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Abstract: Background/Objectives: Natural substances have been a widely studied source of
both pharmaceutical excipients and drugs. Berberine (BRB) is a benzylisoquinoline alkaloid
isolated from different plant sources. It possesses various pharmacological properties including
antibacterial, antitumor, antidiabetic, neuroprotective, hepatoprotective, anti-inflammatory, an-
tioxidant, etc. However, the limited aqueous solubility hinders its application. Nanosized drug
delivery systems are an innovative approach for addressing various challenges regarding drug
delivery via different routes of administration. Their utilization could improve the solubility of
active constituents. Methods: A melt-emulsification and ultrasonication technique was applied
for the preparation of nanostructured lipid carriers (NLCs). They were thoroughly physico-
chemically characterized by the means of Dynamic Light Scattering, TEM, FTIR, DSC, TGA, and
in vitro release. The in vitro efficacy and safety were evaluated on cholangiocarcinoma, colorec-
tal adenocarcinoma, hepatocellular carcinoma, lymphoma, fibroblast, and cardioblast cells, as
well as rat liver microsomes by means of cytotoxicity assays and the comet assay. Results: The
obtained nanoparticles had a spherical shape and size around 158.2 + 1.8 nm with negative
zeta potential. They revealed successful drug loading and improved dissolution of berberine in
physiological conditions. The in vitro safety studies showed that loading BRB in NLCs resulted
in improved or retained cytotoxicity to tumor cell lines and reduced cytotoxicity to normal cell
lines and liver microsomes. The NLC itself increased microsomal malondialdehyde (MDA) and
comet formation. Conclusions: A successful preparation of NLCs with berberine is presented.
The nanocarriers show favorable physicochemical and biopharmaceutical properties. The cellu-
lar experiments show that the NLC loading of berberine could improve its anticancer efficacy
and safety. These findings highlight the potential applicability of berberine in gastrointestinal
neoplasms and build the foundation for future practical translation.

Keywords: berberine; nanostructured lipid carriers; cholangiocarcinoma; cytotoxicity;
genotoxicity
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1. Introduction

Every year, almost 4.1 million people are diagnosed with gastrointestinal cancers. The
late detection of this type of cancer causes approximately 3 million fatalities annually [1].
As the most common gastrointestinal cancers, colorectal carcinoma and gastric cancer are a
significant public health concern due to their high mortality rates. First-line drug therapies
often demonstrate limited efficacy. This enforces the inclusion of additional agents, such as
biologically active substances of natural origin, alongside primary therapies to enhance
treatment effectiveness [2]. Berberine, a benzylisoquinoline natural alkaloid traditionally
used in Chinese folk medicine, has garnered significant interest in recent years for its
potential in treating malignant tumors [3]. It exhibits a wide range of pharmacological
effects, including anti-inflammatory, antioxidant, antihyperglycemic, antihyperlipidemic,
neuroprotective, and antiproliferative activities [4]. Some of the mechanisms through which
berberine exerts its antineoplastic activity include the induction of programmed cell death
(both caspase-dependent and caspase-independent), regulation of miRNA, modulation of
various signaling pathways involved in cell proliferation, metastasis, and angiogenesis, as
well as its anti-inflammatory and antioxidant properties [5]. However, the main limitation
for its practical application is the low bioavailability (under 1%), which is a result of its low
solubility and permeability [6]. This ranks it as a class IV drug according to the Biopharma-
ceutical Classification System (BCS) [7]. It is also a substrate for the P-glycoprotein efflux
system [3]. The very low bioavailability and rapid elimination of berberine is associated
with the need for high doses in order to exert any therapeutic effect. However, this is
associated with undesired immunotoxicity, neurotoxicity, cardiotoxicity, and others [8,9]. Si-
multaneously some formulation hurdles also arise due to pH- and temperature-dependent
solubility and stability [10]. Numerous studies were recently conducted to resolve some of
the issues mentioned [11-13]. Nanosized drug delivery systems are an innovative approach
for elucidating a number of predicaments regarding the drug delivery by different routes
of administration. Their utilization could improve the solubility of active pharmaceutical
ingredients [14], could increase their bioavailability [15] and stability [16] and can pro-
vide targeted or/and stimulus-triggered drug delivery [17]. Solid tumors can be targeted
through mechanisms as enhanced permeability and retention or active transport and re-
tention [18,19]. Improvement of the oral bioavailability of berberine was investigated with
various formulations, including nanoscale dosage forms, nanocrystalline forms, liposomes,
micelles, and microemulsions [20]. Not only do they allow tumor targeting, but can also
improve safety by affecting the specific pharmacokinetic profiles of the loaded drugs, as
evidenced by the marketed liposomal doxorubicin preparations [21]. Lipid-based nanopar-
ticulate carriers provide favorable biocompatibility and biodegradability [17] while solid
lipid nanoparticles (SLNs) and nanostructured lipid carriers (NLC) also offer scalability [22].
NLCs are second generation lipid nanoparticles composed of a blend of liquid and solid
lipids at room and body temperatures, along with a surfactant. NLCs were specifically
chosen in our study over other nanocarriers due to their excellent biodegradability and
biocompatibility as they are GRAS (generally regarded as safe) materials together with
high drug loading capability [17,23,24]. Their industrial production is considered more
feasible than others [17,25] while it is possible to avoid the use of organic solvents [26]. The
constituents needed for their preparation are more affordable than ionizable lipids or some
phospholipids used in the preparation of liposomes or lipid nanoparticles (LNPs) [27,28].
Furthermore, NLCs are preferable carriers for drugs belonging to class Il and class IV of
the BCS as they can affect both their solubility and permeability [29]. There are several
proposed mechanisms by which lipid nanocarriers enhance oral permeability. On the one
hand, it is related to the improved drug stability in gastrointestinal fluids; on the other, the
presence of lipids stimulates bile acids and cholesterol secretion, which is responsible for
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improved solubilization and uptake. It is supposed that lymphatic transport also plays
significant role [30]. In comparison to polymeric nanoparticles, NLCs are considered safer
as the lipids they are composed of can be metabolized by typical biological systems [17,30].
Even though lipids have GRAS status, this does not explicitly mean that the nanocarriers
would be safe as well. The regulatory bodies (FDA and EMA) recommend extensive in vitro
studies to prove the applicability, efficacy and safety of the nanoparticulate drug delivery
systems via different routes of administration [31]. The presence of surfactants is one of the
possible safety concern that needs to be addressed [30]. Furthermore, there are some data
about the NLC capability of generation of reactive oxygen species (ROS), which are further
associated with inflammatory responses [32]. However, there is still limited evidence on
their general safety. Hence, it is paramount to carry out research on their inherent potential
side effects or as a drug carrier. On the other hand, the existing literature suggests that the
pro-oxidant effects of berberine play a significant role in inducing endoplasmic reticulum
stress, oxidative stress, and lipid peroxidation, which may contribute to cellular dysfunction
and toxicity. A deeper understanding of these interactions could provide valuable insights
into berberine’s potential therapeutic applications and safety profile, particularly when
formulated in NLC [33].

The aim of the current work was to investigate the preparation and physicochemical,
in vitro pharmacological and toxicological characterization of NLC with berberine as a
strategy to implement possible application of the natural compound berberine in the
amelioration of gastro-intestinal diseases, especially cancers.

2. Materials and Methods
2.1. Materials

Berberine hydrochloride (BRB) was purchased from Fluorochem (Hadfield, UK);
Caprylic/capric triglyceride (Mygliol® 812N) were kind gift of IOI Oleo GmbH, Ham-
burg, Germany. Glyceryl palmitostearate (Precirol® 5 ATO) and glyceryl behenate
(Compritol® ATO 888) were gifted from Gattefosse (Saint-Priest, France). Oleic acid, castor
oil, Tween 20, Tween 80 and Tween 85 were purchased from Sigma Aldrich (Merck KGaA,
Darmstadt, Germany). All other excipients used were of analytical grade and were used as
received. Purified water was prepared in the laboratory by distillation.

2.2. Methods
2.2.1. Nanoparticle Preparation

Prior to NLC preparation, the optimal composition was determined based on the
solubility of BRB in several lipids and surfactants. In order to establish the solubility in
the liquid lipids (Mygliol® 812N, oleic acid and castor oil) and the surfactants (Tween
20, Tween 80 and Tween 85), an excess of the drug (~0.5 g) was added to 0.5 mL of the
lipid and incubated over 24 h in thermostatic shaking water bath at 37 £ 0.5 °C [34].
The samples were centrifuged at 15,000 rpm for 15 min (15,100 g) at room temperature
(D2012, DragonLab, Beijing, China). A predetermined amount of the supernatant (50 pL)
was diluted with methanol (1 mL) and the amount of BRB was spectrophotometrically
determined at 430 nm wavelength with the help of spectrophotometer (Thermo Scientific
Evolution 300, Madison, WI, USA) based on pre-determined calibration curve.

In the case of solid lipids (Precirol® 5 ATO, Compritol® ATO 888), the lipid (1 g) was
melted at 5-10 °C above their melting point. An increment amount of BRB (1-2 mg) was
stepwise added to the molten solid lipid and magnetically stirred each time for 1 h until no
more undissolved particles could be visually detected [35].

Then, the optimal excipients were used for the nanoparticles’” batch preparation fol-
lowing the melt-emulsification and ultrasonication technique as schematically presented on
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Figure 1. The method was based on the procedure proposed by Sakellari et al. [35] and by
Raju et al. [34] with some alterations. Briefly, the lipid phase composed of 500 mg Precirol®
5 ATO and 500 mg Mygliol® 812 N was melted at 75 °C on a magnetic stirrer (700 rpm). The
aqueous phase (50 mL) containing 500 mg Tween 20 was heated to the same temperature
and added dropwise to the lipid one. Afterwards, the hot pre-emulsion was stirred for
10 min at 1000 rpm and then sonicated at 45% amplitude with the probe sonicator Bandelin
SonuPuls (Bandelin Sonoplus HD3100, Bandelin Electronics, Berlin, Germany) for 4 min
(4303 kJ energy). The nanoparticles were obtained by solidification in ice bath. The empty
nanoparticles were coded as NLC. The berberine (50 mg) was loaded by dissolving in the
molten lipids and the thus obtained nanoparticles were labeled as NLC-B. Three batches of
each formulation were prepared for comparison purposes.
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Figure 1. Schematic illustration of the nanoparticle preparation.

2.2.2. Nanoparticles Characterization

The hydrodynamic diameter, polydispersity index, and zeta potential of the NLC and
NLC-B were evaluated with Dynamic Light Scattering analysis (DLS) using Zeta-master
(Malvern Instruments, Malvern, UK) with DTS0070 cuvette. All samples were measured as
aqueous dispersions immediately after preparation after dilution 1:100 at a scattering angle
of a 90° in triplicate similar to previous NLC studies [36].

Transform Infrared Spectroscopy (Thermo Scientific Nicolet, Waltham, MA, USA) was
used to collect the spectra of the initial components and the prepared NLCs in the range of
4000-400 cm ! and with a resolution of 2 cm 1.

The size and shape of the NLCs was evaluated by transmission electron microscopy
(JEOL JEM 2100 h STEM JEOL, Tokyo, Japan) at 200 kV and point resolution = 0.23 nm. A
droplet of the aqueous dispersion was deposited on a copper grid and let to air dry prior to
observation [37,38].

The solid state analysis was performed in the solid state of the freeze-dried samples.
The freeze-drying was performed with the help of a semi-industrial freeze-drier (Martin
Christ, Gefriertrocknunganlagen GmbH, Osterode, Germany). The process was carried in
two pahses (first drying at —110 °C and 0.125 mbar for 72 h, followed by a second drying
at —110 °C and 0.05 mbar for 6 h). Thermogravimetric analyses (TGAs) were performed on
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a Perkin Elmer TGA 4000 (Waltham, MA, USA). Measurements were run at a heating rate
of 10 °C-.min~! under a nitrogen flow rate of 20 mL-min~}, to avoid any thermo-oxidative
degradation. Instrument control, data acquisition, and data processing were performed
by Pyris software (v.11.0.0.0449). The +1 °C accuracy on the degradation temperatures
determined from the derivatives of the weight losses versus temperature curves was
established (Supplementary Materials). The melting and crystallization of Precirol® 5
ATO (Prec), berberine (BRB), the physical mixture of Precirol® 5 ATO, Tween 20, and
Mygliol® 812 N without berberin (PM), the physical mixture of Precirol® 5 ATO, Tween 20,
and Mygliol® 812 N with berberine (PMB), empty (NLC), and berberine (NLC-B)-loaded
nanoparticles were studied by differential scanning calorimetry (DSC Perkin Elmer 8500
with a refrigerated cooling accessory Intercooler) in the —70 to 200 °C temperature range,
at a heating rate of 10 °C.min~! under nitrogen flow (50 mL-min~!). The freeze-dried
solid-state samples (6.0 £ 0.1 mg) were placed in aluminum DSC pans. The pans were
hermetically sealed and the DSC study was initiated by program heating from —70 to
200 °C at a rate of 20 °C-min~! and then quenching to room temperature. The control of the
device, data collection, and processing were performed with the specialized Pyris software
v.10.1.0.0412. The melting temperature (Tr,) was defined as the temperature maximum of
the melting endotherm of the first heating run.

The amount of loaded berberine was determined with a two-step procedure. A certain
amount of the nanodispersion was filtered by 0.45 uM (filter). Afterwards, the filter was
washed with methanol and the amount of the free undissolved berberine retained by the
filter was spectrophotometrically determined. In order to determine the dissolved free
berberine, the filtrate was then centrifuged using a separatory centrifuge tube (Vivaspin 500,
VWR International, Darmstadt, Germany) at 6000 rpm for 15 min. The aqueous phase was
analyzed spectrophotometrically, and the amount of free berberine (BRBg,.) was calculated
using the standard curve. The loading efficiency (EE%) was calculated using the following
Equation (1) based on the total charged amount of BRB (BRByot,1):

BBRtotal — BBRfree x100

EE% = 1
BBR,g .
Further, the loading capacity was calculated based on Equation (2):
BBRota1 — BBR
LC% = total 22 2free 100 )
Nanopartzclesweight

The nanoparticles” weight was determined by collecting the nanoparticles separated
by the centrifuge tube, air-drying them at room temperature and accurately weighing the
amount (Mettler AJ150, Mettler Toledo AG, Urdorf, Switzerland).

The in vitro release profile was determined by a dialysis bag method, which is con-
sidered a ‘method of choice’ for nanoparticulates [39]. It followed a previously described
procedure [40,41] using a shaking water bath at 37 & 0.5 °C and 100 rpm horizontal agita-
tion. The test sample (NLC-B dispersion or aqueous free BRB dispersion), corresponding
to approximately 2 mg berberine, was placed in a Spectra/Por® dialysis membrane from
regenerated cellulose (VWR International GmbH, Darmstadt, Germany) with a sufficient
cut-off limit (10,000 Da) to allow for unrestricted drug diffusion [42]. Phosphate-buffered
saline (PBS) with pH 7.4 was used as the release medium. Aliquots of 1.5 mL were taken at
predetermined intervals and the volume of the medium was kept constant by adding 1.5 mL
of fresh PBS. The amount of berberine released was measured spectrophotometrically at
430 nm. All tests were conducted in triplicate. The release profiles were fitted for various
kinetics equations, namely zero-, first-order, Higuchi, and Korsmeyer-Peppas models, with
the help of the free plug-in for Excel DDsolver.
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2.2.3. Cell Lines

The CaCo-2 cells (human colorectal adenocarcinoma cell line), HuCC-T1 cells (human
cholangiocellular carcinoma cell line), L929 cells (fibroblast-like cell line), and H9c2 cells (rat
cardiomyoblast cell line) were obtained from the European Collection of Authenticated Cell
Cultures (ECACC, Salisbury, UK). L5178y cells (mouse lymphoma cell line) were provided
by Dr. M. M. Gottesman (National Cancer Institute, Bethesda, MD, USA). The cells were
cultured under strict aseptic conditions in McCoy’s 5A Medium or Dulbecco’s Modified
Eagle Medium (DMEM) with either high or low glucose concentrations, supplemented
with 10% Fetal Bovine Serum (FBS) and 2 mM I-glutamine solution. They were maintained
at a constant temperature of 37 °C in a humidified atmosphere with 5% CO,. The culture
medium was refreshed every two days to ensure optimal growth conditions.

2.2.4. Cell Viability Assays

Dispersions of berberine (BRB), berberine-loaded nanostructured lipid carriers
(NLC-B), and empty nanostructured lipid carriers were prepared. The 96-well plates
containing the cell lines were treated with a series of dilutions of the aforementioned test
dispersions. The concentrations of BRB tested were in the range of 0.1-200 uM, while the
concentrations of NLC tested were in the range of 1-2000 pug/mL. Each concentration of the
test dispersions was added to six wells on each plate, with control wells containing only
culture medium. The plates were then incubated at 37 °C in a humidified atmosphere of
5% CO; for 72 h for CaCo-2 cells and HuCC-T1 and 24 h for L5178y, 1929, and H9c2 cells.

The cytotoxicity and safety profiling of the three types of test dispersions were assessed
using the MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) colorimetric
assay [43] or the resazurin assay [44].

For adherent cultures, we applied the MTT assay. Briefly, MTT was dissolved in
phosphate-buffered saline at a concentration of 10 mg/mL. Following treatment with
the test solutions and aspiration of the culture medium, 100 uL of the MTT solution was
added to each well of the treated cells. The plates were then incubated for 3 h at 37 °C.
After incubation, the medium was aspirated, and 100 uL of dimethyl sulfoxide (DMSO)
was added to each well to dissolve the purple formazan product. The absorbance of the
resulting solutions was measured at a wavelength of 570 nm using a Synergy 2 microplate
reader (BioTek Instruments, Inc., Highland Park, Winooski, VT, USA). This method enabled
the quantification of the cytotoxic effects of empty NLC, BRB, NLC-B on the five selected
cell lines.

For suspension cultures, we applied the resazurin assay. Briefly, resazurin was added to
wells at a final concentration of 0.001 mg/mL and after 2 h of incubation at 37 °C, fluorescence
was measured at excitation wavelength of 540 nm and emission wavelength of 620 nm in a
Synergy 2 plate reader (BioTek Instruments, Inc., Highland Park, Winooski, VT, USA).

2.2.5. Comet Assay and Image Analysis

The alkaline comet assay was applied in order to identify and quantify genotoxic
damage [45]. L5178y cells were seeded in 96-well plates at 8 x 10* cells per well and treated
with NLC (175, 350 or 700 pg/mL), culture medium for negative controls or 175 pM H,O,
for 30 min at 37 °C for positive controls. Microscope slides were coated with a solution
of 1% normal melting point agarose. After 24 h, cells re-suspended in PBS and mixed
with 0.7% low-melting-point agarose in a 1:1 ratio were applied to the slides, covered with
coverslips, and allowed to solidify at 4 °C.

Slides were lysed in a buffer containing 2.5 M NaCl, 100 mM EDTA, and 10 mM Tris
(pH 10) for 90 min at 4 °C. DNA unwinding was performed by immersing the slides in
cold electrophoresis buffer (300 mM NaOH, 1 mM NayEDTA, pH 13) for 30 min at 4 °C.
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Electrophoresis was conducted in the dark at 10 V and 300 mA for 20 min. Slides were
neutralized in 0.4 M Tris buffer (pH 7.5), rinsed with distilled water, and stained with SYBR
Green. Slides were allowed to dry at room temperature prior to analysis.

DNA migration patterns were visualized by fluorescent microscopy in the dark to
minimize additional DNA damage from UV light. Quantitative data on the characteristics
of the comets were obtained using Image] 1.54d (Wayne Rasband and contributors National
Institute of Health, Bathesda, MD, USA) [46] software and the OpenComet plug-in [47].
The Olive moment of the comets was used as genotoxicity parameter as it accounts for both
the amount of damaged DNA and its distribution.

2.2.6. Experimental Animals

The study was conducted using five male white Wistar rats. The animals were supplied
by the National Breeding Center of the Bulgarian Academy of Sciences, located in Slivnitsa,
Bulgaria. All experiments were performed in compliance with Regulation No. 15 on
the protection and humane treatment of experimental animals (SG No. 17, 2006) and in
accordance with European standards for working with experimental animals. The study
protocol was approved by the Bulgarian Food Safety Agency under permit No. 323, valid
until 22 December 2026.

2.2.7. Isolation of Liver Microsomes and FeSO, /Ascorbic Acid-Induced Lipid Peroxidation
in Isolated Liver Microsomes

Immediately before the experiment, rats are anaesthetized with Pentobatbital Na
(0.2 mL/100 g i.p.). Livers were perfused with 1.15% KCI and homogenized in four
volumes of ice-cold 0.1 M potassium phosphate buffer (pH 7.4). The homogenate was
centrifuged at 9000 g for 30 min at 4 °C to obtain the post-mitochondrial fraction (59),
which was further centrifuged at 105,000 x g for 60 min at 4 °C. The resulting microsomal
pellets were re-suspended in 0.1 M potassium phosphate buffer (pH 7.4) containing 20%
glycerol. Liver microsome aliquots were stored at —70 °C until analysis [48]. Microsomal
protein content was measured using the method of Lowry et al. [49], with bovine serum
albumin as the standard.

Isolated microsomes were pre-incubated with NLC, BRB, and NLC-B for 60 min at
37 °C. Lipid peroxidation (LPO) was initiated by adding 20 uM iron sulfate and 0.5 mM
ascorbic acid to the microsomes at 37 °C. After 20 min, the reaction was terminated by
adding a mixture of 25% TCA and 0.67% TBA. The malondialdehyde (MDA) levels were
subsequently quantified to assess LPO [50].

2.2.8. Statistical Analysis

Statistical analyses were conducted using GraphPad Prism version 8 (GraphPad
Software, Boston, MA, USA). Data were evaluated from three independent experiments.
Group means were compared using one-way analysis of variance (ANOVA), with Dunnett’s
post-test applied for parametric data and the Kruskal-Wallis test with Dunn’s post-test for
nonparametric data. A significance threshold of p < 0.05 was used to determine statistical
significance in all comparisons. Outliers were identified and removed using iterative
Grubbs’ test, ensuring the accuracy and reliability of the analysis. Statistical analysis
was performed to compare the different groups, NLC-B and BRB. Statistical significance
determined using the Holm-Sidak method, with alpha = 0.05. Each row was analyzed
individually, without assuming a consistent SD. Number of ¢ tests: 9.
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3. Results
3.1. Nanoparticle Preparation and Their Physicochemical and Biopharmaceutical Characterization

The investigation of BRB solubility in the tested excipients showed maximal values
for Precirol® 5 ATO, Tween 20 and Mygliol® 812 N, as shown in Table 1. Therefore, they
were applied for the preparation of the empty and drug-loaded NLCs.

Table 1. Solubility of BRB in different lipids and surfactants.

Type of Excipient Substance Solubility
Solid lipid Precirol® 5 ATO 29.63 mg/g
Compritol® ATO 888 2341 mg/g

Liquid lipid Oleic acid 0.0403 mg/mL

Mygliol® 812 N 0.4300 mg/mL

Castor oil 0.3871 mg/mL

Surfactants Tween 20 0.5342 mg/mL

Tween 80 0.3160 mg/mL

Tween 85 0.4231 mg/mL

The melt-emulsification and ultrasonication technique successfully yielded empty (NLC)
and berberine-loaded (NLC-B) nanoparticles. Their average hydrodynamic size, polydispersity
index, and negative zeta potential are shown in Table 2, and the z-average size reported by
intensity, volume, and number are presented in Supplementary Materials Figure S2. The
nanoparticles” morphology characterized by TEM is visualized on Figure 2A,B.

Table 2. Data of the performed dynamic light scattering analysis for the prepared nanocarriers. The
values represent mean values of independent batch (1-3) sample measurements + SD.

Z-Average Diameter, Z-Potential,

Nanoparticles m PDI mV
NLC1 168.1 £2.3 0.184 £ 0.02 —-328+11
NLC2 1672+ 1.8 0.200 £ 0.01 -31.7+23
NLC3 169.1 £ 2.1 0.218 £ 0.01 —333+18

NLC-B1 158.2 £ 1.8 0.305 £ 0.01 —30.7 £ 0.8
NLC-B2 157.7 £ 24 0.208 £ 0.02 —292+05
NLC-B3 159.2 £ 1.7 0.223 £ 0.03 —29.8+1.0

Figure 2. Transmission electron microscopy images of empty NLC (A) and BRB-loaded (NLC-B)
nanoparticles (B) at 50 k magnification.
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Berberine was successfully encapsulated (EE% = 97.7 £ 2.3% and LC% = 3.46 + 1.7%)
as evident from the presented IR spectra (Figure 3). In the spectrum of BRB, peaks are
evident at 3057 cm ™! for the quaternary ammonium group, at 2910 cm~! for C-H stretching,
at 2855 cm ™! for -OCHj3 (methoxyl group), at 1627 cm~! for the C-N band, and at 1601cm ™!
for the stretching vibration band of C=N" (quaternary iminium ion) [51]. The peak at
1507 cm~! was related to the vibration of the aromatic C-C bond. The ring deformation
and CH in-plane bending are present in the peak at 1110 cm~!. The band at 1039 cm~!
characterizes C-H vibrations in the ring, as well as the peaks at 3292 cm ! and 3546 cm ™.
Similar data are reported by Bashmakova et al. [52].
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Figure 3. FTIR spectra of the initial components, empty NLC, and berberine-loaded NLC-B
(Myg—Mygliol® 812N; Prec—Precirol® 5 ATO).

In the spectrum of Precirol® 5 ATO, the characteristic peaks of C-C stretching are
presented at 1470 cm . The peak at 1730 cm ! corresponds to the C=0 stretching, and the
bands at 2914 cm ! and 2850 cm ™! correspond to the C-H stretching. Similar results were
obtained by other authors [53,54].

The Mygliol® 812 N spectrum shows characteristic peaks of C=O stretching at
1738 cm ™!, of C-H stretching at 2846 cm ™! and 2926 cm~!, and C-C stretching is pre-
sented at 1462 cm ™.

In the spectrum of NCL, both lipids are presented, and no chemical (i.e., only
hydrophilic-hydrophobic) interactions between them are observed. The FTIR spectra
of the individual components, empty NLC, and berberine-loaded NLC (NLC-B) are in-
cluded in the Supplementary Materials.

The contributions of the lipids to the melting behavior and crystalline state of the phys-
ical mixture of Precirol® 5 ATO, Tween 20z and Mygliol® 812 N(PM), the physical mixture
of Precirol® 5 ATO, Tween 20, and Mygliol® 812 N with berberine (PMB), empty (NLC),
and berberine (NLC-B)-loaded nanoparticles were investigated by DSC. Thermograms are
presented in Figure 4 and data are summarized in Table S1 in the Supplementary Materials.
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Figure 4. DSC thermograms of Precirol® 5 ATO, berberine, physical mixture (PM), physical mixture
with berberine (PMB), empty (NLC), and berberine (NLC-B)-loaded nanoparticles.

The in vitro release characteristics of the free drug and the loaded NLCs in PBS are
presented in Figure 5. The nanoparticle loading results in an improved dissolution profile
over time (released amount 86.0 = 2.49%), while the free drug is not completely dissolved
(37.05 £ 3.43%) after 48 h. A sustained profile is also observed for the NLC-B following

zero-order kinetics, having the highest correlation coefficient (R? = 0.9402).
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Figure 5. Release profile of free BRB and NLC-B in PBS with pH = 7.4 (mean £ SD; n = 3).
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3.2. Cell Experiments
3.2.1. In Vitro Cytotoxicity Effects of NLC, BRB, and NLC-B on CaCo-2 and HuCC-T1
Cell Lines

The precise mechanisms underlying berberine’s therapeutic action in colorectal cancer
treatment remain insufficiently understood. Therefore, we performed an initial investiga-
tion into the effects of BRB and NLC-B on two tumor cell lines—CaCo-2 (human colorectal
adenocarcinoma) and HuCC-T1 (human cholangiocarcinoma cell line). An evaluation
of the toxicity of empty NLC, BRB, and NLC-B was conducted by treating the CaCo-2
cells with varying concentrations. Cell viability was evaluated via the MTT assay as a
means of assessing cell metabolic activity 72 h after treatment (Figure 6). No cytotoxicity
of the empty NLC was observed (Figure 6A). In contrast, free BRB and NLC-B showed a
statistically significant and concentration-dependent decrease in cell viability in concentra-
tions of 1 uM and higher (Figure 6B,C). It is important to highlight that the toxicity of the
berberine-loaded nanoparticle NLC-B is higher compared to the free substance, as clearly
demonstrated by the IC5 values obtained: ICsy (NLC-B) = 3.35 uM, IC5y (BRB) = 8.42 uM.
Higher cytotoxicity of NLC-B compared to BRB was observed at concentrations of 1, 10,
25,50, and 200 uM, as determined using the Holm-Sidak method with alpha = 0.05. This
observation suggests that the encapsulation of berberine within nanoparticles may alter its
interaction with cellular systems, potentially enhancing its cytotoxic effects. It could be also
associated with the improved drug solubility as demonstrated in the in vitro release study.
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Figure 6. In vitro evaluation of the cytotoxicity of (A) empty NLC (1, 10, 50, 100, 250, 500, 1000,
2000 pg/mL), (B) BRB, and (C) NLC-B (0.1, 1, 5, 10, 25, 50, 100, 200 uM) on CaCo-2, 72 h after
treatment, by means of MTT assay; * p < 0.05, *** p < 0.001. Statistical analysis was performed using
ANOVA with a post-test of Dunnett. Values are presented as percentages of untreated cells and
expressed as average values £+ SEM (n = 6).

In the subsequent stage of the study, we evaluated the effects of NLC, BRB, and NLC-B
on the HuUCC-T1 cell line (Figure 7). Within the tested concentration range (1-2000 pug/mL),
NLC demonstrated no detectable cytotoxic effects on cells after 72 h of treatment. In
contrast, free berberine (0.1 and 200 uM) showed a significant reduction in cell viability at
concentrations above 10 M. Similarly, berberine encapsulated within lipid nanoparticles
exhibited cytotoxic effects at even lower concentrations, with significant reductions in cell
viability observed at concentrations above 5 pM. This enhanced cytotoxic activity highlights
the impact of nanoparticle-based delivery systems in increasing the efficacy of therapeutic
agents. The results indicate a substantial increase in the cytotoxic potency of berberine
when incorporated into the lipid nanoparticle system compared to its free form. This
observation is further corroborated by the comparison of ICsy values, where the ICs for the
lipid nanoparticle-loaded berberine (NLC-B) was calculated as 11.86 uM, markedly lower
than the ICs for free berberine, which was 24.66 M. Higher toxicity of NLC-B compared to
BRB was observed at concentrations of 5, 10, 25, 50, 100, and 200 uM, as determined using
the Holm-Sidak method with « = 0.05. These findings might be considered to be related to
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Figure 7. In vitro evaluation of the cytotoxicity of (A) empty NLC (1, 10, 50, 100, 250, 500, 1000,
2000 pg/mL), (B) BRB, and (C) NLC-B (0.1, 1, 5, 10, 25, 50, 100, 200 pM) on HuCC-T1 72 h after
treatment, by means of MTT assay; * p < 0.05, *** p < 0.001. Statistical analysis was performed using
ANOVA with a post-test of Dunnett. Values are presented as percentage of untreated cells and
expressed as average values + SEM (n = 6).

3.2.2. In Vitro Safety Evaluation of NLC, BRB, and NLC-B
Toxicity Assessment on 1929 and H9c2 Cell Lines

The well-established experimental models, such as isolated subcellular fractions and
immortalized cell lines, are widely used in nanotoxicity evaluations due to their reliability and
relevance [55]. The next study aimed to determine the potential cytotoxic effects associated
with the treatments and to determine their compatibility with cell viability on L929 (fibroblast
cells) and H9¢c2 (cardiomyocytes) cell lines. 1929 cells are particularly suitable for these
types of assessments because of their sensitivity to a wide range of chemical and biological
agents, providing a reliable measure of cellular response to test substances. These cells play a
critical role in preclinical evaluations of novel therapeutic agents and nanomaterials [56]. The
toxicity of empty NLC, BRB, and NLC-B was evaluated by treating 1929 cells with a series of
increasing sample concentrations (Figure 8). Cell viability was assessed 24 h after treatment
using the MTT assay. The results revealed that the empty NLC did not exhibit detectable
cytotoxicity (Figure 8A). We found that the empty NLC carrier is a safe and biocompatible
system, which does not adversely impact the metabolic activity of L929 cells. This finding
supports its potential use in drug delivery applications.
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Figure 8. In vitro evaluation of the cytotoxicity of empty (A) NLC (1, 10, 50, 100, 250, 500, 1000,
2000 pg/mL), (B) BRB, and (C) NLC-B (0.1, 1, 5, 10, 25, 50, 100, 200 uM) on L929 24 h after treatment,
by means of MTT assay; * p < 0.05, ** p < 0.01, *** p > 0.001. Statistical analysis was performed
using ANOVA with a post-test of Dunnett. Values are presented as percentage of untreated cells and
expressed as average values £ SD (n = 6).
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While BRB and NLC-B did not induce cytotoxic effects at lower concentrations,
their impact on cell viability became significant at concentrations of 100 uM and above
(Figure 8B,C). This observation suggests that BRB contributes to the observed cytotoxic
effects, and these effects are retained when BRB is encapsulated in the NLC system. How-
ever, a comparison of the cytotoxic profiles between BRB and NLC-B indicates a potential
mitigation of toxicity of encapsulated BRB. Lower cytotoxicity of NLC-B compared to
BRB was observed at concentrations of 50, 100, and 200 uM, as determined using the
Holm-Sidak method with « = 0.05. Thus, NLC-B appears to reduce the cytotoxicity of
BRB at the highest tested concentration (200 pM) with NLC-B showing 62% cell viability
compared to 29% for BRB alone. The results suggest that encapsulation into NLC may
offer a safer delivery mechanism for BRB by attenuating its cytotoxic effects on healthy,
non-tumor cells, especially at high concentrations. This highlights the potential utility of
NLC for reducing the adverse effects of potent therapeutic agents like BRB.

HO9c2 cell line was selected as a cardiomyocyte model to evaluate the cardiotoxicity
profile of empty NLC, BRB, and NLC-B [57]. This cell model was chosen due to its
relevance in studying cardiac cell responses to various treatments, including potential
toxic effects. The toxicity evaluation was conducted by exposing H9¢2 cells to a range of
concentrations and assessing cell viability 24 h post-treatment. The results, illustrated in
Figure 9, reveal distinct toxicity profiles. In concentration range from 1 to 1000 pg/mL
the empty NLC did not exhibit any detectable adverse effects on cell viability, indicating
their biocompatibility. Moderate cytotoxic effects were observed only at the highest NLC
concentrations, specifically 1000 pug/mL and 2000 pg/mL.

: 4
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Figure 9. In vitro evaluation of the cytotoxicity of empty (A) NLC (1, 10, 50, 100, 250, 500, 1000,
2000 pg/mL), (B) BRB, and (C) NLC-B (0.1, 1, 5, 10, 25, 50, 100, 200 uM) on H9c2 cells 24 h after
treatment, by means of MTT assay; * p < 0.05, ** p < 0.01, *** p > 0.001. Statistical analysis was
performed using ANOVA with a post-test of Dunnett. Values are presented as percentage of untreated
cells and expressed as average values = SEM (n = 6).

For BRB, a marked reduction in cell viability was observed at concentrations of 100 uM
and above (Figure 9B). This indicates a dose-dependent cytotoxicity, consistent with the
known pharmacological properties of BRB. The inherent BRB toxicity at elevated doses
poses a challenge for its use in therapeutic applications, particularly for sensitive healthy
cells such as cardiomyocytes. NLC-B also showed cytotoxicity effects, especially at con-
centrations of 100 pM and above (Figure 9C). However, a significant finding was that the
encapsulation of BRB into NLC markedly reduced its toxicity, compared to BRB alone. At
the highest concentration (200 uM), NLC-B demonstrated significantly higher cell viabil-
ity compared to BRB, with 47% cell viability versus 20%, respectively. This reduction in
cytotoxic effects underscores the protective role to healthy cells of the NLC, likely due to
its ability for sustained active substance release, thereby mitigating its immediate toxic
response to the cells.
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In Vitro Genotoxicity Assay of NLC

Initial cell viability studies were carried out to determine an appropriate concentration
for genotoxicity studies, at which the test substance exerts significant, but not extensive
cellular damage. L5178y cells were treated with 175, 350 or 700 png/mL NLC and in all
of the treatment groups we observed a different degree of cytotoxic effects (Figure 10).
Those effects were weak at the treatment concentration 175 pg/mL and pronounced at
700 pg/mL. Among the tested concentrations, the effects were moderate at 350 ng/mL and
this concentration was chosen for the comet assay.
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Figure 10. Cell viability of L5178y cells, treated with NLC at 175, 350 and 700 pug/mL, normalized vs.
controls (CTRL). Mean £ SD. ** p < 0.001, one-way ANOVA with Dunnet’s post-test.

To evaluate the genotoxic potential of NLC, we subjected treated L5178y cells to
the comet assay. After membrane lysis, gel electrophoresis of DNA fragments and DNA
staining, the treated cells formed the characteristic comets. Figure 11 shows representative
images of micrographs after the comet assay. Due to the low amount of DNA fragmentation,
control cells” micrographs (Figure 11A) are compact and less spread. Peroxide control,
peroxide-treated cells, on the other hand, formed well pronounced comets in most of the
micrographs (Figure 11B). Upon treatment with 350 pg/mL, the comet assay reveals the
presence of cells with different sensitivity to genotoxic damage, which is visible from the

presence of fractions with well pronounced, moderately pronounced comets, as well as
cells, which do not form comets (Figure 11C).

Figure 11. Representative fluorescent micrographs of L5178y cells, treated with NLC (C), negative
(A) or positive (B) control after being subjected to gel electrophoresis and stained with sybr green.
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In order to better understand the differences between comets, we applied image analysis
for extracting quantitative information from the micrographs. The obtained results confirm
that NLC treatment, as well as positive, hydrogen peroxide-treated controls result in statis-
tically significant development of more pronounced comets, compared to negative controls
(Figure 12). The superimposed dot plots show that there are fractions of cells with different
sensitivity to genotoxic damage in both NLC and positive control-treatment. However, with
NLC treatment the most pronounced comets have several fold lower Olive moment values,
compared to the most pronounced comets of hydrogen peroxide-treated cells.
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Figure 12. Olive moments of L5178y cells, subjected to the comet assay after treatment with NLC
at 350 pug/mL, negative (CTRL) or positive (H,O;) controls. Mean =+ SD; *** p < 0.001 vs. CTRL.
Kruskal-Wallis test with Dun’s post-test.

Effects of NLC, BRB, and NLC-B on Isolated Rat Liver Microsomes

Rat liver microsomes represent one of the most widely used in vitro models in toxicity
evaluation studies. Liver microsomes are subcellular fractions derived from the endoplas-
mic reticulum of hepatic cells, prepared through liver homogenization [58] and differential
centrifugation [59]. Rat liver microsomes are a rich source of drug-metabolizing enzymes,
including cytochrome P450s, flavin monooxygenases, carboxyl esterases, epoxide hydrolases,
and UDP-glucuronyl transferases. As such, they serve as a valuable in vitro system for in-
vestigating the metabolic fate of xenobiotics, including nanoscale drug delivery systems [60].
When administered alone, all samples (NLC, BRB, and NLC-B) exhibited a statistically signifi-
cant, concentration-dependent pro-oxidant effect compared to the control (non-treated liver
microsomes) (Figure 13). For free BRB, a concentration of 1 uM increased MDA production
statistically significantly by 10%, 5 uM by 20%, 10 uM by 50%, 25 uM by 70%, and 50 uM
by 100% compared to the control. For NLC-B, a concentration of 1 uM increased MDA
production statistically significantly by 10%, 5 uM by 20%, 10 uM by 30%, 25 uM by 65%, and
50 uM by 85% compared to the control. Notably, at higher concentrations, berberine-loaded
nanoparticles NLC-B demonstrated lower toxicity compared to free BRB.
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Figure 13. Effects of NLC, BRB, and NLC-B on MDA production in isolated rat liver microsomes.
Data are presented as means from three independent experiments + SD (n = 3). * p < 0.05; ** p < 0.01.
*** p <0.001 vs. control (non-treated microsomes).

4. Discussion

Tumors of the digestive tract are among the most common cancers, with colorectal
carcinoma being the second most prevalent in Europe [61]. Natural substances with proven
antiproliferative properties, such as berberine, are valuable additives taken together with
conventional antitumor drugs [62]. Berberine possesses various pharmacological properties,
including antioxidant and antitumor activities [63]. Due to its affinity for the liver, berberine
can be used as a targeting ligand for bile ducts.

In this study, we developed nanostructured lipid carriers (NLCs) to address their
pharmacokinetic challenges and to evaluate their in vitro antitumor and safety effects.

Nanostructured lipid carriers with and without berberine were successfully prepared
by the melt-emulsification and ultrasonication technique. The particle sizes are relatively
small and thus suitable for the parenteral or oral route of administration. Similar re-
sults have been published before [34]. The observed size falls in the suitable range of
100-200 nm in diameter to expect an enhanced permeation and retention (EPR) effect in
solid tumors [64]. This could be associated with an improved therapeutic outcome. The
high entrapment efficiency observed in the current study could be due to the high solubility
of BRB in the chosen excipients, which is in accordance with previous data [34,65]. The
loading capacity is similar to previously prepared NLCs with berberine, investigated for
their application in ulcerative colitis [36]. The negative zeta potential of the nanocarriers
provides them with sufficient physical stability, as values higher than |30 mV | are consid-
ered optimal in this regard [66]. This negative potential is most likely due to the presence
of free fatty acids within the lipid matrix and their carboxyl group dissociation [67]. The
presence of the amine group in berberine’s structure is associated with a decrease in the zeta
potential of the loaded nanocarrier, but still remains negative, as shown in other studies [68].
The negative value additionally favors potential prolonged circulation [64].

Regarding the in vitro release behavior, it is evident that the loading of BRB in the NLC
nanocarrier leads to the improvement of its dissolution in the physiological pH. This is
probably associated with the increased surface area of the nanoparticles, together with the
presence of the surfactant, namely Tween 20, which improves the wettability of the NLCs.



Pharmaceutics 2025, 17, 331

17 of 24

Simultaneously, a prolonged release is observed, which could contribute to the extended
effect of the drug on the targeted tissue. Similar results were reported in the literature, even
though higher amounts were released within 12 h [69]. The difference could be attributed
to the different formulation composition or the application of the dialysis membrane in our
research, which could affect drug diffusion. The proposed nanocarrier exhibited zero-order
release, which is considered advantageous for parenteral formulations as it guarantees the
constant release of berberine. This would guarantee a concentration-independent release
and avoiding a sudden increase in the available drug in the blood. Such is considered a
prerequisite for a potential better safety profile [70,71].

The FTIR spectra confirmed the successful encapsulation of berberine in the NLC
system. Key peaks corresponding to berberine’s quaternary iminium ion and aromatic C-C
bonds were absent in the NLC-B spectrum, indicating its integration into the lipid matrix.
Additionally, the structural integrity of the lipid components was maintained without
significant interactions between them. These findings corroborate the high encapsulation
efficiency and enhanced dissolution characteristics of berberine-loaded NLCs.

The performed DSC study of Prec, pure BRB, empty (NLC), berberine-loaded lipid
nanoparticles (NLC-B), and physical mixtures reveal that BRB itself showed a very high
melting temperature in the interval between 118 and 178 °C, while the lipids were character-
ized by a single endotherm in the range of 50 + 60 °C. Representative DSC curves together
with the corresponding characterization data are shown in Figure 4. The physical mixture
(PMB sample) has one low melting point around 60 °C, corresponding to the lipid part,
and a second endothermic peak around 146 °C due to BRB. Based on these observations,
we could suggest that BRB in the PMB is crystalline. The DSC endotherms of the berberine-
loaded lipid nanoparticles (NLC-B sample) showed one single melting endotherm at about
56 °C near the melting point of pure Precirol® 5 ATO, and not surprisingly, the peak
corresponding to the drug in the interval of 118 and 178 °C was not observed. On this
basis, we could suggest that the berberine is encapsulated in the hydrophobic compartment
of the prepared lipid nanoparticles (NLC-Bs) and is in the amorphous or non-crystalline
form. This is a particularly important observation, suggesting that the results are consistent
with the data obtained from DLS and FTIR analysis and can further explain the improved
solubility in vitro.

The choice of the in vitro design for the biological characterization was aimed at
investigating the effects of compounds in a panel of cell lines and a subcellular fraction
from primary cells with phenotypes, characteristic not only for gastrointestinal tumors
(HuCC-T1 and Caco-2), but also for off-target tissues such as cardiac (H9c2), connective
(L929) tissue, and rat liver microsomes. Moreover, to gain insight into the presence of
more subtle toxic manifestations, genotoxicity in the L5178y cell line was studied. This is a
widely adopted choice for genotoxicity studies [72].

The cytotoxicity studies of two tumor-derived cell lines, HuCC-T1 (human cholangio-
carcinoma) and CaCo-2 (colorectal adenocarcinoma), demonstrated the antiproliferative
potential of free BRB and encapsulated NLC-B, with the latter exhibiting enhanced cytotoxic
effects. The ICs values for NLC-B (3.35 uM for CaCo-2 and 11.86 uM for HuCC-T1) were
significantly lower than those for free BRB, indicating the increased potency of encapsu-
lated berberine. This enhancement is likely due to the nanoparticle-mediated delivery,
which could improve the cellular uptake and sustained release of BRB, as well as its in-
teraction with tumor cells. The observed reduction in HuCC-T1 and CaCo-2 cell viability
is dose-dependent and consistent with the known antitumor mechanisms of BRB, such
as its ability to induce apoptosis and to disrupt mitochondrial function [73]. This finding
aligns with the known cytotoxic properties of berberine, which are dose-dependent and
reflect its potent bioactivity. Wei He et al. demonstrated that berberine treatment of human
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cholangiocarcinoma QBC939 cells reduced cell viability and induced dose-dependent cell
death, accompanied by G1 cell cycle arrest. Furthermore, berberine treatment (10, 40,
80 uM for 48 h) significantly increased apoptosis, with elevated pro-apoptotic Bax levels
and decreased anti-apoptotic proteins Bcl-2 and Bcl-xL [74]. The enhanced effect of NLC-B
compared to free BRB could be attributed to the nanocarrier’s ability to overcome limita-
tions of poor solubility and low permeability, typically associated with the physicochemical
properties of free BRB. Similar findings have been reported by other researchers. Wang et al.
developed berberine-loaded nanostructured lipid carriers (NLC-Bs) using hot melting and
high-pressure homogenization. The resulting particles measured 189.3 nm in size and had
a negative zeta potential of —19.3 mV. MTT assays revealed that NLC-B significantly inhib-
ited H22 cell proliferation, with an ICsg of 6.3 pg/mL compared to 22.1 pug/mL for free BRB.
These findings highlight NLC-B as a promising tumor treatment strategy [26]. Another
study developed lyotropic liquid crystalline nanoparticles (LCNs) and demonstrated that
these formulations significantly reduced the ICsy in MCF7 breast cancer cells compared to
free berberine. Cellular uptake assays revealed higher berberine concentrations in Caco-2
cells with NLCs, highlighting their potential as effective carriers for enhancing berberine’s
solubility and anticancer activity [75]. Next, we evaluated the safety profiles of NLC, BRB,
and NLC-B using L929 (fibroblast-like) and H9c2 (cardiomyocyte-like) cell lines. The non-
loaded NLC exhibited minimal cytotoxicity, highlighting its biocompatibility as a carrier
system. At the highest experimental concentrations of 1000-2000 ng/mL, cytotoxic effects
were observed, but such high concentrations are not supposed to be used in therapy:.

As expected, BRB caused dose-dependent cytotoxicity in 1929 (fibroblast) and H9¢2
(cardiomyocyte) cells. In contrast to free BRB, the encapsulated NLC-B demonstrated less
toxicity to the healthy cells. For instance, at 200 uM, NLC-B maintained 62% cell viability
in 1929 cells versus 29% for free BRB. Similarly, in H9¢2 cells, NLC-B showed reduced
cardiotoxicity compared to free BRB. This attenuation can be attributed to the controlled re-
lease properties of the developed NLC particles, which may prevent acute exposure to high
concentrations of free BRB. These findings are crucial for the potential application of NLC-B,
as they suggest a safer toxicity profile of the encapsulated NLC-B compared to free BRB.
It has been previously reported that NLCs can reach the perinuclear region [76] and also
contribute to increased oxidative stress [77]. Up to this moment, there are only a few studies
on the genotoxicity of NLCs, and they find only insignificant genotoxic effects [78,79]. In
many cases, the presence of genotoxic potential is acceptable for cytotoxic antineoplastic
drugs as part of the pharmacological mechanisms. It is known that berberine itself has such
effects [80]. Non-active constituents, such as the NLC GRAS lipids, are typically expected
to be non-toxic and safe. For this reason, genotoxicity studies were focused on the drug
delivery system and not on berberine. The comet assay conducted on L5178 cells revealed
that NLC treatment induced DNA fragmentation, indicative of genotoxic effects. However,
the extent of damage was significantly lower than that caused by the positive control
(hydrogen peroxide). This observation underscores the need for complementary assays to
distinguish between genotoxicity and cytotoxicity, as DNA damage could be secondary to
cell death. Based on the results from the study, we concluded that the overall safety profile
of NLC appears favorable. Nevertheless, the highest concentrations of NLC may induce
some degree of oxidative stress, which could explain the observed results from the comet
assay [81]. The study performed on isolated rat liver microsomes is related to the metabolic
and oxidative interactions of BRB, NLC, and NLC-B. It provides valuable insights into their
biochemical properties. The pro-oxidant effects observed at higher concentrations indicate
potential risks of lipid peroxidation as a concern for systemic toxicity. However, NLC-B
demonstrated lower MDA production compared to free BRB at equimolar concentrations,
suggesting a protective effect of the lipid nanocarrier NLC system.
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The current work is intended as proof of concept for the synthesis of novel NLCs as drug
delivery modalities. It adopts protocols, based on assays, accepted in internationally recognized
guidelines and regulatory frameworks as ICH [82], ISO [83] and OECD [84]. It is outside of
its scope and it falls short of providing full preclinical characterization of the studied drug
delivery system, which would require further tests, including in vivo studies, set in the current
regulatory requirements [85,86]. We have adhered to the Guidance Document on Good In
Vitro Method Practices (GIVIMP), which suggests that depending on the specific endpoint,
researchers can propose and validate novel batteries of methods, while it is made clear that for
research laboratories, it is not realistic to expect full compliance with GIVIMP [87]. A strength
of the suggested experimental approach is that it could be applied for quick evaluation and
screening of novel drug delivery systems for gastrointestinal tumors. However, the current
findings are limited to in vitro assays and the insights gained could inform future in vivo
research, including pharmacokinetic and bioavailability studies.

5. Conclusions

The present research shows the formulation of a nanocarrier system for the improved
delivery of the hydrophobic natural compound berberine. The nanostructured lipid carriers
(NLCs) were spherical, with high encapsulation efficiency and negative potential, sug-
gesting suitable physicochemical stability. No significant interactions with the excipients
were established from a technological point of view. Improved solubility and prolonged
dissolution were also evident for the NLC-B. Furthermore, the cytotoxicity studies on two
tumor-derived cell lines, HuCC-T1 (human cholangiocarcinoma) and CaCo-2 (colorectal
adenocarcinoma) showed an enhanced cytotoxic effect and antiproliferative potential of
encapsulated NLC-B. The study findings indicate that NLCs, developed as a drug delivery
system, possess a high degree of biocompatibility in non-tumor cells (L929 and H9c2 cells),
though their safety is compromised at very high concentrations of 1000 pug/mL and above.
Nevertheless, such concentrations are not supposed to be used in future therapeutic appli-
cations. These results highlight the value of NLC systems in reducing the adverse effects of
cytotoxic drugs while retaining their therapeutic antiproliferative potential.
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