166.66 166.96 98.87 9832

Page 6 of 17
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It would yield the IC;, concentration, which will be determined from the MTT experi-
ment, to kill 50% of the cells.

Apoptosis study

Acridine orange (AO)/ethidium bromide (EB) stain

Six-well culture plates with 5 x 10* Caco-2 cells were then seeded and permitted to grow
to 80% gathering. Following that, QuR-SLN was added to the cells and cultured for 24 h
at their IC50 concentration (determined by the MTT assay; it has produced the high-
est results in the MTT assay). The cells were trypsinized and suspended in phosphate-
buffered saline (PBS). A droplet of cell suspension was applied to a glass slide and mixed
with AO/EB (25 pL containing 3.8 puM of AO and 2.5 pM of EB in PBS) before being
covered through a cover slip. The colored cells were magnified by 400x using a Carl
Zeiss fluorescent microscope (Jena, Germany) committed with a range of UV-filter at
450-490 nm. The number of cells that had destructive changes was determined.

Hoechst stain

After trypsinization, the cell suspension was stained with Hoechst 33258 dye and
hatched at 37 °C for 15 min (Mohamed et al. 2021a, b). The cells were previously assessed
for the proportion of cells with pathogenic alterations using a fluorescence microscope

at a magnification of 400x.

Statistical analysis

Data were calculated using mean and standard deviation (mean= SD). Student’s ¢ test
and one-way ANOVA analysis results were used to express the difference in statistically
significant values. Statistical significance was defined as a p-value of 0.05 or below.

Results and discussion

Data from an experiment statistically analyzed by Design-Expert software

The outcomes of 46 investigational runs using Box—Behnken designs together with their
two answers are illustrated in Table 2. The obtained results from analysis of variance
(ANOVA) were based on Fischer tests, which calculated the probability values (p-value)
for PS and % EE at95% confidence level. The lack of fit (LOF), which represents the data
fluctuation about the fitted model, serves as a standard for determining whether a model
is adequate for fitting an investigational outcome. The lack of significance in the LOF
value demonstrates the model’s appropriateness for being accurately suitable with the
experimental data. The LOF’s p-values for PS and % EE, respectively, were 0.79 and 0.98,
both of which demonstrate the high level of significance and possible use in determin-
ing the ideal circumstances and response prediction. The coefficients of measurements
(R*=0.9899 and R*=0.9798, respectively), which are values that reflect the amount of
departure from the mean, were used to express the adequacy of the polynomial equation
for % EE and PS. A strong correlation among the experimental and theoretical data can
be used to explain the high adjusted R? values (Fig. 1a, b). Both figures demonstrate the
normal distribution of mean-centered errors, the linear correlation responses to vari-
ables, and the consistency between theoretical and experimental results (Abd-El-Aziz
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Fig. 1 aThe actual vs. predicted data of controlled PS (nm) and b the actual vs. predicted data of controlled
EE (%)

et al. 2022). Regression analysis of BBD was used to assess the data and enable the devel-
opment of mathematical models for PS (nm) and % EE.

PS of SLNs

According to research, the QuR-SLNs’ approximate PS fall between 113.63 and
244.13 nm. Equation (3) represents the equation of regression for the PS in relations of
coded factors:

PS = +178.49 + 53.86X1 — 5.35 X3 + 11.42X3 + 6.18X4 + 10.10X5. (3)

PS has grown by boosting the X, X,, and X,, as shown in Eq. (3). The dispersion gets
more viscous as the lipid ratio rises, meaning that any shear pressure applied would not
be sufficient to reduce size but rather would result in the achievement of a higher size
(Taherzadeh et al. 2021). In addition, if there was not enough surfactant to coat the sur-
face of the particles, the larger lipid content may cause the PS to increase. As a result,
the content, type, and degree of surfactants affect the stability and PS of nanoparti-
cles. In this study, ratios of 10:90 were chosen to study Span and Tween 80. The hydro-
philic-lipophilic balance (HLB) rate with surfactant and co-surfactant structure may
have an impact on the outcomes. With a 90:10 ratio, the bulk lipids (SA and TpN) must
have an HLB value of 14.94. Based on “required value,” the mixture of tween80:span80
(90:10) was required to add to the system (Fang et al. 2022). Since the drug amount
has a negative coefficient, increasing the drug amount will increase the PS. This impact
also showed a significant effect on this research (p <0.05). It might be due to the addi-
tion of QuR into the main principle of nanoparticles with subsequently increased PS.
Sonication time (X,) showed that PS significantly increased with increase in sonication
time (X,); these observations should be predictable. More aggregation, particle contact,
size enlargement, and decreased surface area were all effects of longer sonication times
(Yang et al. 2021). Moreover, sonication only serves to emulsify lipids in the aqueous
phase in this stage. This process was an intermediary one that did not result in the final
particles. Figure 2a—d can be used to assess how independent variables affect PS.
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Fig. 2 a-d 3D response surface plot of the (2°~") BBD of PS (nm)

% EE of SLN
The polynomial quadratic equation of the estimated % EE and presented relation to
coded components is shown in Eq. (4):

EE (%) = 4+97.66 — 0.3063X7 + 0.2175X, + 0.0387X3
— 0.1594X4 + 0.3856X5 — 0.2300X7.X> — 0.7975X1X3
— 0.4325X1 X4 + 1.36X1X° — 0.2575X5 X3 (4)
— 0.2850X2X4 + 0.3425X, X5 + 0.5600X3Xy
— 0.0100X3X5 + 0.0850X4X5.

In a coded equation, enormous positive coefficients often designate that decreasing
the variable value is desired, and vice versa, that increasing the variable value would
enhance the response. The magnitudes of the coefficients show how much each com-
ponent contributed to the response in relation to the other. The EE of a lipophilic
agent like QuR into SLNs is high, as shown in Table 1. The high EE in all formula-
tions, which ranged from 95.01 to 99.01%, can be attributed to the lipid structure’s
important involvement in QuR incorporation. Overall, high EE was the result of high
solubility of the QuR in the melted lipid and provided more and more spare toaccom-
modate excessive drugs. The high crystallinity of TpN and the high crystalline order
of the nanoparticles may have contributed to the increased entrapment effectiveness
of QuR seen in the low ratios of TpN compared to SA (Naseri et al. 2015).

The % EE reduced as the sonication duration was extended because more particles
in the aqueous and lipid phases interacted with one another and the drug exited the
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lipid core. Surfactant ratios have a considerable impact on the substance’s solubility
in the superficial phase because the lipophilic nature of QuR molecule was trapped
in the lipid matrix core, but in this study, the effects were not found to be particularly
significant. Variables’ impact on a reaction can be assessed by looking at the response
graphs shown in Fig. 3a—d.

Optimization

After computing the polynomial equations, the desirability function (DF) was utilized to
interpret the dependent and independent variables in STATISTICA software to control
the variables’ optimal levels as they relate to the PS and EE% of SLNs. The DF contains
0, 0.5, and 1 of 3 inflection points and depends on a precise prediction of the DF, and
eight measurable replies, eight qualitative responses, and a combination of both were
achieved after a single measurement. First, the response was transformed into a spe-
cific desirability function that ranges from O to 1. As previously discussed, a value of 1
or 0 corresponds to a preferred or undesired circumstance, respectively. The profile for
predicted values and DF in the STATISTICA 7.0 software was used for the optimization
process. According to the BBD design matrix, the highest and lowest yields depend on
the DF of corresponding dependent variable on the PS and EE% as displayed in Table 2.

Fig. 3. 3D response surface plot for the (2°~") BBD of EE (%) (a—d)
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By increasing entrapment efficacy and lowering PS, the values for the optimal factors
were found. These calculations and the desirability function were used to optimize the
EE% and PS of the SLNs to 97.8+1.16% and 132.16 4.1 nm respectively, at the ideal
values of the following variables: SA/TpN ratio (90/10), Tween 80/Span 80 ratio (10/90),
lipid/drug ratio (3 ppm), sonication time (4 min), and homogenization time (5 min).
According to the ideal levels of formulation factors, the anticipated model for the new
batch of SLN was formulated. The experiential optimized preparation has an EE (%) of
97.68+£0.28 and a PS of 129.1£3.6 nm in size; this outcome was reasonably consist-
ent through the expected results. The accuracy of the BBD used to forecast a desira-
ble SLN formulation can be seen by comparing these observed outcomes to theoretical

predictions.

Shape and morphology

Figure 4a depicts the morphology of freshly prepared B-SLN. Owing to the nature (adhe-
siveness) of the polymer, it exhibited irregularly presented rough particle form with a
thick lipid matrix that was somewhat aggregated. SEM was used to examine the QuR-
SLNs’ shape and surface morphology (which was chosen as the best formulation). The
QuR-SLN’s smooth surface morphology is shown in Fig. 4a, b. The micrographs showed
a smooth surface and a semi-spherical form.

DSC

The DSC thermogram of the principal constituents QuR, SA, and TpN and the sam-
ples of QuUR-SLN are shown in Fig. 5a. QuR showed a strong peak in its crystallinity at
324.09 °C, which is also its melting point. Whereas crystalline endothermic peak of QuR
vanished on DSC thermograms of blank SLN and QuR-SLNs, they do have an endother-
mic peak around the melting point of SA. The outcomes demonstrated that the lipid
matrix of the SLN completely dissolved the QuR. Blank-SLNs displayed a wide-ranging
endothermic peak at 67.8 °C in contrast to QuR-SLNs, which displayed a wide-ranging
61.3 °C of endothermic peak. This modest change in peak was most likely brought on by
QuR assimilation within the lipid matrix (Vijayakumar et al. 2017).

XRD
Figure 5b displays the XRD pattern of bulk lipids (SA and TpN), free QuR, SLN, and
QuR-SLNs. The XRD findings corroborated the conclusions reached by the DSC

Fig.4 SEM image of a B-SLN and b QuR-SLN
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investigation. The two prominent strong peaks at 20 of 7° and 18.9° in the QuR diffrac-
tion pattern could not be seen in the diffractogram of QuR-SLNs, indicating that the
QuR was dissolved inside the lipid lattice of the QuR-SLNs in a stable amorphous form.
In addition, the XRD spectra among 26 angles at 11° and 18° in SLNs were less intense
than those in bulk lipid, confirming lower lipid matrix crystallinity relative to bulk solid
lipid and a less organized lipid matrix in SLNs. Furthermore, examining the diffraction
patterns did not show much difference in the pattern between drug-free SLNs and SLNs
that contained QuR, suggesting that the presence of QuR did not alter the character of
SLNs. This outcome can be explained by the fact that QuR was trapped in the lipid core
of SLNs (Hazra et al. 2015). In addition, compared to the SLNs, the initial abrupt peak in
the QuR-SLNs similarly exhibited a little lower intensity.

In vitro QuR release

This study tested the in vitro release of QuR from SLNs over a 60-h period at 37 °C
using a dialysis bag (Fig. 6a). The PBS showed a pH of 6.8 when 50% v/v of ethanol was
added due to the limited water solubility of QuR. Our findings indicated that over the
test period, up to 41.12+1.6% of the drug payload was released, contributing to the
free drug (86.67 +4.23%). After 12 h, the release of SLNs was delayed and decreased,
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which can be attributed to the slower diffusion of QuR through diffusion and dissolution
mechanisms due to the SLN’s inner solid matrix core. Although the release rate of SLNs
could be influenced by factors such as high diffusion coefficient, and large surface area,
however, the small molecular size or low viscosity predominated the influence on the
matrix system (Jamal Moideen et al. 2020). In this research, the release profiles of SLN
and free QuR were evaluated.

In addition, the following Higuchi kinetic equation was used to assess the release data:
Qt=kt"> where k is the constant of release rate and Qt is the amount of QuR released at
time ¢. It was discovered that the protracted release characteristic of QuR, as it has been
reported for QuR-SLMN, was well matched to Higuchi square root model with regard
to the release model of all preparations (Fig. 6b). The release profile of QuR as of homo-
geneous and granular matrix systems was fitted linearly, proving that it is diffusion con-
trolled (Manju and Sreenivasan 2012). Kinetics are shown by the R? value of the in vitro
release values, and the K values, or release rate constant, are calculated using the Higu-

chi model plot.

Determination of ICs,

The QuR-SLN had greater cytotoxic action than free QuR and QuR-SLN, according
to the MTT test data. According to Manju and coworkers, this may be because differ-
ences in the cellular absorption profile enable the QuR-SLN to function more effectively.
According to the assay findings, QuR-SLN has increased cytotoxicity and can deliver the
drug to Caco-2 cells with efficiency. It does this by actively targeting the cells through
the endocytic process (Paranthaman et al. 2022). When cytotoxicity is present in higher
concentrations, cell viability declines; nevertheless, QuR-SLN performed substantially
better than free QuR. The IC;, values for QuR-SLN were measured around 49 pM/mL,
in the cytotoxic findings of the MTT-reduction experiment on Caco-2 cell line (Fig. 7),
whereas the value for free QuR was found to be 128 uM/mL for 24 h.
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40
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Fig. 7 The effect of control, blank, free QuR, and QuR-SLN in vitro cytotoxicity on Caco-2 cell line (mean £ SD,
I’)=3)
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Cell death observation

AO/EB staining

To demonstrate the apoptotic morphologies brought on by QuR-SLN, AO/EB dual
staining were used. Three different types of cytological changes were identified based on
the morphological characteristics of nuclei (Fig. 8a). Necrotic cells had limited chroma-
tin condensation or fragmentation, were orange-to-red shining nuclei, and were swollen.
Late apoptotic cells had compressed or fragmented chromatin as well as orange-to-red
fluorescing nuclei. As shown in Fig. 8a, they largely contained the second late apoptotic
cell deaths. The morphological alterations shown by this staining technique show that
the cells were destroyed by both necrosis and apoptosis after being exposed to QuR-SLN
for 24 h (Chen et al. 2020). However, as shown in Fig. 8b, a significant portion of cells
died by the apoptotic process as opposed to necrosis (Fig. 9a).
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Hoechst staining

Apoptosis is characterized by DNA damage, chromatin marginalization and condensa-
tion, membrane cell thinning and blebbing, and cell death into apoptotic figures that are
phagocytosed by macrophages (Chen et al. 2020).

Hoechst staining has been suggested as a key method for determining apoptosis. After
the cells had been exposed to QuR-SLN at the IC;, concentration for 24 h, the cells were
examined for significant cytological changes. The treated cells displayed late apoptosis-
related dot-like chromatin (Fig. 8c) as well as the microscopic cytological changes linked
to apoptosis that were previously discussed. However, a few cells exhibited symptoms of
necrotic death. The amounts of healthy and sick cells computed in the control and QuR-
SLN-treated groups are shown in Fig. 9b.

Conclusion

The QuR-SLNs have been prepared in the current work, and optimization of an SLN
preparation was a complex procedure that necessitates taking into account a significant
number of variables and how they interact with one another. This study unequivocally
proves that the Box—Behnken design may be used to successfully produce the opti-
mal formulations. The values of chosen independent variables can be predicted using
the generated polynomial equations and response surface plots to prepare the best for-
mulations with the desired features. These SLNs have a spherical shape and a uniform
size distribution via SEM analysis. QuR was discovered to be in an amorphous state in
SLNs using solid-state research. In aqueous media, the produced SLN release profile was
examined. It revealed sustained release over the course of 48 h, with up to 41.12+1.6%
release. The in vitro cytotoxicity assay was utilized at a concentration of 49 uM/mL to
evaluate the inhibition of cell growth at different concentrations and the ICy;. The mor-
phology of cell death via apoptosis was found in the Caco-2 cells. After testing, it was
discovered to have less necrosis and to be very effective at eliminating cancer cells.
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