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ARTICLE INFO ABSTRACT

Keywords: Hepatocellular carcinoma (HCC), the most common primary liver cancer, faces treatment challenges due to drug
Polyaspartamide resistance and poor bioavailability, with sorafenib, a key therapy, characterized by rapid clearance and signif-
Biotin

icant side effects. This paper describes the development of amphiphilic graft copolymers for efficient loading and
delivery of sorafenib through controlled Atom Transfer Radical Polymerization (ATRP). The amphiphilic graft
copolymer PHEA-g-IB-(pButMA)-g-PEG-Bt was synthesized to enhance tumor specificity via biotin-mediated
targeting. The synthesis involved a three-step process, with successful functionalization confirmed through
NMR and Size Exclusion Chromatography (SEC) analyses. Sorafenib-loaded nanoparticles, prepared via dialysis-
based nanoprecipitation, exhibited a mean size of ~ 300 nm, suitable for oral and parenteral administration,
while drug release studies confirmed a sustained release profile, minimizing premature systemic loss and
reducing the need for frequent administration. Evaluation of cytocompatibility and anticancer efficacy tested in
vitro on HepG2 and HuH-7 cell lines revealed that biotinylated sorafenib-loaded nanoparticles had the highest
ability to reduce cell viability. The enhanced anticancer effect of biotinylated NPs was validated in vivo using a
murine tumor xenograft model, as evidenced by reduced tumor growth, lower Ki-67 proliferation index, and
diminished CD31-positive vasculature. Protein expression analysis demonstrated that PBB-Bt@SOR elicited the
strongest activation of p-p38 MAPK and caspase-8-mediated apoptosis, while enhancing the expression of the
pro-survival AKT pathway. Overall, the study confirms that biotinylated sorafenib-loaded nanoparticles improve
tumor suppression in HCC models, demonstrating their effectiveness in targeted drug delivery. These findings
suggest biotin decorated polyamino aspartamide-based nanoparticles as a promising strategy to optimize
chemotherapy regimens, minimizing systemic toxicity in HCC treatment.

Sorafenib

Nanocarriers

Targeted delivery
Hepatocellular carcinoma

1. Introduction 2022), is associated with high incidence and mortality rates worldwide
(Jemal et al., 2011). HCC often occur in individuals with chronic liver

Hepatocellular carcinoma (HCC), a primary liver cancer originating diseases, and conditions like hemochromatosis and alpha-1 antitrypsin
from hepatocytes (Bruix et al., 2019; Hu et al., 2023; Llovet et al., 2021, deficiency significantly elevate the risk of developing HCC. HCC
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represent a highly vascularized tumor, with angiogenesis contributing to
its rapid growth, invasion, and metastasis. Conventional therapeutic
options have limitations in effectively managing HCC (Daher et al.,
2018; Finn, 2013; Jemal et al., 2011), particularly in advanced stages
neoplasms where surgery is often an unfeasible approach, and systemic
chemotherapy efficacy is hindered by limited drug distribution, off-
target toxicity, and the occurrence of drug resistance phenomena. In
such scenario, innovative therapeutic approaches are essential for
tackling the obstacles presented by HCC chemotherapy and improve the
treatment outcomes. Nanomedicine, a branch of health sciences that
employs nanotechnology to develop new therapeutic solutions, has
gained significant interest in the field of HCC treatment (Fu et al., 2017;
Hu et al., 2023; Landesman-Milo and Peer, 2016; Liu et al., 2015; Mauro
etal., 2022; Wang et al., 2022; Yu et al., 2024), as these nanosystems can
be designed to overcome the limitations of traditional approaches,
therapeutic approaches, by providing targeted and controlled release of
therapeutic agents, improve their stability and solubility, and minimize
side effects, ultimately enhancing the therapeutic index (Bottger et al.,
2020; Metkar et al., 2023; Scarabel et al., 2017). This approach is
particularly relevant for the anticancer drugs sorafenib, the first drug
currently approved by the US Food and Drug Administration (FDA) for
first-line treatment of advanced HCC (Kane et al., 2009). Despite its
antitumor efficacy, its use is associated with severe systemic side effects
which significantly affect patients’ quality of life (Abdel-Rahman and
Lamarca, 2017).

Additionally, via the functionalization of nanocarriers surface with
ligands, such as biotin, that specifically bind to receptors overexpressed
in tumor cells (Giammona et al., 2022; Hu et al., 2015; Landesman-Milo
and Peer, 2016; Singh et al., 2023), drug delivery can achieve greater
specificity (Bottger et al., 2020).

Biotin receptors are overexpressed in HCC cells (Chen et al., 2019),
making biotin-mediated targeting an attractive approach to enhance the
selectivity of hepatocarcinoma treatment.

In such context, the present study aims to develop biotin-conjugated
polymeric nanoparticles for the targeted delivery of sorafenib, known
for its efficacy in HCC treatment, by virtue of overexpression of biotin
receptor in HCC cells (Chen et al., 2019; Wang et al., 2025), enhancing
the selectivity of hepatocarcinoma treatment. To achieve this, an
amphiphilic copolymer was synthesized starting from o,B-poly(N-2-
hydroxyethyl)-D,L-aspartamide (PHEA), a biocompatible water-soluble
amino acid-based polymer, via Atom Transfer Radical Polymerization
(ATRP) of butyl methacrylate (ButMA) to obtain the derivative PHEA-g-
IB-pButMA, suitable for the preparation of nanoparticles (Cervello et al.,
2017). Biotin residues were then introduced through functionalization
with polyethylene glycol (PEG) as a spacer, enhancing surface biotin
exposure while providing stealth properties to the nanosystems.

The efficacy of the nanoparticles as drug delivery systems was
evaluated through both in vitro and in vivo studies. Cytocompatibility
and anticancer efficacy of sorafenib-loaded biotin-conjugated polymeric
nanoparticles were assessed in vitro using human HCC cell lines. Sub-
sequently, these nanoparticles were administered orally in a xenograft
model established by inoculating human HCC cells in male nude athy-
mic mice. The effect of the newly developed drug delivery systems on
tumour progression was then examined in terms of tumor suppression
efficacy and therapeutic performance compared to conventional sor-
afenib delivery. This approach is particularly relevant given that sor-
afenib remains a first-line systemic treatment in advanced HCC (Hu
et al., 2023; Llovet et al., 2021), and that biotin-mediated targeting
strategies may help enhance selectivity and reduce systemic toxicity
(Wang et al., 2025).

2. Materials and methods
2.1. Materials

o, B-poly(N-2-hydroxyethyl)-D,L-aspartamide =~ (PHEA)  was

International Journal of Pharmaceutics 678 (2025) 125729

synthesized from polysuccinimide (PSI) through complete aminolysis by
means of ethanolamine in DMF, and purified as previously reported
(Giammona et al., 1987). 2-bromoisobutyryl bromide (BIBB), triethyl-
amine (TEA), copper bromide (Cu'Br), 2,2-bipyridyl (Bpy), butyl
methacrylate (ButMA), bis (4-nitrophenyl) carbonate (BNPC), poly-
vinylpyrrolidone 40 KDa (PVP), dimethylacetamide (DMA), dime-
thylformamide (DMF), methanol (MeOH), diethyl ether, HABA/Avidin
Reagent, Dulbecco’s phosphate buffer saline (DPBS), NaOH, HCl, biotin-
dPEG®;1-NH; (PEG chain ~ 500 Da), and sorafenib tosylate were pur-
chased from Merck (Italy). SpectraPor dialysis tubing in regenerated
cellulose was purchased from Spectrum Laboratories, Inc. (UK), while
Minisart Syringe Filters were purchased from Sartorius (Germany). The
ButMA stabilizing agent monomethyl ether hydroquinone was removed
from the commercially available product through basic activated
aluminium oxide column.

2.2. General methods

'H NMR and '3C NMR spectra were recorded using a Bruker Avance
II 400 spectrometer operating at 400.15 and 100.63 MHz, respectively.

Size exclusion chromatography (SEC) analysis was carried out to
determine weight average molecular weight (Mw) and polydispersity
(PD) of each copolymer. The apparatus employed comprised a Phe-
nomenex Phenogel 5 ym 10*A column connected to an Agilent 1260
Infinity Multi-Detector GPC/SEC system (Milan, Italy). Analyses were
carried out at 50 °C using DMF + 0.1 M LiBr as a mobile phase at the
flow rate of 0.8 mL/min and data were collected after absolute cali-
bration of the instrument performed with a polystyrene standard (70
kDa).

2.3. Derivatization of PHEA with 2-bromoisobutyryl bromide (PHEA-g-
BIB)

The PHEA-g-BIB copolymer was synthesized according to a previ-
ously reported protocol [24]. Briefly, 1 g of PHEA (6.2 mmol OH groups)
was dissolved in anhydrous DMA (20 mL) at room temperature (RT).
Then 880 pL of TEA were added, (molar ratio TEA: hydroxyl groups of
PHEA set to 1:1) and the reaction mixture was cooled to 0 °C before the
addition of 780 L of BIBB (molar ratio BIBB: hydroxyl groups of PHEA
of 1:1) while stirring vigorously. The flask content was allowed to react
at RT for 4 h, after which the mixture was slowly dripped into cold
diethyl ether. The precipitate was collected and washed twice with the
same solvent, dried under reduced pressure, purified exhaustively by
dialysis (MWCO 12-14 kDa) and finally lyophilized. H NMR (300 MHz,
DMF-d7, 25 °C) &: 1.95 (s, 6H BIB, (CH3)2-C-CO-), 3.29 (m, 2H PHEA,
-NHCH3CH20-), 3.58 (m, 2H PHEA, -NHCH3;CH,0H), 4.25 (m, 2H
PHEA, -NHCH,CH,0-BIB), 4.76 (m, 1H PHEA -NHCH(CO)CHj>-).

SEC: M,, = 67192 (g/mol), M,;=47994(g/mol), PD = 1.4.

2.4. ATRP polymerization of butyl methacrylate on PHEA-BIB (PHEA-g-
IB-pButMA)

PHEA-g-IB-pButMA copolymer was obtained through Atom Transfer
Radical Polymerization (ATRP) following an already established pro-
cedure (Giammona et al., 2022). Specifically, PHEA-g-BIB was dissolved
in a pre-degassed mixture of 1:1 anhydrous DMF/MeOH (v/v) (300 mg,
equivalent to 0.51 mmol of BIB, in 24 ml). Butyl methacrylate (800 pL)
was thus added to the reaction flask, setting a molar ratio of 10 between
the monomer and BIB. Subsequently, 71.6 mg of Cu'Br catalyst (mol
Cu'Br/mol BIB equal to 1) and 312.36 mg of bipyridine (Bpy) (mol Bpy/
mol Cu'Br equal to 4) were blended with a spatula and then introduced
into the flask, taking care to maintain continuous argon bubbling and
vigorous stirring. The content was kept under an argon atmosphere at
50 °C and, after 20 h, the reaction was stopped by opening the flask. The
isolation of the copolymer was assessed by slowly dripping the reaction
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mixture into water/MeOH 1:1, and the solid residue was washed twice
with the same solvents. The obtained white solid was dissolved in DMF,
purified by dialysis (MWCO 12-14 kDa), and retrieved as freeze-dried
powder.

H NMR (300 MHz, DMF-d7, 25 °C, TMS) &: 0.99 (m, 6H ButMA,
—CH-CHj3 and ~CH»-CH,-CH3), 1.48 (m, 2H ButMA, -CH,-CH»-CH3) 1.66
(m, 2H ButMA, —-CH»-CH»-CH3), 1.90 (s, 6H BIB, (CH3)»-C-CO-), 3.30
(m, 2H PHEA, -NHCH>CH»0-), 3.58 (m, 2H PHEA, -NHCH;CH50H),
4.13 (m, 2H ButMA, (CO)-O-CH,-CH»-CH>), 4.74 (m, 1H PHEA -NHCH
(CO)CH2-).

SEC: M,, = 399098 (g/mol), M,=210052(g/mol), PD = 1.9.

2.5. Biotinylation of the copolymer: Synthesis of PHEA-g-IB-pButMA-g-
PEG-Biotin

To obtain the biotinylated copolymer PHEA-g-IB-pButMA-g-PEG-
Biotin, the butyl methacrylated derivative was conjugated with biotin-
dPEG®1,-NHj; using bis(4-nitrophenyl) carbonate (BNPC) as a coupling
agent (Varvara et al., 2024). First, 1 g of PHEA-g-IB-pButMA (1.45 mmol
of repeating units) dissolved in 20 mL of aDMF, was added with 61 mg of
BNPC in 2.5 mL of the same solvent (mol BNPC/mol repeating units:
0.08). The flask content was left to react for 4 h at 40 °C. On completion,
7.5 mL of a biotin-dPEG®;1-NHj; solution in aDMF (20.56 mg mL™Y)
were slowly added to the flask. After 18 h at 25 °C the mixture was
dialyzed (MWCO 12-14 kDa) against basic water (NaOH) for 48 h and
against ultrapure water for further 72 h. Lastly, the solution was
lyophilized and stored as whitish powder.

'H NMR (300 MHz, DMF-d7, 25 °C, TMS) &: 0.99 (m, 6H ButMA,
—-CH-CHj3 and —-CH,-CH,-CHg), 1.48 (m, 2H ButMA, ~CH,-CH»-CH3) 1.66
(m, 2H ButMA, —CH,-CH»-CH3), 1.90 (s, 6H BIB, (CH3),-C-CO-), 3.29
(m, 2H PHEA, -NHCH,CH;0-), 3.58-3.6 (m, 2H PHEA,
-NHCH2CH>OH; m, 45H PEG, -OCHCH50-), 4.13 (m, 2H ButMA, (CO)-
0-CHy-CH,-CHy), 4.74 (m, 1H PHEA -NHCH(CO)CHy-).

13C NMR (400 MHz, DMF-d7, 25 °C, TMS): 177.43 (CO)gis,
172.07-170.74 (CO)pyuga, 71.39 (—CH3-O-)pgg, 64.74 (—CH32-O-)puma,
60.09 (-CH2-O-)pyga, 54.46 (—-CH-CO)pyga, 45.77 (-CH2)puama, 44.94
(-HN-CH3-)pyea, 38.36 (-CH2-CO)pypa, 19.5 (-CH3)pumma, 13.61
(~CH3s)utmA-

SEC: M,, = 427398 (g/mol), M,=213699(g/mol), PD = 2.

2.6. Preparation of nanoparticles by dialysis-based nanoprecipitation

To prepare polymeric nanoparticles, 100 mg of PHEA-g-IB-pButMA-
g-PEG-Bt were solubilized in 50 ml of DMF. After complete dissolution,
the copolymer solution was dialyzed against water (Visking Dialysis
Tubing 18/32 *’, 12-14,000 cut-offs in molecular weight) for one day
against 2 L of ultrapure water for 24 h, replacing the external volume 5
times. After dialysis, 100 mg of polyvinylpyrrolidone (PVP) were added
as cryoprotectant and the colloidal dispersion obtained was finally
filtered through 5 pm membrane filter (Sartorius, Minisart Syringe Fil-
ter, Germany) and freeze-dried. This process allowed to gain both non
targeted and biotinylated nanoparticles. To prepare sorafenib loaded
nanoparticles, 63.5 mg of sorafenib tosylate were added to the organic
phase (copolymer solution in DMF) before dialysis.

2.7. Nanoparticles characterization

The size distribution and Zeta-potential analyses were performed
using a Malvern Zetasizer NanoZS instrument equipped with a 632 nm
laser and a fixed scattering angle of 173° on 1 mL of sample (0.25 mg
mL™Y). After size measurement, the sample was transferred to a Folded
Capillary Zeta Cell and the Zeta-potential was determined through
aqueous electrophoresis measurements at 25 °C, using the Smo-
luchowski relationship. The amount of entrapped drug was quantified
after dissolution of 10 mg of nanoparticles in 0.5 mL of DMF. After few
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minutes, 4.5 mL of methanol were added, and the mixture was vigor-
ously stirred for 3 h to extract the drug. The resulting suspension was
filtered through syringe filter (0.2 um R.C) and 50 pL of the resulting
solution were injected to Agilent 1260 Infinity high-performance liquid
chromatography (HPLC), equipped with a multiple wavelength detec-
tor, operating at 266 nm, and an Open Lab Chemstation software. The
elution was carried out isocratically at 25 °C, using a reverse-phase
Gemini C6-phenyl 110A column (Phenomenex 5 pm, 250 x 4.60 mm)
and methanol/water 85:15 (v/v) mixture as a mobile phase with a flow
rate of 1 mL min~!. The drug loading (DL%) was expressed as the weight
percent ratio between the loaded drug and the freeze-dried nano-
particles. The amount of surface exposed biotin on the nanoparticles
surface, was investigated by HABA-avidin colorimetric assay. In brief,
biotinylated nanoparticles were dispersed at a concentration of 1 mg
mL~! in ultrapure water and incubated with the HABA-avidin reagent
following the manufacturer’s instructions. UV readings were taken on
filtered samples (syringe filter, cut-off 0.2 ym), and the amount of biotin
was expressed as mol/mol percentage with respect to the repeating units
of the copolymer. Nanoparticles were also analyzed by differential
scanning calorimetry (DSC) coupled with thermal gravimetric analysis
(TGA), using a DSC/TGA 131 EVO (by SETARAM Instruments). Each
measurement was performed under nitrogen atmosphere with a flow of
1 mL min "}, using 5 mg of dried sample placed into an alumina crucible.
Samples were heated starting from 20 °C up to 500 °C, with a heating
rate of 10 °C min >

2.8. Drug release studies

For drug release experiments, 1 mL of nanoparticles in DPBS (cor-
responding to 0.25 mg of sorafenib tosylate) was placed into a dialysis
tubing (12-14 kDa cut-off) against 9 mL DPBS pH 7.4 (enriched with 1 %
Tween 80). At fixed time intervals, 0.2 mL of the receiving compartment
was withdrawn and replaced with equal volume of fresh medium. To
mimic oral administration, 1 mL of nanoparticles in water (corre-
sponding to 0.25 mg of sorafenib tosylate) was placed into a dialysis
tubing (12-14 kDa cut-off) against 9 mL of 0.1 M HCI for 2 h and then
moved in DPBS pH 6.8 for further 22 h. Each experiment was stopped
after 24 h and the drug released was quantified using HPLC analysis as
described above, after dilution of each sample with 0.8 mL of MeOH.

2.9. In vitro studies

2.9.1. Cell cultures

The human HCC cell line HepG2 was obtained from the American
Type Culture Collection (ATCC) (LGC Standards, Italy), and the HuH-7
cell line was provided by Merck (Italy). HepG2 cells were cultured in
Roswell Park Memorial Institute (RPMI) medium (SIGMA, Milan, Italy),
supplemented with 10 % (v/v) Fetal Bovine Serum (FBS) (GIBCO, Life
Technologies, Monza MB, Italy), 2 mM I-glutamine, 100 U/mL pen-
icillin-streptomycin and 1 mM sodium pyruvate (all reagents were from
SIGMA). HuH-7 were maintained in Dulbecco’s Modified Eagle Medium
(DMEM) (GIBCO, Life Technologies) supplemented with 10 % (v/v) FBS
and 100 U/mL penicillin-streptomycin. Cells were maintained in an
atmosphere of 5 % CO2 and 95 % humified air at 37 °C.

2.9.2. Cell viability assay

Cell viability was determined using a 3-[4,5 dimethylthiazol-2-yl]-
2,5-diphenyltetrazolium bromide (MTT) assay. Briefly, cells (5 x 10°
cells/well) were plated in 96-well plates for 24 h. Subsequently, cells
were grown for an additional 24, 48 or 72 h in presence of Bt-NPs@SOR,
NPs@SOR, and free SOR, corresponding to sorafenib tosylate concen-
trations of 0.05 pM, 0.5 uM, 5 pM, 10 uM, 25 uM. At the end of treatment,
the cells were washed twice with Dulbecco’s phosphate-buffered saline
(DPBS) pH 7.4 and incubated with medium containing MTT (Sigma-
Aldrich, Milan, Italy). Following incubation for 3 h at 37 °C, the solution
was removed, and DMSO was added for cell lysis and solubilization of
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the blue formazan crystals resulting from MTT reduction. Optical den-
sity of the supernatants was measured at 570 nm using a VarioskanTM
Flash Multimode Reader (Thermo Fisher Scientific, Waltham, Massa-
chusetts, USA). Cell viability was expressed as a percentage of living
cells compared to the untreated control of seeded cells (taken as 100 %).
The cytotoxic effect was also compared with that of empty nanoparticles
at equivalent concentrations. All experiments were performed in
triplicate.

2.10. In vivo studies

Eight-week-old male nude athymic mice (BALB/c nude CAnN.Cg-
Foxnlnu/Crl) were obtained from Charles River Laboratories (Lecco,
Italy) and allowed to acclimatize for one week under standard labora-
tory conditions. The mice were housed in temperature- and humidity-
controlled rooms with a 12-hour light/dark cycle. Animal experiments
were conducted in accordance with the ARRIVE guidelines and were
conducted in compliance with both the European Community directive
guidelines for the use of animals in laboratory (2010/63/EU) and Italian
law (D.Lgs. 26/2014). The animal study protocol was approved by the
Italian Ministry of Health (authorization n.506,/2023-PR).

2.10.1. Drug administration and experimental groups

BALB/c nude mice were subcutaneously inoculated with 1x10° HuH-
7 cells embedded in Matrigel (11573620, Corning) into the right flank.
Once tumors reached a palpable size (about 300 mm3), the mice were
randomly assigned to six groups (6 mice per group): (i) BALB/c plus
water (Veh); (ii) Balb/C plus 10 mg/kg/day of sorafenib tosylate (SOR);
(iii) Balb/C plus empty nanoparticles (NPs); (iv) Balb/C plus 10 mg/kg/
day sorafenib-loaded nanoparticles (NPs@SOR); (v) Balb/C plus empty
targeted nanoparticles (Bt-NPs); (vi) Balb/C plus 10 mg/kg/day
sorafenib-loaded targeted nanoparticles (Bt-NPs@SOR). Sorafenib
tosylate was solubilised in DMSO and diluted 20 times with aqueous PVP
30k 10 mg mL~ L.

The treatments were administered daily by oral gavage for 17 days.
Tumor volumes and body weights were determined once a week, and
tumor volume was measured using calibers and was calculated with the
formula: v = [length x (width)?]+ 2 (Cusimano et al., 2015). At the end
of the treatment period, mice were euthanized via CO5 inhalation and
tumors were collected from each animal for further analysis.

2.10.2. Hematoxylin and eosin (H&E) staining

Tumor mass samples were fixed in 10 % neutral-buffered formalin
(Bio-Optica) for 24 h. After overnight washing, tissue samples were
dehydrated in graded ethanol and paraffin embedded. Sections of 4-6
pm in thickness were cut, mounted on silanized glass slides, and air-
dried. To remove the paraffin, slides were immersed in xylene two
times, for 3 min each; rehydrated with graded ethanol, 100 %, 95 %, 80
%, 70 %, and 50 %, for 3 min each; and transferred to tap water. After
that, tissues were stained with H&E and morphological examination of
the samples was performed. The mitotic count was assessed as the total
number of mitotic cells per 10 high power fields (HPFs) at 20 x
magnification using a Zeiss Axioplan light microscope (Carl Zeiss,
Oberkochen, Germany).

2.10.3. Immunohistochemistry (IHC)

Mice were deeply anesthetized and intracardially perfused with ice-
cold 4 % paraformaldehyde (PFA). Tumor mass specimens were fixed
overnight in 10 % neutral-buffered formalin (Bio-Optica). After over-
night washing, they were dehydrated in graded ethanol and paraffin-
embedded taking care to preserve their anatomical orientation. Tissue
sections of 5 ym were then cut, mounted on salinized glass slides and air
dried. To remove the paraffin, slides were immersed in xylene two times,
for 10 min each; rehydrated with graded ethanol, 100 %, 95 %, 70 %,
and 50 %, two times for 10 min each; and transferred to distilled water.
Antigens were retrieved in sodium citrate buffer (10 mM sodium citrate,
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0.05 % Tween-20, pH 6.0) by microwave for 10 min, followed by rinsing
with distilled water. Then, the slides were washed in PBS containing
0.025 % Tween-20 (PBS-T) twice for 5 min each, blocked in 5 % BSA/
0.3 % PBST for 1 h at RT and incubated overnight at 4 °C with BSA 1 %
with the following primary antibodies: mouse anti-CD31 (1:40, JC70A,
DAKO, Glostrup, Denmark), mouse anti-Ki-67 (1:100, MIB-1; DAKO,
Glostrup, Germany). Secondary biotinylated anti-mouse antibody was
applied for 30 min at RT, followed by the avidin-biotin—peroxidase
complex (Vector Laboratories, Burlingame, CA, USA) for 30 min at RT.
The immunoreaction was then visualized by incubating the sections for
4 min in a 0.1 % 3,3-diaminobenzidine (DAB) and 0.02 % hydrogen
peroxide solution (DAB substrate kit, Vector Laboratories, CA, USA). The
sections were lightly counterstained with Mayer’s hematoxylin (Histo-
lab Products AB, Goteborg, Sweden) mounted in GVA mountant (Zymed
Laboratories, San Francisco, CA, USA) and observed with a Zeiss Axio-
plan light microscope (Carl Zeiss, Oberkochen, Germany) fitted with a
digital camera (AxioCam MRc5, Carl Zeiss). Immunohistochemical
staining was analyzed by converting the images to 8-bit, and, using the
appropriate threshold function, the percentage of positive area was
measured (Varghese et al., 2014).

2.10.4. Protein extraction

Tissues were dissected in ice-cold Hank’s balanced salt solution
(HBSS: 137 mM NaCl, 5.4 mM KCl, 0.45 mM KH;PO4, 0.34 mM
NayHPOy4, 4 mM, NaHCO3, 5 mM glucose; pH 7.4) and stored at — 80 °C,
until use. Tumor mass tissues were lysed in a lysis buffer containing 150
mN NaCl, 50 mM Tris-HCl (pH 7.5), 5 mM EDTA, 1 mM NagVO4, 30 mM
sodium pyrophosphate, 50 mM NaF, 1 mM acid phenyl-methyl-
sulphonyl- fluoride, 5 mg mL ™' aprotinin, 2 mg mL ! leupeptin, 1 mg
mL~! pepstatin, 10 % glycerol, and 0.2 % TritonTM X-100. Then, the
homogenates were centrifuged at 14.000 rpm for 10 min at 4 °C. The
protein concentration of the supernatant was determined by the Brad-
ford method (Bradford, 1976).

2.10.5. Western blot analysis

Equal amounts of proteins (50 pg) were separated by 8 %-15 % SDS-
PAGE gels and transferred onto Hybond ECL nitrocellulose membranes
(10600003, Amersham Life Science, Buckinghamshire, UK). Membranes
were blocked with 5 % non-fat dry milk (Bio-Rad Laboratories, Segrate,
Italy) in phosphate-buffered saline plus 0.05 % Tween 20 (PBS-T) for 1 h
at RT, and were then probed overnight at 4 °C on orbital shaker with the
following primary antibodies: mouse anti-AKT (1:1000, #2920, Cell
Signaling, Danvers, Massachusetts, USA), rabbit anti-phospho-AKT
(1:1000, #9271, Cell Signaling), rabbit anti-phospho-p38 (1:500,
#9211, Cell Signaling), rabbit anti-p38 (1:500, #9212, Cell Signaling),
rabbit anti-Casp-8 (1:500, #ab49853, abcam). Then, the membranes
were washed 3 times with PBS-T and probed with the appropriate
horseradish peroxidase-conjugated secondary antibodies (sheep anti-
mouse NXA931V, Amersham Life Science, donkey anti-rabbit
NA934V, Amersham Life Science) for 1 h at RT in 5 % non-fat dry
milk. After washing with PBS-T, protein bands were visualized using
enhanced chemiluminescence (ECL) (Thermo Fisher Scientific, Inc,
Massachussets, United States of America) and scanned using the iBright
FL1500 Imaging System (Thermo Fisher Scientific). Densitometric
analysis of band intensity was performed with the aid of ImageJ soft-
ware version 1.53v (developed by NIH, freeware, available online:
https://imagej.nih.gov/ij/).

2.11. Statistical analysis

Data are presented as mean + SEM and were analyzed using the one-
way ANOVA test, followed by the Tukey post-hoc test for multiple
comparisons. Unless otherwise stated, statistical significance was set at a
p < 0.05. Statistical analyses were performed using Graph Pad Prism
(Ver. 8, La Jolla, CA, USA).
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Fig. 1. Structure of PHEA-g-IB-pButMA-g-PEG-Bt.

Table 1

Values of molar derivatization degrees (DD %) calculated by 'H NMR analyses,
weight average molar weight (Mw) and polydispersity (D) determined through
SEC analysis.

Derivative DDgg%  DDguima% DDppc% M, b

PHEA - - 45,446 1.4

PHEA-g-BIB 35 — — 67,192 1.7

PHEA-g-IB-pButMA 35 385 - 399,098 1.9

PHEA-g-IB-pButMA-g- 35 385 7 427,398 2.0
PEG-Bt

3. Results and discussion

3.1. Synthesis and characterization of the copolymer PHEA-g-IB-
pButMA-g-PEG-Bt

The amphiphilic grafted copolymer, designed to generate nano-
particles capable of efficiently loading the antineoplastic drug sorafenib,
was synthesized through a controlled polymerization approach. Atom
Transfer Radical Polymerization (ATRP) was chosen as polymerization
method for its ability to precisely control chain growth, enabling the
creation of tailored polymer structures. Previous studies have demon-
strated that the synthesis of amphiphilic graft copolymers, consisting of
hydrophilic a,p-poly(N-2-hydroxyethyl)-D,L-aspartamide (PHEA) back-
bone and hydrophobic poly(butyl methacrylate) (PBMA) side chains
obtained via atom transfer radical polymerization (ATRP), facilitates the

production of nanoparticles with enhanced efficacy for the targeted
delivery of sorafenib to hepatocarcinoma cells. [24]. The features of this
copolymer were thus further widened by attaching biotin as active tar-
geting ligand towards cancer cells with high proliferation rate, such as
hepatocarcinoma, which typically overexpress biotin receptors on their
membrane. The final graft copolymer PHEA-g-IB-(pButMA)-g-PEG-Bt
(Fig. 1) was prepared via a three-step synthesis (Fig. S1). First, the
macroinitiator PHEA-BIB was obtained by reacting PHEA hydroxyl
groups with the acyl bromide 2-bromoisobutyryl bromide (BIBB) using
triethylamine as catalyst. 'H NMR analysis allowed to calculate the BIB
derivatization degree (DD%) comparing the integral of the peak related
to the methyl groups of BIB (5 1.95 ppm) with that assigned to CH; of the
PHEA (6 3.29 ppm), resulting in a DD% of 35 mol% (Table 1, Fig. S2).
The hydrophilic macroinitiator PHEA-BIB was then isolated and used as
reactive backbone to perform ATRP of butyl methacrylate (ButMA)
monomers. This second step of the synthetic route led to the amphiphilic
copolymer PHEA-g-IB-pButMA. 'H NMR spectrum of the copolymer
showed a DD% in ButMA equal to 385 mol%, calculated by analyzing
the integral of the peak of the methyl groups of ButMA (5§ 0.99 ppm) in
comparison with that attributed to the methylene group of PHEA (6 3.30
ppm) (Table 1, Fig. $3). Taking into account the already calculated DD%
in BIB of 35 mol%, the polymerization extension (n: derivatization de-
gree in ButMA/derivatization degree in BIB) of ButMA was quantified to
be 11. Finally, the last step of the synthetic pathway involved the
functionalization of the graft copolymer PHEA-g-IB-pButMA via car-
bonate ester with biotin residues already linked to a polyethylene glycol
spacer, leading to the carbamate linkage between the hydroxyl group of
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Table 2
Physico-chemical characterizations of sorafenib nanoparticles.
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Z-Average PDI Z-Potential Drug Loading Biotin Content (mol/mol%)
(nm) (mV) (% w/w)
NPs@SOR 310 £ 16 0.241 + 0.05 —24.3 +5.1 6.1 +1.2 -
Bt-NPs@SOR 330 £ 21 0.217 + 0.02 —254+6.1 8.4+1.6 1.5
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Fig. 2. Percentage of sorafenib released from NPs@SOR and Bt- NPs@SOR, compared with dissolution of free drug, under physiological conditions, simulating
parenteral administration (pH 7.4 at 37 °C, 24 h) or oral administration (pH 1 at 37 °C, 2 h; pH 6.8 at 37 °C, 22 h).

the PHEA backbone and the free amino group of the pegylated targeting
agent. The targeted copolymer PHEA-g-IB-pButMA-g-PEG-Bt was
analyzed by 'H NMR spectroscopy calculating a PEG DD% of 7 mol%
comparing the integral of the peak of the methylene groups of PEG (&
3.58 ppm) with that attributed to the methylene group of PHEA (5 3.29
ppm) (Table 1, Fig. S4). Moreover, 13C NMR spectroscopy confirmed the
functionalization, as visible from the new peak at § 71.39 referred to the
conjugation polyethylene glycol (Fig. S5). All the synthesized co-
polymers were characterized using SEC analysis to determine the weight
average molar weight (M,,) and polydispersity (M,, / M,,) registering the
data summarized in Table 1. The results indicated an increase in mo-
lecular weight that aligns with the sequential derivatization steps con-
ducted. These findings indicate successful synthesis and
functionalization of the targeted copolymer for drug delivery
applications.

3.2. Preparation and characterization of sorafenib loaded polymeric
nanoparticles

Sorafenib loaded nanoparticles were prepared by dialysis-based
nanoprecipitation, where the slow diffusion of the organic solvent
through a dialysis membrane leads to nanoparticles formation. The
obtained nanoparticles were characterized in terms of size distribution,
Zeta-potential, drug loading and surface-exposed biotin content. A
summary of the listed characterizations is provided in Table 2.

Both samples of sorafenib-loaded nanoparticles displayed di-
mensions of approximately 300 nm and possess similar surface charge,
showing that the functionalization with biotinylated PEG4q, does not
alter the aggregation of polymer chains during the nucleation and
growth phase of the particle formation process. These dimensions are
suitable for both oral and parenteral administration, also allowing,
through passive targeting, greater accumulation in the liver (Song et al.,
2014), where, especially in cases of HCC, the epithelium is largely
fenestrated (Yuan et al., 1995). About the potential risk of NPs at ~ 300
nm, rapid clearance from the plasma circulation is generally reported,

precisely because of increased hepatic accumulation (Song et al., 2014),
which in the case of hepatic cancer treatment can be a benefit rather
than a drawback. Additionally, 300 nm nanoparticles are not generally
associated with vascular occlusion, as vascular blockage is reported to
occur with particles larger than 10 pm (Hu et al., 2019).

Furthermore, the presence of biotin on the nanoparticle surface
suggests that the nanoprecipitation by dialysis allows an adequate
exposure of the biotin-functionalized PEG, making them potentially
effective for targeted drug delivery.

In terms of amount of entrapped drug, only a slight increase in drug
content was observed in the biotinylated nanoparticles (8.4 %)
compared to non-targeted ones (6.1 %). By DSC analyses (Figs. S6-57) it
was not possible to clearly distinguish the peaks related to the fusion of
the free sorafenib after incorporation, suggesting that the drug was
presumably located within the inner core of nanoparticles as a molecular
dispersion. These results suggest that the synthesis protocol used yields
nanoparticles potentially able to deliver efficiently sorafenib to the
tumor target. Additionally, stability studies conducted through DLS
analyses over a period of up to one-month period, showed that the
biotinylated sorafenib-loaded nanoparticles retain nearly unchanged
characteristics after being stored as a lyophilized powder at 4 °C or 25 °C
(Table S1). Similar stability results were obtained for not biotinylated
sorafenib loaded nanoparticles.

3.3. Drug release studies

The ability of nanoparticles to release the entrapped drug in a
controlled manner was assessed under physiological conditions, simu-
lating parenteral administration (pH 7.4 at 37 °C, 24 h) or oral admin-
istration (pH 1 at 37 °C, 2 h; pH 6.8 at 37 °C, 22 h).

As shown in Fig. 2, independently by the condition analyzed, both
targeted and non-targeted nanoparticles avoid any potentially prob-
lematic burst effect, as they show a very slow drug release, which does
not exceed 15 % of the total drug trapped after 24 h. However, it might
be noticed that sorafenib is released slower when incorporated in the
targeted nanoparticles under conditions mimicking oral administration



G. Di Benedetto et al.

International Journal of Pharmaceutics 678 (2025) 125729

A
SOR
*
*
* [ 24n
1504 . O 48h
M 72h
*
& 100
Z
2
'S 504
8 |
CTRL  0.05 0.5 5 10 25
Sorafenib tosylate (uM)
B C
NPs@SOR Bt-NPs@SOR
* *
'_|_| * *
|—|—| * [ 24n *
1500 L . [ 48h 1507 . 0 24h
M 72h [ 48h
- * - * H 72h
(J (J
< 100 s 1004
> >
= =
8 g
S 504 S 504
3 — °
S o
0- 0
CTRL  0.05 0.5 5 10 25 CTRL  0.05 0.5 5 10
Sorafenib tosylate (M) Sorafenib tosylate (uM)
D E
150 NPs Bt-NPs
50+ 150+ 24h
L1 24h E 48h
—_ [ 48h Q
S m2n W 72h
> 100+ ‘? 1004
8 g
2 50 2 50
6 Q
) (&S]
CTRL  0.05 0.5 5 10 25 0-

Eq. Sorafenib tosylate (uM)

CTRL  0.05 0.5 5 10
Eq. Sorafenib tosylate (uM)

Fig. 3. Concentration-related (range 0.05uM-25uM) effect of (A) SOR, (B) NPs@SOR, (C) Bt-NPs@SOR, (D) NPs and (E) Bt-NPs upon HepG2 cells viability (%)
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significance. *p < 0.05.

Table 3

IC50 average values for free sorafenib (SOR), sorafenib-loaded nanoparticles
(NPs@SOR) and sorafenib-loaded biotin-conjugated polymeric nanoparticles
(Bt-NPs@SOR) in HepG2 hepatocellular carcinoma cells after 24, 48, and 72 h of
treatment.

HepG2 cell line SOR NPs@SOR Bt-NPs@SOR

IC50 (uM) - 24 h
IC50 (uM) - 48 h
IC50 (uM) - 72 h

7.3(5.3t09.1)
3.0(1.9t0 4.8)
1.7 (1.3 t0 2.7)

9.0 (7.6 to 10.6)
5.8 (4.0to 7.0)
3.0 (1.6 to 5.4)

9.1(7.1t011.5)
57(3.4t07.1)
4.8(3.0t05.8)

(15 % vs 7 % after 24 h). This can be ascribed to a more collapsed
polymeric shell due to PEG chains on the surface. This type of release
profile appears to be potentially advantageous for chemotherapy, as it
could reduce the frequency of administration. Furthermore, nano-
particles with a long circulation time, such as stealth particles, would
thus have enough time to accumulate onto the target site without losing
their load prematurely in the systemic circulation or in the transit
compartments (i.e. gastrointestinal tract), thereby minimizing the
occurrence of side effects.
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3.4. Effects of sorafenib-loaded polymeric nanoparticles on viability of
HepG2 cells

The Fig. 3 presents the results of the HepG2 cell viability assay,
demonstrating the effects of SOR, NPs@SOR, and Bt-NPs@SOR on
HepG2 cells over 24, 48, and 72 h.

The graphs presented in Fig. 3 revealed that all treatments with
sorafenib, free or encapsulated in nanoparticles, result in progressive
decrease of HepG2 cell viability, with more pronounced effects at higher

concentrations and longer exposure times.

However, SOR consistently exhibits the highest potency among the
treatments, as evidenced by its steeper dose-response curves and lower
IC50 values across all time points. The IC50 values, presented in Table 3,
quantitatively confirm these observations. For SOR, the IC50 values at
24,48, and 72 h were 7.3 pM (5.3t09.1), 3.0 pM (1.9 t0 4.8), and 1.7 pM
(1.3 to 2.7), respectively. These values demonstrate a clear time-
dependent increase in potency, consistent with previous findings on
sorafenib’s cytotoxic effects on HepG2 cells (Giammona et al., 2022;
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Table 4

IC50 average values for free sorafenib (SOR), sorafenib-loaded nanoparticles
(NPs@SOR) and sorafenib-loaded biotin-conjugated polymeric nanoparticles
(Bt-NPs@SOR) in HuH-7 hepatocellular carcinoma cells after 24, 48, and 72 h of
treatment.

HuH-7 cell line SOR NPs@SOR Bt-NPs@SOR

IC50 (uM) - 24 h
IC50 (uM) - 48 h
IC50 (uM) - 72 h

6.9 (4.9 t0 8.7)
2.2(1.3t0 3.6)
0.8 (0.5t01.4)

6.7 (6.2t07.4)
3.6 (2.4 to 4.8)
1.1 (0.5to 2.1)

8.2 (5.9 t0 10.5)
4.0(2.3t05.9)
1.3 (0.5 to 2.5)

Llovet et al., 2008). NPs@SOR showed slightly higher IC50 values of 9.0
pM (7.6 to 10.6), 5.8 uM (4.0 to 7.0), and 3.0 pM (1.6 to 5.4) at the same
time points. Bt-NPs@SOR exhibited IC50 values of 9.1 uM (7.1 to 11.5),
5.7 pM (3.4 to 7.1), and 4.8 pM (3.0 to 5.8). These findings are linked to
the ability of polymeric nanoparticles to release the loaded drugs
gradually, as demonstrated by drug release studies and supported by
previously literature (Wilhelm et al., 2016).

3.5. Effects of sorafenib loaded polymeric nanoparticles on viability of
HuH-7 cells

The Fig. 4 presents data for cytotoxicity evaluation on the HuH-7 cell
line, providing a comparison of treatment effects between two different
HCC cell lines. Similarly to HepG2 cells, a clear dose- and time-
dependent reduction in cell viability was shown for HuH-7 cells for all
treatments. However, the bar graphs for HuH-7 cells appear to be shifted
towards lower concentrations compared to HepG2 cells, suggesting a
higher sensitivity of HuH-7 cells to these treatments. This is particularly
evident at the 72-hour time point, where the cell viability is notably
lower for all treatments in HuH-7 cells. The IC50 values shown in
Table 4 for HuH-7 cells further confirm their increased sensitivity to the
treatments. For SOR, the IC50 values at 24, 48, and 72 h were 6.9 pM
(4.9 to 8.7), 2.2 pM (1.3 to 3.6), and 0.8 pM (0.5 to 1.4), respectively.
NPs@SOR showed IC50 values of 6.7 pM (6.2 to 7.4), 3.6 pM (2.4 to
4.8), and 1.1 pM (0.5 to 2.1), while Bt-NPs@SOR exhibited IC50 values
of 8.2 pM (5.9 t0 10.5), 4.0 pM (2.3 t0 5.9), and 1.3 pM (0.5 to 2.5) at the
same time points. Interestingly, in HuH-7 cells, the difference in potency
between SOR and the other two treatments appears to be less pro-
nounced than in HepG2 cells, particularly at the 24-hour time point. This
suggests that the relative efficacy of these treatments may vary
depending on the specific characteristics of the HCC cell line.

3.6. Anticancer effects of sorafenib-loaded biotin-conjugated polymeric
nanoparticles in vivo

A mouse xenograft tumor model of HuH-7 cells was used to assess the
in vivo efficacy of sorafenib-loaded biotin-conjugated polymeric nano-
particles on HCC. When tumors became palpable, at a size of about 300
mm?, mice were randomized into six groups of six animals each. Each
group was treated for 17 days with free sorafenib (SOR), vehicle (water),
sorafenib containing NPs (NPs@SOR), sorafenib-loaded biotin-conju-
gated polymeric nanoparticles (Bt-NPs@SOR), empty NPs (as a control
of NPs@SOR) and empty Bt-NPs (as a control of Bt-NPs@SOR). The SOR,
NPs@SOR and Bt-NPs@SOR treated groups received the drug at 10 mg
kg~! daily oral (p.o.) gavage, while the other three groups received
water or empty nanoparticles at equivalent concentration. At regular
time intervals (0, 7, 14, and 21 days) tumor volumes (Fig. 5B) and body
weight (Fig. 5C) were recorded, and the results were expressed in
function of time.

Fig. 5A, shows images of mice and their respective tumors at the end
of the 17 days treatment, acquired by using a digital photo camera, were
reported and they are representative of all collected tumors.

The results presented in Fig. 5 provide a comprehensive demon-
stration of the superior in vivo antitumor efficacy of biotin-
functionalized nanoparticles loaded with sorafenib (Bt-NPs@SOR)
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compared to both non-functionalized nanoparticles (NPs@SOR) and
free sorafenib. This enhanced efficacy can be attributed to several syn-
ergistic factors. First, the biotin-mediated active targeting likely facili-
tated preferential accumulation of the nanoparticles in tumor tissue,
exploiting the overexpression of biotin receptors on hepatocellular
carcinoma cells (Chen et al., 2019; Varvara et al., 2024). In addition, the
PEGylation of the nanoparticle surface contributed to prolonged sys-
temic circulation and reduced clearance, allowing for sustained drug
release and increased tumor exposure to sorafenib (Varvara et al., 2024;
Wang et al., 2022). The slow and controlled release profile, as demon-
strated in the drug release studies, minimized premature drug loss and
maintained therapeutic concentrations at the tumor site, which is crit-
ical for maximizing the antitumor effect while reducing systemic
toxicity.

Furthermore, the absence of significant body weight loss across all
treatment groups (Fig. 5C) suggests that the nanoparticle formulations,
particularly Bt-NPs@SOR, did not induce notable systemic toxicity,
supporting the safety and tolerability of this approach. This is particu-
larly relevant given the well-documented adverse effects associated with
free sorafenib therapy (Abdel-Rahman and Lamarca, 2017).

These findings are consistent with previous reports indicating that
targeted nanocarriers can overcome several limitations of conventional
chemotherapy, including poor tumor selectivity, rapid drug clearance,
and off-target side effects (Bottger et al., 2020; Varvara et al., 2024;
Wilhelm et al., 2016).

The observed divergence between in vitro and in vivo efficacy of Bt-
NPs@SOR stems from fundamental differences between experimental
models and biological environments. While in vitro assays showed
comparable cytotoxicity for Bt-NPs@SOR and NPs@SOR, as demon-
strated by overlapping IC50 confidence intervals (Tables 3-4), in vivo
studies revealed a marked superiority of Bt-NPs@SOR in suppressing
tumor growth (Fig. 5). This discrepancy can be explained by the sus-
tained release profile of Bt-NPs@SOR, which limits immediate drug
availability in short-term in vitro assays but allows for gradual and
prolonged accumulation in tumors in vivo, thanks to the enhanced
permeability and retention (EPR) effect and biotin-mediated active
targeting. Moreover, the tumor microenvironment in vivo, character-
ized by biotin receptor overexpression on hepatocellular carcinoma cells
(Chen et al., 2019), facilitates receptor-mediated uptake of Bt-NPs@SOR
a mechanism absent in 2D in vitro models, which lack the complexity
needed for efficient targeting. PEGylation further supports this process
by reducing protein corona formation and extending systemic circula-
tion (Wang et al., 2022). Notably, conventional 2D cultures fail to
replicate the structural and functional complexity of tumors, including
interstitial fluid pressure and extracellular matrix density, which are
crucial for nanoparticle penetration and retention. Methodological
studies (Seidu et al., 2022) confirm that 2D systems often underestimate
the efficacy of targeted nanocarriers. Such results highlight the limita-
tions of 2D in vitro models, which cannot accurately mimic the
complexity of the in vivo tumor microenvironment and therefore may
underestimate the efficacy of targeted nanosystems.

To further elucidate the mechanisms underlying the observed anti-
tumor effects, we next examined histological and immunohistochemical
markers of proliferation and angiogenesis in tumor tissues from the
different treatment groups. The histological analysis of tumor sections
stained with hematoxylin-eosin (Fig. 6A) shows consistent morpholog-
ical changes across SOR, NPs@SOR, and Bt-NPs@SOR in vivo. The
antiproliferative and antiangiogenic effects of free sorafenib and sor-
afenib encapsulated in NPs were assessed through immunohistochem-
ical analyses. Specifically, to evaluate the antiproliferative effects of the
different treatments, the expression levels of the nuclear proliferation
marker Ki-67 were examined. Animals treated with Bt-NPs@SOR dis-
played a significantly reduced Ki-67 positive staining area compared to
those treated with the vehicle, free drug, empty nanoparticles, or
NPs@SOR, indicating that tumor cell proliferation was most effectively
suppressed by sorafenib loaded into targeted nanoparticles (Fig. 6B).
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Fig. 7. Western blot analysis of key signaling pathways in tumor samples from Huh7 xenograft models (n = 3 mice per group). Left panels (A, B, C) show repre-
sentative Western blots for p-AKT/AKT, p-p38/p38, and Caspase 8/Cleaved caspase 8 across different treatments (VEH, SOR, NPs, NPs@SOR, Bt-NPs, Bt-NPs@SOR).
Right panels (A’, B’, C’) show densitometric quantification of protein levels normalized to controls (expressed as percentage of control). The data are expressed as
means + S.E.M. One-way ANOVA and the Tukey post-hoc test were used to determine statistical significance. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

The data corroborate that sorafenib can suppress tumor proliferation in
vivo by impeding cell cycle progression, which aligns with prior reports
in gastrointestinal and liver cancers (Basilio-de-Oliveira and Pannain,
2015; Yang et al., 2018). The lowest Ki-67 levels in Bt-NPs@SOR treated
tissues suggest that improved drug concentration in the tumor micro-
environment intensifies antiproliferative activity over standard formu-
lations, consistent with biotin-driven uptake mechanisms (Ma et al.,
2021; Zhang et al., 2022). Furthermore, the tumor vasculature was
assessed in tumor samples through CD31 staining of blood vessels
(Fig. 6C). Similarly, to Ki-67 positive staining, the quantity of CD31-

12

positive cells showed a substantial increase in tumors from mice
treated with both vehicle and empty nanoparticles. In contrast, tumor
samples obtained from mice treated with Bt-NPs@SOR exhibited a
marked reduction in CD31-positive cells (Fig. 6C), suggesting that the
tumor-suppressive effect of sorafenib entrapped into targeted nano-
particles may be driven by vascular disruption. The notable CD31
reduction with Bt-NPs@SOR reflects the intensification of anti-
angiogenic effects, likely due to higher local drug availability, mirror-
ing reports of advanced formulations adding to the blockade of tumor
neovascularization (Ma et al., 2021; Romualdo et al., 2021; Zhang et al.,
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2022). Collectively, these experimental findings provide compelling
evidence for the enhanced therapeutic effectiveness of sorafenib when
delivered through polymeric nanoparticles.

To assess changes in the expression of molecular markers following
the different treatments, protein extracts from tumors harvested from
treated mice were subjected to Western blot analysis (Fig. 7). The AKT
pathway analysis shows differential phosphorylation patterns across
treatments. Bt-NPs@SOR treatment induced the highest p-AKT/AKT
ratio, followed by SOR and NPs@SOR, while vehicle control showed
minimal activation (Fig. 7A). This suggests enhanced activation of the
AKT survival pathway, particularly with Bt-NPs@SOR treatment. The
enhanced p-AKT levels observed with Bt-NPs@SOR treatment are
consistent with recent findings showing that AKT activation plays a
complex role in cancer progression and treatment response (Revathidevi
and Munirajan, 2019). Studies have shown that modulating multiple
pathways simultaneously can potentially overcome resistance mecha-
nisms commonly observed with single-pathway inhibition (Emran et al.,
2022). This approach, combining AKT pathway modulation with other
stress pathways, may create unique cellular states that enhance thera-
peutic efficacy (Wang et al., 2014).

The p38 MAPK pathway examination reveals striking differences in
activation levels. Bt-NPs@SOR treatment resulted in the most robust p-
p38/p38 ratio, significantly higher than other treatments (Fig. 7B). The
strong activation of p38 MAPK by Bt-NPs@SOR is particularly signifi-
cant given recent evidence linking p38 activation to enhanced thera-
peutic responses in HCC. Current literature suggests that sustained p38
MAPK activation can overcome resistance mechanisms and promote
apoptosis in HCC cells, particularly when combined with other thera-
peutic stressors (Deng et al., 2024). This aligns with our observations of
enhanced therapeutic efficacy despite concurrent AKT activation.

Activation of apoptotic pathway, assessed through Caspase 8 and its
cleaved form (Fig. 7C), demonstrates varying levels of activation.
NPs@SOR and Bt-NPs@SOR showed the highest level of cleaved caspase
8 (Kong et al., 2021). This result suggests that sorafenib delivered by
nanoparticles most effectively triggers the apoptotic cascade (Sheng
et al.,, 2017). The analysis of apoptotic signaling through caspase 8
cleavage revealed complex pathway interactions (Chen et al., 2024;
Tummers and Green, 2017). Recent studies have demonstrated that
effective HCC therapies often require engagement of multiple death
pathways, as these tumors frequently develop resistance to single
pathway targeting (Huang et al., 2020; Wu et al., 2024).

4. Conclusions

In this work, nanoparticles for sorafenib delivery have been prepared
using an amphiphilic polyaminoacidic-based graft copolymer (PHEA-g-
IB-pButMA-g-PEG-Bt), specifically designed for biotin-mediated active
targeting of cancer cells. Nanoparticles were obtained via dialysis-based
nanoprecipitation, resulting in a size suitable for both parenteral and
oral administration, along with satisfactory drug loading and prolonged
drug release capabilities.

The in vitro experiments demonstrated that SOR, NPs@SOR, and Bt-
NPs@SOR exerted a strong antiproliferative effect on HepG2 and HuH-7
cell lines, leading to a time-dependent reduction in cell viability and
progressively lower inhibitory concentrations (IC50) observed over 72
h. Notably, SOR proved highly active since the early stages (24-48 h),
whereas Bt-NPs@SOR displayed a more pronounced efficacy at later
time points, confirming that biotinylated polymer encapsulation enables
sustained and/or enhanced tumor cell targeting. In the HuH-7 xenograft
murine model, analysis of tumor samples stained with H&E and sub-
jected to immunohistochemistry (Ki-67 and CD31) revealed potent
cytotoxic and antiangiogenic activities for all treatments, with Bt-
NPs@SOR associated with more extensive structural damage and a
more marked decrease in proliferative index (Ki-67) and tumor vascu-
lature (CD31). Moreover, Western blot data on proteins involved in
survival (p-AKT), cellular stress and apoptotic processes (p-p38, caspase-
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8, cleaved caspase-8) indicate that SOR, and more prominently Bt-
NPs@SOR, effectively inhibit protumor signaling pathways while pro-
moting programmed cell death mechanisms.

Collectively, these in vitro and in vivo findings confirm that the
biotinylated polymeric system (Bt-NPs@SOR) enhances sorafenib’s
therapeutic profile, potentially improving its clinical efficacy through
prolonged and more selective drug release. These results highlight the
proposed nanoparticles as promising candidates for targeted hepato-
cellular carcinoma therapy.
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