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Abstract

This study introduces advanced nanoparticle-based drug delivery systems (NDDS) designed for targeted colorectal cancer
treatment. We developed and characterized three distinct formulations: Bevacizumab-loaded chitosan nanoparticles (BEV-
CHI-NP), polymeric micelles (BEV-PM), and BEV-conjugated exosomes enriched with AS1411 and N1-methyladenosine
(AP-BEV + M1A-EXO). Each formulation exhibited optimized physicochemical properties, with particle sizes between
150 and 250 nm and surface charges ranging from+ 14.4 to+43 mV, ensuring stability and targeted delivery. The AP-
BEV + M1A-EXO formulation demonstrated targeted delivery to VEGF, a protein commonly overexpressed in colorectal
cancer cells, as indicated by localized staining. This suggests a more precise delivery of the therapeutic agent to VEGF-
enriched regions. In contrast, the BEV-CHI-NP formulation exhibited a broader pattern of tumor suppression, evidenced by
reduced overall staining intensity. The BEV-PM group showed moderate effects, with a relatively uniform protein expression
across tumor tissues. /n vivo studies indicated that the AP-BEV + M1A-EXO formulation achieved a notable reduction in
tumor volume (~65.4%) and decreased levels of tumor biomarkers, including CEA and CA 19-9, compared to conventional
BEV-API treatment. In vitro experiments using human colon tumor organoids (HCTOs) further supported these findings,
showing a significant reduction in cell viability following exposure to AP-BEV + M1A-EXO. These results suggest that com-
bining aptamer specificity with exosome-based delivery systems could enhance the precision and effectiveness of colorectal
cancer therapies, representing a potential advancement in treatment strategies. In vivo experiments further revealed that the
AP-BEV + M1A-EXO formulation outperformed conventional BEV-API treatment, achieving a four-fold increase in tumor
suppression. This formulation resulted in a 65.4% reduction in tumor volume and a significant decrease in tumor biomarkers,
including CEA and CA 19-9. In vitro studies also demonstrated a significant reduction in cell viability in human colon tumor
organoids exposed to AP-BEV +M1A-EXO. These findings highlight the potential of combining aptamer specificity with
exosome-based delivery systems to enhance the precision and efficacy of colorectal cancer therapies, marking a promising
step forward in cancer treatment innovation.

New concept statement The manuscript presents a novel
concept of dual nucleus and mitochondria targeting for colorectal
cancer therapy through exosome and nanoparticle-based delivery
systems. This innovative approach combines the specificity

of the AS1411 aptamer with modified nucleosides like N1-
methyladenosine, conjugated to exosomes for enhanced delivery
of Bevacizumab. What sets this approach apart from existing
research is its dual-targeting mechanism, where Bevacizumab
disrupts extracellular angiogenesis, while the aptamers modulate
intracellular processes like tRNA and mtRNA regulation.

This synergistic strategy significantly improves therapeutic
outcomes by increasing tumor suppression and reducing cancer
biomarkers. The insights gained contribute to materials science
by demonstrating the potential of exosome-based systems to
improve the precision, stability, and multi-target functionality

of cancer therapies, representing a significant advancement in
nanoparticle-based drug delivery systems for solid tumors.
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Introduction

Colon cancer remains a major public health challenge
worldwide, accounting for a significant proportion of can-
cer-related morbidity and mortality [1, 2]. Despite advance-
ments in surgical techniques and chemotherapy regimens,
the survival rates for advanced-stage colon cancer remain
dismal. The urgent need for more effective and targeted
therapies has driven extensive research into innovative drug
delivery systems that can enhance the precision and efficacy
of treatment, while minimizing off-target effects [3-6].

One of the most promising strategies in the field of tar-
geted therapy for colon cancer involves the use of novel drug
delivery systems (NDDS). Nanoparticles can be engineered
to improve the pharmacokinetics and biodistribution of ther-
apeutic agents, allowing for their selective accumulation in
tumor tissues [7-9]. This selective delivery is often achieved
by exploiting the enhanced permeability and retention (EPR)
effect, which is characteristic of tumor vasculature. How-
ever, the specificity and efficiency of these delivery systems
can be further enhanced by functionalizing the nanoparticles
with ligands or aptamers that specifically recognize and bind
to receptors overexpressed on cancer cells.

Bevacizumab (BEV), a monoclonal antibody that tar-
gets vascular endothelial growth factor (VEGF), has been
widely used in the treatment of various cancers, including
colon cancer [10-12]. By inhibiting VEGF, BEV effectively
reduces angiogenesis, a critical process for tumor growth
and metastasis. However, the therapeutic potential of BEV
is often limited by its poor penetration into solid tumors
and its short half-life in circulation. To address these limita-
tions, BEV has been incorporated into various nanoparticle
formulations, which can improve its stability, prolong its
circulation time, and enhance its accumulation in tumor tis-
sues [12, 13].

The use of aptamers, such as AS1411, represents another
innovative approach to enhancing the specificity of drug deliv-
ery systems. AS1411 is a G-quadruplex DNA aptamer that
selectively binds to nucleolin, a protein that is overexpressed
on the surface of cancer cells, including colon cancer cells
[14, 15]. Nucleolin is involved in various cellular processes,
including ribosome biogenesis, DNA repair, and apoptosis
regulation. By targeting nucleolin, AS1411 can facilitate
the selective delivery of therapeutic agents to cancer cells,
thereby increasing the efficacy of the treatment while reduc-
ing systemic toxicity. Recent studies have demonstrated that
AS1411-conjugated nanoparticles can significantly enhance
the therapeutic efficacy of various anticancer agents, including
those targeting colon cancer [15].
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N1-methyladenosine (M1A) is a modified nucleoside that
has recently gained attention as a potential biomarker and
therapeutic target in cancer. M1A is involved in the regulation
of mRNA translation and stability, and its dysregulation has
been implicated in the development and progression of various
cancers, including colon cancer [16, 17]. The incorporation of
MIA into nanoparticle-based drug delivery systems has been
shown to enhance the targeting and efficacy of anticancer thera-
pies. Specifically, M1A-modified nanoparticles can selectively
bind to and modulate the activity of specific RNA molecules
in cancer cells, leading to the inhibition of tumor growth and
induction of apoptosis [18]. In the present study, we aimed to
develop and characterize a novel nanoparticle-based drug deliv-
ery system for the targeted treatment of colon cancer. Our for-
mulation incorporated Bevacizumab into chitosan-based nano-
particles (BEV-CHI-NP) and micelles (BEV-PM), as well as
AS1411 and M1A loaded exosomes (AP-BEV + M1A-EXO).
The formulations were designed based on experimental design
principles and subjected to extensive characterization, includ-
ing transmission electron microscopy (TEM), dynamic light
scattering (DLS), and high-performance liquid chromatography
(HPLC) analysis. In addition, in silico release and docking stud-
ies were conducted to predict the release profiles and interac-
tions of the formulations with their target molecules.

To evaluate the therapeutic potential of these formulations,
we conducted in vitro release studies, followed by in vivo
experiments using a colon cancer animal model. Carcinoem-
bryonic antigen (CEA), Thymidylate synthase (TYMS), carbo-
hydrate antigen 19-9 (CA19-9), and carbohydrate antigen 125
(CA125) levels were also investigated before and after treat-
ment to assess the impact of the formulations on tumor mark-
ers. Western blot, ELISA, and PCR analyses were performed
on tissue and blood samples collected from the animal study to
assess the expression levels of key molecular markers associ-
ated with the apoptotic pathway. Our results demonstrated that
the AS1411 and M1A components significantly enhanced the
therapeutic efficacy of the formulations, leading to increased
apoptosis, inhibition of tumor growth, and significant reduc-
tions in CEA, TYMS, CA19-9, and CA125 levels (Fig. 1).

Material and Methods
Materials
Formulation Preparation and Solvents

Bevacizumab (BEV)(#A2006) was purchased from Selleck-
chem (Houston, TX, USA). Poly(e-caprolactone), y,-b-PEG,
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Fig.1 Targeted delivery of bevacizumab-conjugated exosomes, bevacizumab loaded micelles and chitosan nanoparticles for inducing apoptosis

in colon cancer cells (Created with BioRender.com)

diblock polymer (PCLyoPEG;000)(#900,670), chitosan
(CHI)(#419,419), 1-methyladenosine (colon cancer derived)
(M1A)#SMBO00939), pyrene (#129-00-00), Reinecke salt
(#183,687), Simplicon® Human iPS Cell Line (#SCC271),
RNA Reprogramming Kit (#SCR550), Accumax™ (#A7089),
SILu™MADb BEV—stable isotope labeled (SIL) monoclonal
antibody (mAb) standard (#MSQC21), ECM Gel (#CC131),
CdSe/ZnS core—shell type quantum dots (#919,144), and

human ES/iPS Leibovitz’s L-15 medium (#SCM130) were
obtained from Sigma (St. Louis, MO, USA). Anti-Nucleolin
Aptamer (AS1411) (#A321259) was sourced from Antibod-
ies.com (Cambridge, UK). Whilst the exosome-human CD9
isolation reagent (#10614D) was acquired from Thermo Fisher
(Waltham, MA, USA), all solvents that using preparation and
analysis phase were HPLC grade.
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Biological Markers

cDNA kit and master mix (#11,756,500), RNeasy kit
(#73,404), Trizol agent (#10,296,028), Hematoxylin
solution modified acc. to Gill III (#1.05174), human car-
bohydrate antigen (Ag) CEA ELISA Kit (#RAB0375),
human carbohydrate Antigen 125 / Mucin-16 ELISA Kit
(#RABO0376), human carbohydrate Antigen 19-9 ELISA
Kit (#RAB0373), Anti-CEA (CD66¢) antibody (ab), rab-
bit monoclonal (#SAB5600137), anti-TYMS ab produced
in rabbit (#SAB5700001), anti-carbonic anhydrase 9
(CA19-9) ab produced in rabbit (#SAB5701575), and anti-
CA125/MUCI16 ab, and clone 47214, Rabbit Monoclonal
(#SAB5702541) ab were acquired from Sigma Aldrich (St.
Louis, MO). Mount-Quick Mounting Media (#04980-AB),
Eosin (#202568), Hematoxylin (#04980-AB), Xylene I
(#202595), and Xylene I1(#202591) were purcha sourced
from Structure Probe (West Chester, PA, USA).

Organoids and Cell Culture

Normocin (#ant-nr-1), and Primocin (#ant-pm-1) were
purchased from Invivogen (San Diego, CA, USA). Gen-
tamicin (#E737) was procured from Amresco (Framing-
ham, MA, USA). 1X Pen/Strep (#15,070,063), HEPES
(#15,630,080), and TryplE Express (#12,604,039) were
sourced from ThermoFisher (Waltham, MA, USA).
DMEM (#12,634,028), 1X Glutamax (#35,050,061), 1X
B27 (#12,587,010), and 1X N2 (#17,502,048) were all
sourced from Life Technologies (Carlsbad, CA, USA).
L-WRN cell line (CRL-3276) and Dulbecco’s Phos-
phate Buffered saline (D-PBS, 1X, #30-2200 ™) were
procured from ATCC (Manassas, VA, USA). Nicotina-
mide (#N0636), N-acetyl cysteine (#A9165), SB202190
(#S7067), Gastrin I (# G9020), and A83-01 (#SMLO0788)
were all acquired from Sigma Aldrich (St. Louis, MO,
USA) CellTiter-Glo 3D (#G9681) was procured from Pro-
mega (Madison, WI, USA).

Y-27632 (Cat# 1254) was purchased from Tocris (Bris-
tol, UK). Lastly, while EGF (#AF-100-15,) was supplied
from Peprotech (Cranbury, NJ, USA), Matrigel using Cell
Recovery Solution (CRS) (# 354,253) was obtained from
Corning (Corning, NY, USA).

Formulation Design

To optimize the three different nano delivery systems
developed for this study, we employed Response Surface
Methodology (RSM) using a Central Composite Design
(CCD). Key formulation variables were identified, includ-
ing the concentration of BEV, the ratio of PCL,,,PEGy
to chitosan, and the amounts of M1A and AS1411. These
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factors were selected based on their critical roles in
determining the characteristics of the nanoparticles and
exosomes; particle size, drug encapsulation efficiency
(%EE), and release kinetics. A series of experiments were
conducted according to the CCD matrix, systematically
varying the levels of these factors to evaluate their effects
on the response variables. The data collected were then
used to build a quadratic model, which allowed for the pre-
diction of optimal formulation conditions (Supplementary
File-S1). The model's predictions were validated through
additional experiments, confirming the reliability of the
optimized parameters.

Preparation of NDDS
BEV-PM

Before preparation of the BEV-PM, critical micelle con-
centration (CMC) of the PCL,,,oPEG,o, micelles was
measured using pyrene as a fluorescent probe to detect
appropriate amount of polymer to make stabile micelle
formulation [19]. A series of aqueous solutions of the
copolymer, with concentrations ranging from 5x 107 to
0.5 mg/mL, was prepared. A known amount of pyrene was
added to each solution, resulting in a final pyrene concen-
tration of 6.2 X 107 M. These solutions were incubated at
36°C in the dark with gentle agitation for 20 h. The sam-
ples were then excited at 334 nm using an Agilent 8453
G1103A Spectrophotometer (Santa Clara, CA, USA). All
measurements were performed at room temperature. The
ratio of the first to the third intensity peaks was plotted
against the logarithm of the copolymer concentration to
determine the CMC.

PCL,(0oPEG,qy, was combined with BEV (2.5 mg/ml)
in distilled water at 37°C to prepare BEV-NP. The result-
ing micelles were purified through dialysis using a Pro 6
Membrane with a molecular weight cut-off (MWCO) of
8,000 (Fisher Scientific, Waltham, MA, USA), followed
by ultrafiltration with a MWCO of 40,000 to obtain the
BEV-NP. The BEV content within the micelles was quanti-
fied using inductively coupled plasma mass spectrometry,
conducted on a Waters Alliance Radio Mass Spectroscopy
system (Milford, MA, USA) equipped with a Waters™ SQ
Detector 2.

BEV-CHI-NP

To protect BEV from the detrimental effects of acid expo-
sure, PEG was employed as a protective agent [20]. The
process began by dissolving PEG at a concentration of
2.5% w/w in an acidic solution composed of 2% acetic acid,
which also contained 4% w/w CHI. Once the PEG was fully
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dissolved, BEV was introduced into the CHI-PEG mixture
at a concentration of 2.5 mg/mL. The addition of BEV was
carried out under conditions that minimized light exposure
to prevent any potential degradation. The entire mixture was
then subjected to stirring at a constant speed of 400 rpm
for 1 h, ensuring thorough mixing and proper interaction
between the components.

AP-BEV + M1A-EXO
Isolation of the Exosomes

iPSCs were cultured in Leibovitz’s L-15 medium sup-
plemented with 15% exosome-depleted FBS. The natural
exosomes in the FBS were removed by overnight ultracen-
trifugation at 4000 rpm at 4°C, followed by filtration through
a 0.22 um filter (Millipore, USA). After 48 h of culture,
the medium supernatant was collected. Cells and cellular
debris were initially removed by centrifugation at 1500 rpm
for 15 min at 4°C, followed by a second centrifugation at
the same speed for another 15 min. Large vesicles were
eliminated by ultracentrifugation and subsequent filtration
through a 0.22 pm filter. Exosomes were then isolated by
ultracentrifugation at 4000 rpm for 3 h at 4°C. The exosome
pellet was resuspended in PBS, and the concentration of
exosomes derived from iPSCs was measured using differ-
antial light scattering (DLS).

Conjugation with BEV and PEGylation

BEV-conjugated exosome (100 pL at 2.5 pg/pL) were incu-
bated with CD9 Isolation Reagent (10 pL) in PBS buffer
at 37°C for 30 min. To eliminate any unbound probes, the
exosome were washed twice with PBS by ultracentrifugation
at 4000 RPM for 90 min at 4°C [21]. The resulting pellet
was resuspended in PEGylated (1.5%, w/w) PBS buffer. The
presence of BEV on the surface of the exosome was then
assessed using Agilent 8453 G1103A Spectrophotometer
(Aex =588 nm, Aem =604 nm) (Supplementary File-S2).
The binding kinetics of BEV to exosome was evalu-
ated using surface plasmon resonance (SPR) with a WAVE
Delta Grating-Coupled Interferometry (GCI) system (Mal-
vern Panalytical, Waltham, MA, USA). Measurements were
conducted with HBS buffer (20 mM HEPES, 250 mM NaCl,
3.5 mM EDTA, 0.005% polysorbate 20, pH 7.4) as the run-
ning buffer, while ligand immobilization was performed
using HBS buffer supplemented with 700 mM NaCl. For
ligand immobilization, a GCI sensor chip (Malvern) was
activated by flowing a solution of 20 mM EDAC and 5 mM
Sulfo-NHS (Malvern) across the surface for 420 s at a rate
of 30 uL/min. BEV was immobilized at a concentration of
2.5 pg/uL in 10 mM sodium acetate (pH 6.4) until a sur-
face density of approximately 780 resonance units (RU) was

reached. Any unreacted active sites were quenched with 1 M
ethanolamine (pH 8.5) for 300 s at a flow rate of 10 uL/min.
To eliminate non-covalently bound proteins, the sensor chip
was washed with HBS buffer for 600 s, followed by a 90-s
wash with 120 mM glycine (pH 2.5). The binding affinities
were determined using WAVEcontrol software (v.3.1.4.4,
Malvern) by calculating the association and dissociation rate
constants based on a simple 1:1 Langmuir interaction model
[22] (Supplementary File-S2).

Loading M1A and AS1411

To load AS1411 and M1A into exosome, exosome of vary-
ing concentrations were mixed with AS1411 (10 pM) and
MI1A (1:1000, v/v) derived from CdSe/ZnS core—shell
quantum dots based dye (using different colors to seper-
ate them). The mixture was prepared in Axygen™ Dispos-
able V-Bottom Reagent Reservoirs (5 ml) containing 300
pL of electroporation buffer at 4°C. Electroporation was
then performed at 400 V and 150 pF using an MSE PRO
Gene Electroporator (Tucson, AZ, USA). Following elec-
troporation, the mixture was incubated at 37°C for 30 min
to ensure complete recovery of the exosome plasma mem-
brane. To remove any unbound exosomes, the final prod-
uct, termed AP-BEV + M1A-EXO, was washed twice with
cold PEGylated (1.5% w/w) PBS by ultracentrifugation at
4000 rpm for 90 min. The payload of M1A and AS1411
within the exosome was determined based on the fluores-
cence of M1A and AS1411 (A=500 nm) using Agilent 8453
G1103A Spectrophotometer.

Experimental evaluation of NDDS

The particle size, polydispersity (PDI), particle charge,
and surface morphologies, of BEV-API, BEV-PM, AP-
BEV + M1A-EXO, and BEV-CHI-NP were examined
using DLS (Zetasizer Ultra, Malvern, Waltham, MA,
USA) and scanning electron microscopy (SEM) (Zeiss
EVO 40, Oberkochen, Germany) respectively. Differen-
tial scanning calorimetry (DSC) and transmission electron
microscopy (TEM) (HT7800, Hitachi High-Tech America
were employed to map the elemental composition of the
samples.

Chromatographic and Mass Spectrometry Setup

BEV was obtained from SelleckChem, with careful con-
sideration given to the CDR (Heavy chain: RFTFSLDT-
SKSTAYLQMNSLR), as this information is crucial for
selecting the appropriate SIL peptide [23]. Consequently,
SILu™-MADb, with the FTFSLDTSK region (labeled with
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Arginine->Cy, °N, and Lysine 13 Cy, °N,), was used as the
internal standard, synthesized by Sigma Aldrich, based on
the findings of Iwamoto et al. [23]. The LC-MS conditions
were set as follows: solvent A consisted of 0.1% aqueous
formic acid (FA), while solvent B was acetonitrile (ACN)
with 0.1% FA The chromatographic separation was per-
formed using Shim-pack GIST C18, 2 pm, 2.1 X 150 mm
from Shimadzu (Drive Columbia, MD, USA), at a col-
umn temperature of 30°C and a flow rate of 0.3 ml/min.
The gradient program was as follows: 0-5 min: %B =3,
5-45 min: %B =3-30 gradient, 45-56 min: %B =95,
56-65 min: %B =3. MS and MS/MS spectra were acquired
with a desolvation line temperature of 300°C and a heat
block temperature of 300°C. The nebulizer nitrogen gas
flow rate was 1.5+ 0.1 L/min, with a drying gas pressure
of 80 kPa. Ion accumulation times were set at 20 ms for
MS and 60 ms for MS/MS analysis. MS/MS analysis was
conducted in automated data-dependent mode with colli-
sion-induced dissociation cell electrode voltage of —1.3 V.

Stock solutions were prepared in methanol and stored
at—20°C. Calibration curves for each peptide were estab-
lished by preparing plasma samples with BEV concentra-
tions ranging from 0.146 to 300 pg/ml, using a twofold serial
dilution to create nine calibration points. The lower limit of
quantification (LLOQ) was set at 0.292 pg/ml, while the low,
middle, and high quality control (LQC, MQC, HQC) con-
centrations were set at 0.584, 5, and 150 pg/ml, respectively.
The run acceptance criteria were defined according to ICH
M10 guidelines and the Bioanalytical Method Validation
Guidance for Industry [24]. An analytical run was consid-
ered valid if at least four out of six QC results, and at least
one of the two QC replicates at each concentration level,
fell within 20% of their nominal values. Validation data was
shared as a Supplementary File-S2.

Stability Testing Under Controlled Conditions

The stability of the formulations was assessed under both
long-term (25°C/60% RH) and accelerated (40°C/75%
RH) conditions following the ICH Q1A(R2) guidelines
[25]. A Binder KBF-S 115 Humidity Test Chamber (3.6
Cu. Ft, Binder, Camarillo, CA, USA) was used to main-
tain precise temperature and humidity levels throughout the
study. Samples of AP-BEV + M1A-EXO and BEV-CHI-
NP formulations were stored in sealed containers within the
chamber for up to six months. At predefined intervals (0,
1, 3, and 6 months), aliquots were retrieved and analyzed
for encapsulation efficiency (%EE), particle size, and zeta
potential. Encapsulation efficiency was determined using
validated UV-Vis spectrophotometry, while particle size
and zeta potential were measured using dynamic light scat-
tering (DLS). Physical changes, such as aggregation, were
documented visually and through microscopy to provide a
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comprehensive evaluation of formulation stability under the
specified conditions.

Drug Release Kinetics in Controlled Environments
BEV Release

The release profile of BEV from BEV-API, BEV-PM,
BEV-CHI-NP, and AP-BEV + M1A-EXO formulations
was evaluated under varying pH conditions over time. To
mitigate drug-induced hydrophobicity, each formulation
was prepared with 25 mg/mL of BEV, and the solution pH
was adjusted to 7.4. For BEV-PM and BEV-CHI-NP, the
formulations were prepared in 5 mL vials and incubated in
a water bath at 37°C with a rotation speed of 50 rpm [26].
At specific time intervals up to 8 days, 3 mL of the buffer
solution was replaced with fresh buffer at the corresponding
Ph,7.4. The concentration of BEV in each sample was deter-
mined using LC-MS/MS method that described in Chromo-
tographic settlement. To investigate the release mechanism,
the in vitro release profiles were compared against three dif-
ferent kinetic models based on established methodologies.

AS1411 and M1A Release

The release profiles of the AS1411 aptamer and M1A-loaded
mRNA from the AP-BEV + M1A-EXO formulation were
studied under controlled conditions. The formulation was
placed in dialysis bags with a molecular weight cutoff of
3.5 kDa, which were immersed in 10 mL of release medium
(PBS, pH 7.4, or acetate buffer, pH 5.5) at 37°C with gentle
stirring at 100 rpm. These conditions were selected to repli-
cate physiological and acidic tumor environments.

At predetermined time intervals (8, 24, and 48 h, and up
to 7 days), 1 mL of the release medium was collected and
replaced with fresh buffer to maintain sink conditions. The
collected samples were analyzed to determine the concentra-
tions of the aptamer and mRNA. While AS1411 was fluores-
cently labeled, and its release was measured using a spectro-
fluorometer by detecting fluorescence at Aex =500 nm and
Aem =520 nm, M1A concentrations were quantified using
gPCR after extracting RNA from the collected samples [18].

Computational Release Setup

The ADMET predictor software (v8.3.3.1, Simulation Plus
Inc., Lancaster, CA, USA) was employed to perform an in
silico simulation of the absorption, distribution, metabo-
lism, and excretion (ADME) of BEV-API, BEV-PM, AP-
BEV +M1A-EXO, and BEV-CHI-NP across plasma and
key organs such as the brain, liver, heart, and kidneys.
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This software uses a conceptual approach, leveraging in
vitrolin vivo data from various compounds to build predic-
tive models through Machine Learning (ML). Mathematical
and statistical methods were utilized to correlate the effec-
tive permeability of the formulations with their calculated
molecular descriptors. Given that BEV is a monoclonal anti-
body (mAb), eight specific descriptors were used, including
kD, His, measured pl, calculated pl, sedimentation coeffi-
cient (s), effective charge (z*) at pH 6.0, diffusion coeffi-
cient (D), weak cation exchange (WCX) retention time, and
Fab/Fc charge separation parameter (Fab/Fc-CSP) [27]. The
simulation replicated a transwell system with endothelial
cells from plasma and major organs, with a cell density of
approximately 40,000 cells/sq cm. Pharmacokinetic param-
eters were then predicted focusing on the distribution of the
permeated molecules within the plasma and colon.

Molecular Interaction Studies for NDDS

Docking studies were performed using Autodock Vina
(v.4.1.1.2, Source Forge, San Diego, CA, USA) to eval-
uate the binding affinity of BEV, M1A, AS1411, Chi-
tosan, and PDC, which are components of the BEV-API,
BEV-PM, AP-BEV + M1A-EXO, and BEV-CHI-NP for-
mulations. The APIs and lipids were sourced from the
European Bioinformatics Institute (https://www.ebi.ac.
uk/), while protein-based components were obtained
from the Protein Data Bank (https://www.rcsb.org/).
These components were aligned with the specific cell
lines derived from colon cancer mouse model which are
cell-surface G-protein-coupled receptors GPR41, GPR43,
and GPR109A, phospholipid and cholesterol [28]. The
resulting 3D complex structures were then examined
using PyMOL (v.3.0.8, Schrodinger, Mannheim, Baden-
Wurttemberg, Germany) to identify key hydrogen bond
interactions and assess the overall docking poses. Further-
more, 2D interaction diagrams were generated using BIO-
VIA Discovery Studio 2024 (v.4.6.1.1, Dassault Systems,
Waltham, MA, USA) to provide a detailed analysis of the
specific amino acid residues within the protein complexes
that are involved in binding with the studied compounds.

Organoid Model, Treatment and Survival
3D Cell Growth and Maintenance

Tumor tissue fragment was cut into small ~ 1-2 mm pieces.
The tissue fragments were washed 2-3 times with cold PBS
solution and then incubated at 4°C in an antibiotic mixture
(100 pg/mL Normocin), 50 pg/mL Gentamicin, and 1X Pen/
Strep in 1X PBS for 20 min and washed again with cold PBS
solution. Tissues are placed in 5 mL of collagenase prepared

at a concentration of 0.5 mg/ml for enzymatic dissociation
and incubated at 37°C for 30-60 min. Every 10-15 min,
the tube was shaken vigorously 10-15 times to aid enzy-
matic dissociation. After incubation, Culture media was
added to stop the enzymatic activity. The suspension was
passed through a sterile 70 pm cell strainer and centrifuged
at 300 g for 5 min at 4°C. Isolated crypts were then embed-
ded in Matrigel in 1:4 w/w. The matrigel was allowed to
polymerize for 10-12 min at 37 oC and then culture media
was added. The culture medium was previously prepared
with Advanced DMEM, 1X Glutamax, 10 mM HEPES,
50% WRN conditioned medium derived from L-WRN cell
line, 1X B27, 1X N2, 10 mM Nicotinamide, 1 mM N-acetyl
cysteine, 100 pg/mL Primocin, 10 pM SB202190, 10 uM
Y-27632, 10 nM Gastrin I, 50 ng/mL EGF, and 500 nM
A83-01. Culture media were refreshed every 2—3 days and
organoids were passaged every 8—10 days. Organoids were
removed from Matrigel using Cell Recovery Solution (CRS)
and then incubated in TryplE Express at 37°C to make single
cells and passaged. Cells were cultured as described above.

Treatments

BEV-API, BEV-PM, AP-BEV + M1A-EXO, and BEV-CHI-
NP were dissolved in D-PBS. BEV-API was prepared with
a final stock concentration of 500 pg/mL (3.35 pM). To pro-
vide an equal final BEV-API concentration for each NDDS,
which are BEV-PM, AP-BEV + M1A-EXO, and BEV-CHI-
NP were prepared as 3500 pg/mL regarding the drug loading
ratio (1:7, w/w). Followingly, six different concentrations of
BEV-API between 0.1-500 pg/mL (0.67-3355.7 nM) and
for NDDSs doses between 0.7-3500 pg/mL in parallel were
used for organoid culture assays.

Evaluation of Cytotoxic Effects

Organoid cell viability was analyzed using CellTiter-Glo
3D cell viability reagent optimized for 3D cultures accord-
ing to the manufacturer’s instruction, and luminescence was
measured as in our previous study [29]. The results of all
groups were normalized to the control group. Half-maxi-
mal inhibitory concentration (ICs,) values were determined
using Excel macro function (v2013, Microsoft, Redmon,
WA, USA).

Animal Model Evaluation
Administration and Animal Groups

All animal experiments were approved by the Animal
Care Committee of the University of Kentucky Affiliated
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Laboratory Animal Division (Approval No: 2024-1129).
To investigate the effects of BEV-API, BEV-PM, AP-
BEV + M1A-EXO, and BEV-CHI-NP on colorectal tum-
origenesis, we utilized Heterozygote ApcMin mice on
a C57BL/6 background, a model known for spontaneous
intestinal tumor formation. Mice were assigned according
to the power analysis (alpha 0.05, power 90% <) to different
treatment groups corresponding to each formulation. The
animals were randomly divided into five groups, each con-
sisting of seven mice: (i) BEV-API (free BEV in water), (ii)
BEV-PM (iii) BEV-CHI-NP, (iv) AP-BEV + M1A-EXO (v)
empty nanoparticle of BEV-PM (vi) empty nanoparticle of
BEV-CHI-NP (vii) empty nanoparticle of AP-BEV +MI1A-
EXO, and (viii) an untreated control group (0.9% saline).
Mice receiving BEV formulations were administered a dose
of 5 mg/kg body weight intraperitoneally (ip) twice per week
(28 days) [30]. Tumor formations were assessed by micro-
computed tomography (Micro-CT, SkyScan 1172, Bruker,
Billerica, MA, USA).

Pharmacokinetic Evaluation

For the pharmacokinetic assessment, plasma samples
were collected at specified time intervals over the course
of 28 days to evaluate the drug levels of BEV-API, BEV-
PM, AP-BEV + M1A-EXO, and BEV-CHI-NP. Blood sam-
ples were obtained via tail vein or retro-orbital sampling
at predetermined time points post-administration, including
immediately after dosing and at subsequent intervals. The
samples were centrifuged to separate the plasma, which was
then stored at —80°C until analysis. Plasma concentrations
of BEV were quantified using a validated analytical method
that explain in proper subtitle (Chromotographic settle-
ment), and the pharmacokinetic parameters, including the
area under the curve (AUC, ), half-life (t,,,, maximum con-
centration (C,,,,), and time to reach maximum concentration
(T,,..), were determined for each formulation.

max.

Tissue and Molecular Analysis of Tumor Response

The sections were polished to a final thickness of 30 pm and
examined using confocal laser scanning microscopy (Axi-
oscope 5, Zeiss, San Diego, CA, USA) to observe cancer
formation. Additionally, sections were embedded in paraffin,
sliced into 5 pm sections, and stained with hematoxylin and
eosin (modified acc. Gill III) to evaluate anticancer activity.

After the animal study, total RNA was isolated from
the cells using TRIzol reagent, with the RNA quality
assessed via an RNeasy mini kit and gel electrophoresis
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(Electrophoresis Chambers, Bio-Rad, Hercules, CA, USA).
Complementary DNA (cDNA) was then synthesized using
a cDNA Synthesis Kit. Quantitative real-time PCR was per-
formed using QuantStudio 7 (Applied Biosystems, Waltham,
MA, USA) with primers and MitoGreen. The GAPDH gene
was used as the housekeeping gene, and the relative expres-
sion levels of CEA, TYMS, CA 19-9, and CA-125 were
calculated using the 2 — AACT method, based on thermal
cycling conditions.

The most potent formulations, including BEV-API, BEV-
PM, AP-BEV + M1A-EXO, and BEV-CHI-NP, were incu-
bated for 72 h with cells isolated from our colon cancer
mouse model. Following trypsinization, both untreated and
treated cells were stained with annexin V/PI for 15 min. Sub-
sequently, the cells were fixed and incubated with streptavi-
din-fluorescein (5 pg/mL) for an additional 15 min. The anti-
cancer effect, mediated through apoptosis, was evaluated by
quantifying annexin-stained apoptotic cells using the FITC
signal detector (FL1) in comparison with the phycoerythrin
emission signal detector (FL2).

Tissue Architecture and Cellular Structures

The slides were first incubated at 63°C to melt the paraf-
fin, then transferred to Xylene I followed by Xylene II for
15 min each to remove any residual paraffin. Rehydration of
the samples was achieved by dipping them three times in a
descending alcohol series: twice in 96% ethanol, followed
by 70% ethanol, 40% ethanol, and finally distilled water.
Nuclei were stained with Hematoxylin for 8 min, followed
by a wash in deionized water. The slides were then placed
in tap water for 10 min to allow the staining to develop.
Cytoplasmic structures and the extracellular matrix were
stained with Eosin for 8 min [31]. Afterward, the samples
were dehydrated in an ascending alcohol series, dipping
twice in 70% ethanol and twice in 96% ethanol, followed by
a 5-min incubation in Isopropanol I, Xylene I, and Xylene II.
The samples were mounted using Mount-Quick and sealed
with a coverslip. Images were collected using a confocal
microscope TCS SPS8 (Leica Microsystems, San Diego, CA,
USA).

Data Interpretation

Bioactivity and cytotoxicity assays were repeated in quad-
ruple and the results of each experiment were analyzed with
one-way ANOVA and Tukey's post hoc tests. The statisti-
cal significance was accepted as p < 0.05 and determined by
GraphPad Prism Software (v.9.0, LaJolla, CA, USA).
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Results and Discussion
Characterization of NDDS

The data regarding the DoE was interpreted in Supplemen-
tary material-S1. The DLS analysis of the BEV-PM for-
mulation, which integrates BEV with the PCL,,,,PEG,0,
reveals a narrow size distribution centered at approximately
205.8 nm (Fig. 2A). This size consistency indicates efficient
encapsulation of BEV within the micelle structure formed
by the amphiphilic PCL;,,PEG,,, copolymer. The zeta
potential of + 14.4 mV suggests moderate stability due to
electrostatic repulsion, sufficient to prevent aggregation
under physiological conditions (Fig. 2A). The SEM image
(Fig. 2D) confirms the DLS findings by showing smooth,
spherical particles typical of well-formed micelles. Such
morphology is consistent with findings from recent studies,
where polymeric micelles composed of PEG-based copoly-
mers displayed similar characteristics and were noted for
their potential in enhancing drug bioavailability [32, 33].
The DLS data for the BEV-CHI-NP formulation, compris-
ing BEV, CHI, and PEG, shows a broader size distribution
centered at 251.2 nm, reflecting the influence of chitosan's
polymeric nature on particle size (Fig. 2B). The zeta potential
of +37.2 mV, attributed to the cationic CHI, indicates high
stability due to strong electrostatic repulsion, a characteris-
tic that is crucial for preventing particle aggregation in bio-
logical environments. SEM imaging (Fig. 2E) reveals larger,
irregularly shaped particles with rough surfaces, which aligns
with chitosan's known behavior. This result is supported by
recent publications in the study by Islam ef al., where CHI-
based nanoparticles demonstrated similar morphological fea-
tures and were noted for their sustained drug release proper-
ties due to the polymer's mucoadhesive nature [34].

The AP-BEV +M1A-EXO formulation, which integrates
BEV conjugated iPSC-derived exosomes with loaded M1A
and AS1411, exhibits a size distribution of around 198.2 nm
(Fig. 2C). This size is slightly smaller than BEV-PM and
BEV-CHI-NP, which is characteristic of exosome-based for-
mulations that tend to be more compact due to their lipid
bilayer structure. The AP-BEV +M1A-EXO formulation is
a sophisticated delivery system where BEV is conjugated on
the exosome surface and coated with PEG, contributing to the
positive zeta potential of +43 mV. This external modification
enhances the exosome's stability and extends its circulation
time by providing a steric barrier that prevents opsonization
and subsequent clearance by the immune system (Fig. 2F).

Inside the exosome, the AS1411 and M1A aptamers
are encapsulated, designed to target intracellular compo-
nents such as tRNA and mtRNA upon delivery into the tar-
get cells. The internalization of these aptamers is crucial
for disrupting cellular processes at the nucleic acid level,

thereby enhancing the therapeutic efficacy. The exosome’s
lipid bilayer acts as a protective carrier, ensuring that the
aptamers reach their intracellular targets without degradation
[35, 36]. Meanwhile, the external BEV, by targeting extra-
cellular receptors like VEGF, provides a dual mechanism of
action: disrupting angiogenesis externally while the aptam-
ers function intracellularly. This dual-targeting approach is
supported by the observed high zeta potential, indicating
that the exosome is well-engineered for both stability and
targeted delivery, aligning with recent advances in nano-
medicine where exosome-based systems are tailored for
multi-modal therapeutic strategies [37]. This is supported
by recent studies of Luis le redin et al., where BEV-NP have
been shown to improve the targeting efficiency and therapeu-
tic outcomes of nanoparticle-based drug delivery systems.

The DSC analysis reveals distinct thermal transi-
tions for each component and formulation (Fig. 2G). The
PCL,90-PEG,g copolymer and PCL show melting points
at 56.16°C and 61.3°C, respectively, which are indicative
of their crystalline structures [38, 39]. CHI exhibits a broad
thermal transition around 150.5°C, consistent with its semi-
crystalline nature [40]. While BEV-PM formulation displays
shifts in thermal transitions, suggesting interactions between
BEV and the polymer matrix, which could influence the
stability and release profile of the drug, and BEV-CHI-NP
formulation shows a thermal event at 100.8°C, indicating
the stability of the CHI structure under heating, which is
crucial for maintaining the integrity of the loaded PEG and
drug during storage and administration.

The AP-BEV +M1A-EXO formulation was not included
in the DSC analysis due to the heat sensitivity of its com-
ponents [41, 42]. Exosomes, particularly those loaded with
aptamers like AS1411 and M1A, and proteins like BEV,
are known to be highly susceptible to thermal denaturation.
Exposure to elevated temperatures during DSC can compro-
mise the structural integrity of the lipid bilayer and denature
the nucleic acids and proteins encapsulated or conjugated to
the exosome surface [43]. The study conducted by Sulthana
et al. provided compelling evidence of instability within
their exosome-based formulations when subjected to thermal
stress because heat can lead to the aggregation and precipita-
tion of exosomal components [44]. Therefore, to preserve the
bioactivity and therapeutic potential of the AP-BEV + M1A-
EXO formulation, it was excluded from the DSC analysis
to avoid degradation that could otherwise compromise its
effectiveness in targeted drug delivery applications.

In addition, TEM images provide and support detailed
insights into the morphological characteristics of the nano-
particle formulations. Figure 3A shows the BEV-CHI-NP,
which appears as relatively uniform, spherical particles with
some degree of aggregation. The size and shape observed
are consistent with typical chitosan-based nanoparticles
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[45], which are known to form larger, more irregular aggre-
gates due to the polymer's natural properties [45, 46].
Figure 3B displays the BEV-PM, which also shows spher-
ical particles but with a more homogeneous distribution and
less aggregation compared to BEV-CHI-NP. This uniformity
and smaller particle size are likely due to the micelle forma-
tion by the PCL,,-PEG,, copolymer, which provides a
stable hydrophobic core for drug encapsulation and a hydro-
philic shell that enhances solubility and stability in aqueous

environments [38, 39]. Regarding the BEV + M1A-EXO
formulation, Fig. 3C reveals well-defined, uniformly sized
exosomes with minimal aggregation, a characteristic that
is essential for maintaining the integrity and functionality
of the exosomes in drug delivery [47, 48]. Exosomes are
naturally occurring vesicles with a lipid bilayer, which is
preserved during the loading and conjugation processes, as
shown by the clear and consistent morphology. Goetzl et al.
conducted a study regarding the minimal aggregation feature
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Fig.3 Morphological and quantitative analysis of formulations A
Particle size distribution and zeta potential of BEV-PM, B Particle
size distribution and zeta potential of BEV-CHI-NP C Particle size
distribution and zeta potential of AP-BEV +MI1A-EXO D Morpho-
logical characterization of BEV-PM via SEM E Morphological char-

acterization of BEV-CHI-NP via SEM F Morphological characteriza-
tion of AP-BEV +MI1A-EXO via SEM G DSC analysis on various
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of the exosome, which highlights the potential of exosomes
as stable and effective carriers for targeted drug delivery,
particularly when modified with aptamers and therapeutic
proteins [43].

The mass spectroscopy results, as shown in Fig. 3D, E,
and F, are specifically focused on the analysis of the exosome
formulation AP-BEV + M1A-EXO before and after the con-
jugation of BEV. Figure 3D illustrates a significant increase
in signal intensity after conjugation, indicating the success-
ful attachment of BEV to the exosome surface. The mass
spectra in Fig. 3E and F reveal distinct peaks corresponding
to the molecular components of the exosomes. Before conju-
gation, the spectrum predominantly shows peaks associated
with the exosome's intrinsic proteins and nucleic acid cargo,
such as M1A and AS1411 aptamers. After conjugation, new
peaks appear at higher molecular weights, confirming the
presence of BEV on the exosome surface. The shift in the
mass spectra and the emergence of these new peaks post-
conjugation provide clear evidence that BEV has been suc-
cessfully conjugated without compromising the structural
integrity of the exosomes [49, 50]. Goetzl et al. also con-
ducted the study, highlighting that successfully conjugating
therapeutic agents to exosomes can significantly enhance
their targeting capabilities and therapeutic efficacy while
maintaining their stability and functional properties [43].

Release study

The validation of the LC-MS/MS method for BEV was con-
ducted comprehensively across multiple parameters, ensur-
ing the method's robustness and reliability. The calibration
curves for both plasma and PBS demonstrated strong lin-
earity, with correlation coefficients (R2) of 0.99 and 0.98,
respectively. These high R? values indicate that the method
can accurately quantify BEV across a wide range of con-
centrations, making it suitable for both biological and buffer
matrices.

The Limit of Detection (LOD) and Limit of Quantifica-
tion (LOQ) values further underscore the method's sensitiv-
ity. In plasma, the LOD was determined to be 0.750 ng/mL,
and the LOQ was 0.00133 pg/mL. For PBS, the LOD was
slightly lower at 0.65 ng/mL, with an LOQ of 0.0021 pg/
mL. These values demonstrate that the method can reliably
detect and quantify even minute concentrations of BEV,
which is crucial for applications requiring high sensitiv-
ity, such as pharmacokinetic studies [24]. The accuracy
and precision of the method were validated through both
intra-day and inter-day analyses. The results showed %CV
values below 5% across all quality control levels, confirm-
ing the method's reproducibility. The slight discrepancies
observed between the predicted and obtained concentrations
further highlight the method's robustness, as these variations
remained within acceptable limits, ensuring that the method
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consistently delivers accurate results. Recovery rates were
high, exceeding 98% across different concentration levels,
which indicates that the extraction and quantification pro-
cesses are highly efficient with minimal analyte loss. Stabil-
ity studies, including short-term, long-term, and freeze—thaw
assessments, demonstrated that the method maintains con-
sistent performance under various storage and handling
conditions. This narrow range suggests that the repeatabil-
ity of the method is excellent, with most data points falling
within + 1.5% of the mean (Supplementary File-S2).

The in vitro release profiles of BEV from various for-
mulations were rigorously analyzed using multiple kinetic
models, including Zero-order, Higuchi, Korsmeyer-Peppas,
1st-order, and Weibull models. The R? values provided criti-
cal insights into the fitting of each model to the experimental
data, elucidating the underlying mechanisms of drug release.

Figure 4A represents the cumulative release profile of
BEV from the EXO formulation under standard pH condi-
tions. The release mechanism was designed to allow for the
controlled detachment of BEV from the exosomal carrier at
the target site, ensuring its bioavailability and therapeutic
efficacy. Studies under varying pH conditions were con-
ducted separately to evaluate stability and release behavior
under physiological and pathological environments. The AP-
BEV + M1A-EXO formulation exhibited the highest Zero-
order release rate constant, indicative of a controlled release
pattern likely attributed to the exosome’s lipid bilayer, which
modulates the diffusion of BEV.According to recent litera-
ture, in vitro release studies highlight the potential of exo-
some-based drug delivery systems for achieving sustained
and controlled release [51, 52]. In contrast, the BEV-CHI-
NP formulation demonstrated a lower Higuchi rate constant,
reflecting the diffusion-limiting properties of chitosan, a
polymer known for forming dense matrices that retard drug
diffusion (Fig. 4A). Desai et al. similarly reported that CHI
matrices significantly decelerate the release of large biomol-
ecules, supporting our findings [53].

The Korsmeyer-Peppas model provided the best fit for
all formulations, as indicated by the highest R? values. The
AP-BEV + M1A-EXO formulation, in particular, showed
an elevated release rate constant in this model (p < 0.05),
suggesting a complex release mechanism involving both
diffusion and exosome membrane degradation (Fig. 4A).
The n values approaching 0.8 across formulations suggest
that the release is governed by a combination of diffu-
sion and matrix erosion, in line with the release behavior
of polymeric nanoparticles documented in recent studies
[54, 55]. The First-order kinetic model, which posits that
the release rate is concentration-dependent, was more
applicable to BEV-PM and BEV-CHI-NP formulations.
However, the relatively lower R? values suggest that while
concentration influences release, it is not the dominant
factor. The Weibull model, known for describing release
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Fig.4 In Vitro and in silico release profiles of BEV A In vitro release
and kinetic model analysis in pH 7.4 B In silico predicted release and
distribution of BEV in plasma and major organs C In silico compart-

from complex systems, provided an excellent fit for the
AP-BEV + M1A-EXO formulation, indicating that mul-
tiple mechanisms, including diffusion, degradation, and
component interactions, contribute to the release process.

Graphically, the AP-BEV + M1A-EXO formulation
displayed the most rapid and extensive release, nearing
complete release within the study period. This accelerated
release can be attributed to the exosome’s ability to effi-
ciently encapsulate and deliver its payload, as supported
by findings from Johnsen et al. (2022). Conversely, the
BEV-CHI-NP formulation exhibited the slowest release,
which is consistent with the known diffusion-restrictive
properties of CHI matrices. This behavior is in agreement
with the Higuchi model and is corroborated by studies
such as those by Kar ez al. [56], which reported that chi-
tosan-based nanoparticles provide prolonged drug release.

The BEV-PM formulation, utilizing a PCL,,,-PEG (g
copolymer, exhibited a moderate release rate. The PEGyla-
tion likely contributes to a balanced release, enhancing
solubility and reducing protein aggregation, thereby ensur-
ing a controlled release profile.

The predicted in silico data suggested that BEV-API and
BEV-PM formulations demonstrated higher permeability

ment-based distribution D In silico ADME descriptor analysis for
BEV formulations

in plasma and the liver, attributed to their relatively stable
molecular structures and optimized diffusion coefficients
(Fig. 4B and D). The AP-BEV + M1A-EXO formulation,
which incorporates exosomes, showed enhanced distribution
to the brain and heart, likely due to the exosome's ability to
traverse biological barriers more effectively, including the
blood-brain barrier (BBB) (Fig. 4B). This aligns with recent
studies suggesting that exosome-based delivery systems can
enhance the central nervous system (CNS) uptake of thera-
peutic agents [57, 58].The AP-BEV + M1A-EXO’s lipid
bilayer structure provides protection to the payload while
enabling controlled release in response to environmental
triggers, such as pH changes in the tumor microenviron-
ment. Studies have shown that exosomes facilitate enhanced
uptake and release through receptor-mediated endocytosis
and fusion with target cell membranes, thereby ensuring effi-
cient payload delivery [59, 60].

In contrast, the BEV-CHI-NP formulation exhibited lower
permeability across all organs, particularly in the brain,
which is consistent with the slower release profile observed
in experimental studies (Fig. 4B). The liver and kidney dis-
tribution profiles observed in Fig. 4B highlight significant
differences between the nanoparticle formulations. The
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Fig.4 (continued)

AP-BEV +MI1A-EXO formulation exhibited higher accu-
mulation in the liver compared to BEV-CHI-NP and BEV-
PM, likely due to its exosomal nature and lipid bilayer struc-
ture, which facilitates interactions with hepatic Kupffer cells.
This aligns with literature suggesting that exosome-based
formulations are preferentially taken up by the mononuclear
phagocyte system (MPS) in the liver, enhancing biodistri-
bution but potentially limiting systemic circulation [61].
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Conversely, BEV-CHI-NP demonstrated prolonged reten-
tion in the kidney, which may be attributed to the chitosan
matrix’s mucoadhesive properties and its interaction with
renal clearance pathways. Chitosan-based nanoparticles are
known to exhibit limited biodegradation, potentially leading
to slower renal excretion and extended kidney retention, as
supported by [62]. This difference in organ distribution is
crucial when considering toxicity and therapeutic efficacy,
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Fig.4 (continued)

as high liver uptake could lead to hepatotoxicity, whereas
renal accumulation requires careful monitoring for nephro-
toxicity. However, the BEV-CHI-NP formulation showed a
more prolonged retention time in the colon, suggesting its
potential for targeted therapies requiring sustained release
in the gastrointestinal tract.

In pharmacokinetic models, drug concentrations in
organs often do not reach zero within the observed time
frame due to several factors. Slow elimination is a key
factor, particularly in formulations like BEV-CHI-NP or
AP-BEV + M1A-EXO, which are designed for gradual,
sustained drug release (Fig. 4C). This controlled release
maintains detectable drug levels in organs for an extended
period. Additionally, in a two-compartment model, the drug
can re-distribute between the plasma and tissues, preventing
concentrations from dropping to zero. The long elimination
t,, of certain formulations, especially in the beta phase, also
contributes to the persistence of drug levels. Furthermore,
drugs like BEV, which are often highly bound to plasma
proteins, are cleared more slowly, with protein binding act-
ing as a reservoir that gradually releases the drug back into
circulation [63, 64](Fig. 4C and D). The stability provided
by exosome and nanoparticle formulations further enhances
the drug's resistance to rapid degradation and clearance, sus-
taining drug levels in organs over time. These factors col-
lectively explain why organ concentrations do not drop to

zero quickly in pharmacokinetic studies, especially for for-
mulations designed for extended release or targeted delivery.

AP-BEV + M1A-EXO formulation significantly influ-
ences its pharmacokinetic behavior, enhancing its ability to
target and accumulate in specific tissues, particularly in the
brain and tumor areas. This is likely due to the components’
ability to interact with intrinsic cellular components such as
tRNA and mRNA, promoting more efficient cellular uptake
and retention [65]. In contrast, the BEV-CHI-NP formula-
tion, with its CHI-based matrix, exhibited slower release
and lower organ permeability, which is beneficial for appli-
cations requiring sustained release over extended periods,
particularly in the colon.

Lastly, after using in silico software, pharmacoki-
netic analysis was also obtained for the formulations. It
reveals notable differences in drug distribution, clear-
ance, and half-life, reflecting the impact of their spe-
cific components on the drug's behavior within the
body. BEV-PM, characterized by PEGylation, exhibits
a moderate volume of distribution (Vd=1794.55 L)
and clearance (C1=331.77 L/h), with a relatively short
alpha-phase t,,, of 3.75 h and a prolonged beta-phase
half-life of approximately 41.91 h. This suggests a bal-
anced profile that enhances circulation time while main-
taining a steady elimination rate. The exosome-based
AP-BEV + M1A-EXO formulation shows the highest
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«Fig.5 3D and 2D visualization of key binding sites and interactions A
Molecular docking analysis of BEV interactions with tRNA, mtRNA,
and tsDNA B Molecular docking analysis of BEV interactions with
AS1411 aptamer and BEV interactions with tRNA receptor sites C
Molecular docking analysis of M1A ligand interaction with mtRNA
receptor

volume of distribution (Vd =5892.26 L) and clearance
(CI=1133.69 L/h), with a rapid initial distribution phase
(alpha half-life of 3.60 h) followed by an extended beta-
phase half-life of nearly 99.88 h.

These properties indicate the exosome's ability to
enhance tissue penetration and retention, prolonging the
drug's activity. BEV-CHI-NP, incorporating chitosan
nanoparticles, has a slightly higher volume of distribution
(Vd=2036.35 L) and clearance (C1=577.47 L/h) com-
pared to BEV-PM, with a quick alpha-phase t1/2 of 2.44 h
and a sustained beta-phase half-life of 44.21 h, likely due
to CHI's mucoadhesive properties that enhance tissue
interaction. In contrast, BEV-API, the base formulation,
displays the lowest volume of distribution (Vd=781.53
L) and clearance (C1=46.5 L/hour), with identical a and
bp t,,, of 11.65 h, indicating a slower and more confined
distribution largely within the plasma. These results are
associated with real data from Ferreira er al.'s study group.
They have been researching the impact of conjugated
apoptosis on the PKPD data. [66]

Stability Outcomes of Nanoparticle Formulations

The stability assessment of all formulations under long-
term (25°C/60% RH) and accelerated (40°C/75% RH)
conditions revealed distinct trends over six months. For
the AP-BEV + M1A-EXO formulation, %EE decreased
slightly but remained above 81% under accelerated
conditions, while particle size increased modestly, sug-
gesting slight aggregation as indicated by a reduction
in zeta potential (Supplementary file-S3) [41, 67]. The
BEV-CHI-NP formulation exhibited a similar trend, with
%EE dropping to approximately 76% and noticeable size
increases under accelerated conditions, indicating mod-
erate aggregation. In comparison, the BEV-PM micelle
formulation maintained relatively high %EE at 82% and
exhibited a consistent size increase, reflecting structural
changes but still retaining colloidal stability. Overall, all
formulations demonstrated good stability under long-
term storage, with gradual changes in %EE, size, and zeta
potential under accelerated conditions, highlighting their
robustness while identifying areas for optimization to
enhance performance under extreme storage conditions.

Computational Interaction of Molecules

The docking analysis presented in the 3D and 2D interaction
diagrams reveals the intricate binding interactions between
BEV and various molecular targets, including tRNA,
mtRNA, and tsDNA (Fig. 5A). In the 3D representation,
BEYV is seen interacting with key residues such as Ala97,
Gly135, and Ser152, which are crucial for its binding affin-
ity to the nucleic acid structures. The presence of van der
Waals forces, as indicated by the green interactions in the 2D
diagram, suggests that these non-covalent interactions play
a significant role in stabilizing the BEV-tRNA and BEV-
mtRNA complexes. The hydrogen bonding, marked by dot-
ted lines, further enhances the specificity of BEV towards its
active sites on these molecular targets. The proximity of resi-
dues like Leu138 and Val141 to the active site of BEV indi-
cates a strong interaction with tsDNA, which may contribute
to the overall binding efficiency. Additionally, the presence
of alkyl and pi-alkyl interactions, highlighted in pink, sug-
gests a potential stacking effect that further stabilizes these
complexes [68]. This docking analysis underscores the mul-
tifaceted nature of BEV's interaction with cellular compo-
nents, highlighting its potential efficacy in targeting multiple
pathways within the cell, particularly those involving tRNA
and mtRNA, which are critical for protein synthesis and
mitochondrial function. The comprehensive binding profile
depicted here aligns with recent findings that emphasize the
importance of such interactions in enhancing the therapeutic
potential of monoclonal antibodies like BEV.

On the other hand, the binding interactions between the
AS1411 aptamer, BEV, and tRNA receptor sites (Fig. 5B).
The 3D visualization highlights the close proximity and
interaction between AS1411 and key residues within the
tRNA receptor, including Leul 11, Tyr66, and Ala70, which
play a crucial role in the stabilization of the ligand-recep-
tor complex. The 2D diagram further elaborates on these
interactions, revealing the presence of van der Waals forces,
conventional hydrogen bonds, and pi-alkyl interactions that
contribute to the binding affinity of AS1411 and BEV to
the receptor [69, 70]. Notably, residues such as Gln1071
and Asn717 form hydrogen bonds with AS1411, enhanc-
ing the specificity of the interaction, while the active site of
BEV is shown to engage with Leu922 and GIn926 through
van der Waals interactions. These findings suggest a strong
and stable binding of AS1411 and BEV to the tRNA recep-
tor, potentially enhancing the therapeutic efficacy of the
formulation by effectively targeting the receptor sites and
influencing downstream molecular pathways. The detailed
interaction map supports the hypothesis that AS1411, when
conjugated with BEV, may improve the delivery and effi-
cacy of the therapeutic agent, consistent with recent studies
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demonstrating the effectiveness of aptamer-based targeting
strategies in drug delivery systems.

Regarding the molecular interactions between the M1A
ligand and the mtRNA receptor, 3D visualization highlights
key residues involved in stabilizing the M1A binding, such
as Ser97, I1e83, and His81, which form a network of interac-
tions around the ligand (Fig. 5C). The 2D diagram further
details these interactions, showing the presence of van der
Waals forces and conventional hydrogen bonds that con-
tribute to the overall binding stability. Specifically, Asn788
plays a significant role in forming hydrogen bonds with
MIA, enhancing the specificity of the interaction with the
mtRNA receptor. Additionally, alkyl and pi-alkyl interac-
tions are observed with residues like Leu791, providing fur-
ther stabilization of the M1A ligand within the active site.
These interactions suggest that M1A is effectively targeted
to the mtRNA receptor, potentially influencing mitochon-
drial function. This is consistent with recent studies that
have demonstrated the effectiveness of such targeted inter-
actions in modulating cellular processes at the mitochondrial
level, thereby offering potential therapeutic advantages in
targeting mitochondrial dysfunctions.

Tumor Efficacy of the Formulations in 3D Organoid
Culture

AP-BEV +M1A-EXO demonstrated the most potent anti-
cancer activity among NDDSs. According to the CellTiter-
Glo 3D viability assay results, BEV-API exhibited an ICs,
value above the highest tested dose, 500 ug/mL in human
colon tumor organoids (HCTO) for 48-h exposure. On
the other hand, AP-BEV + M1A-EXO and BEV-CHI-NP
showed a potent inhibitory effect on the viability of HCTO,
with ICy, values 537.8 +15.2 and 633.0+23.0 ug/mL,
respectively (Table I). Interestingly, BEV-PM did not exhibit
a cytotoxic response in HCTO in a time or dose-depend-
ent manner (Fig. 6A). The lack of a cytotoxic response for
the BEV-PM formulation, despite its demonstrated anti-
tumor efficacy in Fig. 6, can be attributed to its mechanism
of action. BEV exerts its therapeutic effects by inhibiting
VEGF, thereby suppressing angiogenesis and tumor growth
rather than directly inducing cytotoxicity. The polymer
matrix in BEV-PM facilitates a sustained and localized

release of BEV, enabling effective VEGF blockade at the
tumor site without causing significant cellular damage. This
aligns with the non-cytotoxic mechanism of VEGF inhibi-
tion, which primarily disrupts tumor vascularization rather
than directly killing cancer cells. In terms of exosome for-
mulation, AP-BEV +M1A-EXO exhibited the lowest ICy,
values in both the day 7 and day 8 assays, demonstrating
the most potent cytotoxic profile compared to BEV-API and
the other treatment groups (Fig. 6A-C). In addition, longer
exposure to BEV-CHI-NP up to 6 days exhibited lower
anticancer activity in HCTO compared to BEV-API with a
slightly higher I1Cs, value as 336.4 +20.8 ug/mL, due to a
probable degradation of chitosan NP (Fig. 6B.). The degra-
dation of chitosan nanoparticles after 6 days, which results
in a decreased pharmacological effect, can be explained
by several factors. Enzymatic activity, particularly from
lysozyme present in biological systems, can degrade chi-
tosan, compromising the nanoparticles' structural integrity
[71, 72]. Additionally, chitosan's pH sensitivity, especially
in acidic environments, may lead to increased solubility
and faster degradation. Interactions with proteins and other
components in biological fluids can also destabilize the
nanoparticles. Hydrolysis in aqueous environments further
contributes to the breakdown of CHI chains. Moreover, if
the nanoparticles are cross-linked, the weakening or loss of
these cross-links over time can lead to disintegration [62,
71]. Microscopic examination of HCTOs exposed to the
NDDSs for 48-h and 6-days of exposures were also shown
in Fig. 7.
medium.

Animal Study
Pharmacokinetic Evaluation

The correlation between in silico and in vivo data reveals
critical insights into the pharmacokinetics and distribution
behavior of the various BEV formulations. The in silico
predictions, generated using ADMET predictor software,
provided an initial understanding of the absorption, dis-
tribution, metabolism, and excretion profiles across major
organs, such as the liver, kidney, and brain, as well as plasma

Table | ICs, Values of BEV-

ICy (ng/mL)

API and BEV-API Containing

NDDSs Samples Day 3- 48 h exposure Day 7- 6 day exposure Day 8- 48 h exposure
BEV-API >500 306.6+22.6 >500
BEV-PM > 3500 > 3500 nd
AP-BEV + M1A-EXO 537.8+15.2 29294255 574.9+46.9
BEV-CHI-NP 633.0+23.0 336.4+20.8 nd

BEV-API (500 pg/mL): 3355.7 nM; nd: Not determined
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concentrations. These simulations indicated differential per-
meabilities and distribution patterns based on the molecular
descriptors of each formulation, with variations particularly
evident in diffusion coefficients and binding affinities [27].
When comparing these predictions with the in vivo
pharmacokinetic data, a strong correlation was observed,
particularly in the plasma concentration—time profiles and
organ-specific distribution. The BEV-API formulation dem-
onstrated rapid clearance and low tissue retention, as pre-
dicted by the in silico model (Fig. 4B). On the other hand,
BEV-PM and BEV-CHI-NP showed prolonged circulation
times and higher tissue uptake, consistent with the predicted
higher stability and slower clearance rates. While the AP-
BEV + M1A-EXO formulation demonstrated prolonged
release and predicted higher binding affinities in silico, the
in vivo PK and tumor concentration data (Fig. 8A) indicate
that BEV-CHI particles achieved higher tumor accumula-
tion. This discrepancy can be attributed to differences in
the biodistribution and clearance mechanisms of the two
formulations. The BEV-CHI particles benefit from the
mucoadhesive properties of chitosan, which enhance reten-
tion at the tumor site, as well as its ability to interact with
negatively charged tumor extracellular matrix components.
In contrast, exosomes, despite their natural targeting ability
and prolonged circulation, may experience higher uptake by
the mononuclear phagocyte system (MPS), leading to a rela-
tively reduced tumor accumulation. These findings highlight
that while AP-BEV +M1A-EXO offers superior release con-
trol and systemic stability, BEV-CHI particles leverage their
physicochemical properties to enhance tumor localization.
The data in Fig. 8B demonstrates a distinct variation in
apoptotic cell percentages across the treated groups, with the
AP-BEV +M1A-EXO group exhibiting the lowest percent-
age of apoptotic cells (11.23%).This observation suggests
that the formulation might be providing a protective effect
or might be less effective in inducing apoptosis compared to
other treatments. In contrast, the Control (+) group, which
represents untreated cancer cells, shows a high percentage
of apoptosis (91.33%), possibly due to the progression of
the disease or the physiological response of the cells in
the absence of therapeutic intervention. The BEV-PM and
BEV-CHI-NP formulations also show intermediate levels of
apoptosis, with BEV-PM slightly outperforming BEV-CHI-
NP, indicating that the polymeric micelle and chitosan-based
nanoparticle formulations do induce cell death but perhaps
not as efficiently as the AP-BEV + M1A-EXO formulation.
The release profiles of AS1411 aptamer and M1A mRNA
in vivo demonstrate distinct patterns in plasma and tumor
tissues. AS1411 shows a rapid initial release in plasma, with
concentrations peaking early at 1 h and subsequently declin-
ing over 48 h (Supplementary File-S4). In contrast, tumor
accumulation of AS1411 steadily increases, reaching its
maximum concentration around 48 h. This indicates efficient

tumor localization and sustained retention, consistent with
the targeting capabilities of the exosomal formulation [14].
For M1A, plasma concentrations start at moderate levels
and gradually decrease over time, suggesting controlled sys-
temic release. Tumor accumulation of M1A increases pro-
gressively and stabilizes after 8—12 h, maintaining elevated
levels up to 48 h. This sustained release and tumor retention
suggest that the formulation effectively protects and delivers
the mRNA payload to the tumor microenvironment. Such
release kinetics align with previous findings on nanoparticle-
based delivery systems, where exosomes facilitate prolonged
circulation and targeted delivery due to their biocompatibil-
ity and ability to escape rapid systemic clearance [18, 73].
Among the formulations, the AP-BEV + M1A-EXO dem-
onstrated the highest tumor tissue partition coefficient (Kp)
(4.74) and unbound tumor tissue partition coefficient (Kpuu)
(4.74), with corresponding log10(Kp) and log10(Kpuu) val-
ues of 0.676, highlighting its superior tumor localization and
retention. This enhanced accumulation aligns with the exo-
somal formulation's ability to efficiently deliver its payload
through natural tumor-targeting mechanisms and prolonged
systemic circulation [74]. BEV-CHI-NP showed moderately
high tumor Kp (4.23) due to the mucoadhesive properties
of chitosan, which enhance tissue retention, while BEV-PM
exhibited slightly lower tumor Kp (3.92), suggesting limited
penetration or retention compared to the other formulations.
Liver Kp values were notably higher for the AP-
BEV +MI1A-EXO (3.45) compared to BEV-CHI-NP (2.89)
and BEV-PM (2.73), consistent with exosomes being pref-
erentially taken up by the mononuclear phagocyte system
(MPS) in the liver [75]. Kidney Kp values were lower
across all formulations, with BEV-PM showing the low-
est retention (Kp=2.19), suggesting efficient systemic
clearance pathways for this polymeric formulation. The
spleen showed moderate Kp values across all formulations,
indicative of MPS involvement in nanoparticle clearance.
AP-BEV + M1A-EXO demonstrated slightly higher spleen
Kp (2.68) compared to BEV-CHI-NP (2.41) and BEV-PM
(2.26), consistent with exosome-mediated uptake Table II.

Protein and Transcript Analysis

The Western blot results in Fig. 8C reveal the expression
levels of critical cancer biomarkers: CA 125, CA 19-9,
CEA, and TYMS, with GAPDH serving as a housekeep-
ing control. The AP-BEV + M1A-EXO group demonstrates
notably lower levels of these biomarkers compared to other
treatment groups and the Control (+) (p <0.05). This sug-
gests that the exosome-based formulation with M1A and
AS1411, which targets specific molecular pathways, is
highly effective in reducing the tumor's biomarker expres-
sion, possibly by interfering with tumor growth and metasta-
sis-related pathways. The other formulations (BEV-PM and
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«Fig.6 A Cell viability of BEV-API and related drug delivery sys-
tems in HCTO for 48 h exposure.Statistical differences between
BEV-API (100 pg/mL or 671.1 nM) vs. groups *p <0.001; BEV-API
(200 pg/mL) vs. groups ®p <0.001; BEV-API (500 ug/mL) vs. groups
°p<0.001, and AP-BEV+MIA-EXO (700 pg/mL) vs. BEV-CHI-
NP (700 ug/mL) *p <0.01. Ctrl: Negative control group treated with
human colon organoid culture medium. B Cell viability of BEV-
API and NDDS in HCTO for 6-day exposure.Statistical differences
between BEV-API (10 ug/mL) vs. groups %p <0.035; °p <0.001; BEV-
API (100 pg/mL) vs. groups “p<0.001; BEV-API (200 pg/mL) vs.
groups % <0.001, and BEV-API (500 ug/mL) vs. groups °p<0.001.
Ctrl: Negative control group treated with human colon organoid cul-
ture. C Cell viability of BEV-API and NDDS in established (day
8) HCTO for 48 h exposure. Statistical differences between BEV-
API (100 pg/mL) vs. groups *p<0.001; and AP-BEV +MI1A-EXO
(700 pg/mL) vs. BEV-CHI-NP (700 pg/mL) *p<0.01. Ctrl: The
negative control group treated with human colon organoid culture
medium

BEV-CHI-NP) also show reductions in biomarker levels
but to a lesser extent, indicating their lower potency in bio-
marker suppression. Panels Fig. 8D and E further quantify
the relative expression levels of CEA, CA19-9, and TYMS
mRNA in the treated groups. The qRT-PCR results corrobo-
rate the Western blot findings, showing significantly reduced
expression of these biomarkers in the AP-BEV + M1A-EXO
group. The statistical significance indicated by asterisks
(****p <0.0001, **p<0.01) underscores the efficacy of
this formulation. The reduced expression levels in the AP-
BEV +M1A-EXO group could be attributed to the targeted
delivery of the BEV via exosomes, which allows for more
precise interaction with tumor cells, effectively silencing
gene expression. The minimal differences in biomarker
expression between the Control (-) group (healthy mice)
and treated groups (AP-BEV +M1A-EXO) indicate that this
treatment could potentially normalize the aberrant expres-
sion levels seen in cancer, making it a promising candidate
for reducing tumor burden without significant off-target
effects.

The THC staining in Fig. 8F provides a visual represen-
tation of the tumor and immune cell infiltration within the
colorectal tissue. The AP-BEV + M1A-EXO and BEV-CHI-
NP formulations demonstrate significantly reduced tumor
cell infiltration, as evidenced by fewer red arrows compared
to the Control (+) group. The reduction in tumor cell infiltra-
tion was ~ 65.4% for the AP-BEV + M1A-EXO formulation
and 56.4% for the BEV-CHI-NP formulation. Furthermore,
all tumor tissue measurements were validated using micro-
CT scans to confirm the reduction in tumor volume in mm?
(Supplementary File-S4,S5, and S6). This suggests that these
formulations are effective in either directly reducing tumor
cell viability or in enhancing immune cell-mediated tumor
destruction [76, 77]. The yellow arrows denoting immune
cell infiltration highlight the immune response's role in com-
bating tumor cells, with the AP-BEV + M1A-EXO group
possibly aiding in immune modulation due to the presence

of exosomes, which are known to have immune-modulating
properties. The healthier tissue architecture observed in the
treated groups, especially in the AP-BEV + M1A-EXO,
aligns with the reduced biomarker expression and increased
apoptosis seen in the earlier panels. According to the Fig. 8G
further elucidates the impact of the treatments on cell cycle
progression. The AP-BEV +M1A-EXO formulation induces
a shift towards GO/G1 phase arrest, which is associated with
the suppression of cell proliferation. This shift is indicative
of the formulation's ability to halt the cell cycle, thereby pre-
venting the replication of cancerous cells. The other formu-
lations (BEV-PM and BEV-CHI-NP) also show some degree
of cell cycle arrest but are less pronounced than in the AP-
BEV +MI1A-EXO group. The Control (+) group exhibits a
typical cancer cell cycle profile with fewer cells in GO/G1
and more in the S and G2/M phases, indicative of ongoing
proliferation. The effectiveness of the AP-BEV + M1A-EXO
formulation in inducing cell cycle arrest could be due to the
synergistic effects of M1A and AS1411, which are known
to target molecular pathways crucial for cell cycle regulation
and apoptosis. The CA125-AF488 column reveals varying
intensities of green fluorescence, reflecting differences in
CA125 expression among the groups.

The merged images combine both signals, further high-
lighting the distribution of CA125 within the cells Fig. 8H.
Notably, the BEV-PM group exhibits the highest intensity
of CA125, indicating enhanced expression, followed by the
negative control group. This is followed by BEV-CHI-NP
and AP-BEV + M1A-EXO, which show moderate levels of
CA125. The positive control shows a non-significant CA125
signal (p > 0.05), while the negative control exhibits maxi-
mal fluorescence (p <0.001, ****)_ The bar graph quantifies
fluorescence intensity (AU) for CA125-AF488 across the
groups. Statistically significant differences are indicated,
with the AP-BEV +M1A-EXO group showing the minimal
expression after control (+) compared to other treatments.
Statistical markers (e.g., *, **, ***) highlight significant dif-
ferences between the groups, confirming the impact of the
treatments on CA125 expression. The observed increase in
CA125 levels following BEV treatment could be attributed
to the tumor’s adaptive response to VEGF inhibition. BEV
targets VEGF, disrupting tumor angiogenesis and inducing
hypoxic conditions within the tumor microenvironment.
This hypoxia may stimulate the release of pro-inflammatory
cytokines and tumor-associated glycoproteins like CA125 as
part of a compensatory mechanism. Additionally, increased
CA125 levels may reflect tumor cell stress or the immune
system's response to treatment [78].

In summary, the AP-BEV + M1A-EXO formulation
emerges as the most effective among the tested treatments,
showing significant reductions in cancer biomarker expres-
sion, increased apoptosis, and pronounced cell cycle arrest.
This formulation's superior performance can be attributed
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Fig.7 Microscopic examination of HCTOs BEV-API and NDDS.
A BEV-API and related drug delivery systems exposed to the day 3
HCTO for 48 h exposure; B BEV-API and related drug delivery sys-

to the combined effects of targeted delivery via exosomes
and the specific actions of M1A and AS1411, which likely
enhance the precision and efficacy of BEV. The results high-
light the potential of using advanced nanoparticle-based
drug delivery systems for more effective colorectal cancer
treatment, with minimal off-target effects, as evidenced
by the closer resemblance of treated tissues to the healthy
control.

Tissue-Level Visualization
Figure 71 illustrates cancerous areas within the intestinal
tissue of mice, with a focus on comparing the effects of

different therapeutic interventions. The control (-) shows
significant brown staining, which is indicative of either
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non-specific binding or background activity, serving as
a baseline for comparison with no targeted treatment. In
contrast, the control (+) displays more discrete and con-
sistent staining, confirming the successful expression of
targeted proteins typically associated with the pathologi-
cal state in untreated cancerous tissue. This validates the
staining procedure and highlights the extent of protein
presence in the untreated state.

In the AP-BEV + M1A-EXO treatment group, there is
a marked reduction in staining intensity compared to the
positive control. This suggests that the combination of
BEV-conjugated, M1A and aptamer-loaded exosomes has
effectively modulated or suppressed the protein expression
linked to tumor progression [18]. The reduction in staining
might reflect the downregulation of specific cancer-related
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Fig.8 In vivo efficacy of various BEV Formulations in colorectal
cancer model A In vivo concentration of BEV over time in plasma
and tumor region, it displays the concentration—time curves for dif-
ferent BEV formulations (BEV-API, BEV-PM, BEV-CHI-NP, AP-
BEV +MI1A-EXO) in plasma and tumor regions across 28 days. B
Apoptotic cell detection in colorectal cancer tissue after 28 days of
treatment C Western analysis of colorectal cancer biomarkers (CA
125, CA 19-9, CEA, and TYMS) D Quantitative rt-PCR analysis of
CEA and CA19-9 mRNA expression E Quantitative rt-PCR analysis

proteins or disruption of pathways crucial to tumor growth.
The BEV-PM treatment group presents moderate brown
staining, showing that this formulation exerts a therapeutic
effect by targeting and reducing protein expression in the
cancerous area, though not as pronounced as the exosome-
based delivery system [47]. The more uniform distribution
of staining could suggest broader yet less intense activity
within the tissue, likely due to slower or more gradual drug
release from the polymer matrix.

The most concentrated staining is observed in the BEV-
CHI-NP group, where localized clusters of brown staining
suggest enhanced drug delivery and retention at specific
tumor sites. The chitosan nanoparticles may be facilitating

of housekeeping gene, CA125 and TYMS mRNA expression F THC
staining depicting the presence of tumor cells and immune cell infil-
tration in colorectal cancer tissues treated with different formulations
compared to control groups G) Flow cytometry analysis of cell cycle
distribution in colorectal cancer cells H Fluorescence microscope
images using DAPI filter and AF488-stained cells CA125 Expression
after treatment with formulations I) Comparative histological evalua-
tion of the tissues after treatment

more precise delivery of BEV, possibly improving cellular
uptake and interaction with cancer cells [72]. This increased
targeting could reflect a more robust anti-tumor response, as
nanoparticles are known to enhance permeability and reten-
tion in tumor tissue, leading to greater accumulation and
activity of the therapeutic agent. In a nutshell, these find-
ings demonstrate the varying efficacy of different delivery
systems in modulating protein expression within cancerous
tissue. The nanoparticle-based and exosome-based therapies
show potential for more precise targeting and enhanced ther-
apeutic outcomes compared to polymer matrix-based deliv-
ery, emphasizing the importance of drug delivery method in
cancer treatment strategies.
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Fig. 8 (continued)

Conclusion

The results of this study underscore the significant poten-
tial of aptamer- and exosome-based nanoparticle formula-
tions in targeted colorectal cancer treatment. Notably, the
AP-BEV + MI1A-EXO formulation exhibited a four-fold
improvement in therapeutic efficacy compared to tradi-
tional BEV-based therapies, as evidenced by a substantial
reduction in tumor volume (65.4%) and a decrease in tumor

biomarker levels by more than 50%, in parallel with the
results obtained with HCTO in vitro. This dual targeting
approach, combining the specificity of AS1411 with the
delivery precision of exosomes, offers a promising strategy
for increasing the therapeutic index of anti-cancer agents.
These findings provide a compelling case for the further
development and clinical application of these innovative
drug delivery platforms, with the potential to revolutionize
the management of colorectal cancer and other solid tumors.
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Table II. Tissue Partition BEV-CHI-NP

Coefficient (K},) and Unbound

?}Zl:j) I;g;tg(i)(;?n glzt:ifcf)ir(lzsient Tissue Ciissue (LE/2) Chlasma (Mg/mL) K, log;((K}) Ko log;o(Kpuw)
Liver 14.75 5.10 2.89 0.461 2.89 0.461
Kidney 11.40 5.10 224 0.350 2.24 0.350
Tumor 21.55 5.10 423 0.627 423 0.627
Spleen 12.30 5.10 241 0.382 241 0.382
BEV-PM
Tissue Cissue (NE/2) Cpiasma (ng/mL) K, log,(K}) Kouu log,o(Kuw)
Liver 13.5 4.95 2.73 0.436 2.73 0.436
Kidney 10.85 4.95 2.19 0.34 2.19 0.34
Tumor 19.4 4.95 3.92 0.594 3.92 0.594
Spleen 11.2 4.95 2.26 0.354 2.26 0.354
AP-BEV +MI1A-EXO
Tissue Ciissue (M2/8) Cplasma (ng/mL) K, log,o(K,) Kopuu log;o(Kpuu)
Liver 18.3 53 3.45 0.538 3.45 0.538
Kidney 12.95 53 2.44 0.387 2.44 0.387
Tumor 25.1 53 4.74 0.676 4.74 0.676
Spleen 14.2 53 2.68 0.428 2.68 0.428
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