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1. Introduction

In 1836, the German philosopher Ludwig Feuerbach famously
claimed, “A man is what he eats
new relevance as recent research suggests that food provides

“Laboratory of Developmental Biology, Disease Networks Research Unit, Faculty of
Biochemistry and Molecular Medicine, University of Oulu, FI-90014 Oulu, Finland.
E-mail: feby.pratiwi@oulu.fi, seppo.vainio@oulu.fi

bKvantum Institute, University of Oulu, 90014 Oulu, Finland

‘Graduate Institute of Nanomedicine and Medical Engineering, Taipei Medical
University, Taipei 11031, Taiwan. E-mail: smilehanwu@tmu.edu. tw

Cloudberry-derived nanovesicles as stable oral
drug delivery systems: gastrointestinal stability and
age-related biodistribution in mice

Keerthanaa Balasubramanian Shanthi,1? Feby Wijaya Pratiwi, (2 *42

Florence Naillat,* Ramila Mammadova, () 1* Marjaana Sarpola,® Si-Han Wu, (2 *<
Marko Suokas,® Soile Jokipii-Lukkari, ©2 ¢ Susanna Kaisto,® Anatoliy Samoylenko,
Henrikki Liimatainen, € ¢ Caglar Elbuken®" and Seppo Juhani Vainio (2 ¥

a

Plant-derived nanovesicles (PDNVs) have emerged as promising candidates for oral drug delivery due to
their natural biocompatibility and ability to transport bioactive molecules. However, their stability within
the gastrointestinal (GI) tract and efficacy in aging populations remain largely unexplored. In this study, we
isolated nanovesicles from cloudberries (Rubus chamaemorus), which are rich in bioactive polyphenols,
to evaluate their potential as stable oral drug delivery vehicles. We characterized the physical properties
and RNA content of these cloudberry-derived nanovesicles (CNVs) and investigated their stability under
simulated Gl conditions in vitro. The CNVs maintained their structural integrity and functional properties
after exposure to harsh digestive conditions, demonstrating resilience against digestive enzymes and pH
variations. Using Caco-2 cell monolayers, we confirmed efficient cellular uptake and trans-epithelial
transport of CNVs without inducing cytotoxic effects. Furthermore, we assessed the biodistribution and
immune responses to CNVs in both young and elderly mice. In vivo imaging revealed favorable biodistri-
bution patterns, prolonged retention in the Gl tract, effective intestinal absorption, transfer to the blood-
stream, and low immunogenicity in both age groups. Notably, aging influenced the biodistribution of
CNVs, with elderly mice exhibiting delayed gastric emptying and prolonged Gl retention, likely due to
age-related physiological changes. These findings suggest that CNVs are promising, stable, and biocom-
patible oral drug delivery systems suitable for both young and elderly populations, highlighting their
potential for therapeutic applications, especially in age-related conditions.

more than just nutrients; it can also deliver information from
ingested plants that affect mammalian genes.”> This infor-
mation is transmitted by extracellular nanovesicles (NVs),
which transport bioactive molecules like proteins, lipids,
mRNAs, and miRNAs to consuming organisms. For example,
plant-derived nanovesicles (PDNVs) from grapes, grapefruit,
ginger, and carrots have shown anti-inflammatory properties
and can modulate vascular cell responses.®* Ginger PDNVs
inhibit inflammasome activation, citrus-lemon and orange
PDNVs possess antioxidant and antitumor properties,>* Yam-
PDNV stimulate osteoblast formation,” and apple-derived NVs
can impact intestinal transporters.>” Moreover, PDNVs can be
successfully isolated in large quantities and at a low cost.®’

».! This statement has gained
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These discoveries highlight the therapeutic potential of
PDNVs.

Despite extensive research on extracellular vesicles
(EVs) and PDNVs, as well as their therapeutic applications,
there is limited knowledge of their influence on aged cohorts
and in vivo trafficking in elderly organisms. Aging impacts

This journal is © The Royal Society of Chemistry 2025


http://rsc.li/nanoscale
http://orcid.org/0000-0001-9047-8857
http://orcid.org/0000-0002-0732-3174
http://orcid.org/0000-0002-2586-7538
http://orcid.org/0000-0002-8935-1469
http://orcid.org/0000-0002-0240-897X
http://orcid.org/0000-0002-7911-2632
http://orcid.org/0000-0001-9319-3566
http://crossmark.crossref.org/dialog/?doi=10.1039/d4nr04694c&domain=pdf&date_stamp=2025-09-12
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4nr04694c
https://pubs.rsc.org/en/journals/journal/NR
https://pubs.rsc.org/en/journals/journal/NR?issueid=NR017036

Open Access Article. Published on 22 August 2025. Downloaded on 4/8/2026 3:57:31 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Nanoscale

absorption, distribution, metabolism, and excretion processes,
often impairing drug efficacy and increasing toxicity risks—
factors likely relevant for PDNVs as well.'® Age-related changes,
such as reduced gastric acid secretion, slower gastric emptying,
decreased splanchnic blood flow, altered microbiota, and
diminished solute transporter function, can delay drug dis-
solution and lower absorption.'™? Shifts in body composition
(e.g., increased body fat, decreased total body water) affect
drug distribution, with lipophilic drugs exhibiting prolonged
half-lives and hydrophilic drugs reaching higher plasma levels.
Declines in liver function (e.g., cytochrome P450 activity) and
renal function (e.g., glomerular filtration rate) further reduce
drug clearance."® Given these age-related changes, careful dose
adjustments and monitoring are essential to manage efficacy
and reduce toxicity. Therefore, understanding PDNV behavior
in elderly organisms is crucial for safe and effective appli-
cation in this demographic.*®

From a drug delivery perspective, the in vivo distribution
and transport of PDNVs are critical, as they determine whether
their bioactive component reaches the intended target tissues
while minimizing off-target accumulation. PDNVs originate
from edible sources and are naturally ingested as part of the
human diet, making oral administration a biologically relevant
and physiologically compatible route. This approach also
reduces the risk of adverse immune reactions and avoids the
invasiveness of intravenous (IV) or intraperitoneal (IP) injec-
tions." As such, oral delivery is better suited for long-term or
preventive use, particularly in chronic conditions and in vul-
nerable populations such as the elderly, who are also more
prone to gastrointestinal (GI)-related diseases.'> However, the
specific properties of the digestive tract—including digestive
enzymes, cellular and mucus barriers, and varying pH levels—
pose challenges to drug absorption and limit bioavailability.
PDNVs, with their compelling physicochemical properties like
size distribution, charge, and elasticity, offer a promising solu-
tion. Moreover, unstable drug molecules, genes, or proteins
can be loaded within their lumen, enhancing therapeutic
effects. Therefore, PDNVs represent a promising platform for
next-generation oral biotherapeutics, especially for targeting
gastrointestinal conditions such as colitis, microbiota imbal-
ance, and GI cancers.'® Despite their potential, our under-
standing of the interactions between orally administered
PDNVs and the GI environment remains limited, necessitating
further exploration.

To address these challenges, we thoroughly investigated the
behavior and interactions of PDNVs in gut environments,
examining their presence both in vitro and in vivo. A promising
source of PDNVs is the cloudberry (Rubus chamaemorus), a per-
ennial herb thriving in boreal regions, particularly in bogs.
These amber-colored berries, known for their juiciness and
fragrance, are rich in nutrients such as vitamin C, ellagic acid,
citric acid, malic acid, a-tocopherol, anthocyanins, and provita-
min A carotenoid p-carotene. They also contain polyphenols,
specifically ellagitannins, which offer potential health benefits
such as potent antimicrobial, anti-adhesion, anti-inflamma-
tory, antifungal, and anti-carcinogenic properties.'” Thus, we
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used cloudberry-derived nanovesicles (CNVs) as a PDNV model
in this study.

The main objective of this study is to assess the safety, bio-
distribution, and structural stability of CNVs following oral
administration in both young and aged healthy mouse
models. We envision CNVs serving a dual purpose: (1) as thera-
peutic agents through their native bioactive composition—
including metabolites, lipids, proteins, glycans, and miRNAs—
and (2) as nanocarriers for the targeted delivery of exogenous
therapeutic payloads. We first evaluated the physicochemical
stability and functional properties of CNVs under simulated
gastrointestinal conditions using a validated in vitro digestion
model. Investigated the effects of digestive processes on CNV
stability and functional changes using a validated in vitro
digestion model that simulates GI conditions. This was fol-
lowed by using Caco-2 cells, a widely recognized human intes-
tinal epithelial cell model, to demonstrate the uptake and
trans-epithelial transport of CNVs across the cell monolayer.
Additionally, we assessed their toxicity and antioxidant pro-
perties after the digestion process. Recognizing the impor-
tance of understanding how aging influences PDNV efficacy,
we extended our investigation to include an age-related in vivo
experiment. We administered CNVs to both elderly and young
mice to assess how age affects the biodistribution of PDNVs
and the immune response they cause. By comparing the bio-
distribution profiles and immune responses between the two
age groups, we aimed to gain insight into the potential thera-
peutic applications of CNVs in elderly populations, where the
need for effective, less invasive, and safe treatments is critical.

2. Materials and methods
2.1 Isolation of cloudberry-derived nanovesicles

To produce cloudberry juice containing cloudberry nano-
vesicles (CNVs), 250 g of cloudberries (Lapland, Finland) were
mixed with an extraction buffer in a 1:1 weight-to-volume
ratio containing protease inhibitors. The mixture was ground,
squeezed, and filtered using a cheesecloth to remove any flesh,
skin, and seeds. The extraction buffer consisted of 100 mM
phosphate and 10 mM ethylenediaminetetraacetic acid (EDTA)
(Merck, Darmstadt, Germany) at pH 8. A protease inhibitor
cocktail was added per 100 mL of buffer, comprising 0.05 mL
of 1 mg mL™" leupeptin (Roche, Germany), 0.25 mL of
100 mM phenylmethylsulfonyl fluoride (PMSF) (Merck,
Germany), and 0.16 mL of 1 M sodium azide (Merck,
Germany).'® The sample underwent sequential centrifugation
at 2000g and 4000g for 30 minutes at 20 °C. The supernatant
after the 4000g step was centrifuged at 15000g in a 50 mL
conical Eppendorf tube for 30 minutes at 20 °C, and the pellet
containing microvesicles (MVs) was collected. The supernatant
from the 15 000g step was subjected to ultracentrifugation at
100000g for 2 hours at 4 °C using a SW28Ti rotor in a
Beckman Optima L-100K ultracentrifuge. The pellet containing
CNVs was collected and resuspended in a small volume of
extraction buffer. The protein concentration was determined
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using the Qubit Protein Assay Kit (Thermo Fisher Scientific,
USA) according to the manufacturer’s instructions.

2.2 RNA isolation from CNVs

CNV RNAs were isolated using QIAzol® Lysis Reagent (Qiagen,
Hilden, Germany; cat. no. 79306), followed by RNA extraction
using RNeasy® UCP MinElute® columns (Qiagen, Hilden,
Germany; cat. no. 74204). Specifically, 115 pL of CNVs were
mixed with 585 pL of QIAzol® Lysis Reagent. The mixture was
vortexed briefly and incubated at room temperature for
5 minutes. Then, 80 pL of chloroform was added and mixed by
inverting the tube 15 times. The mixture was centrifuged at
12 000g at 4 °C for 15 minutes. The aqueous top layer was care-
fully removed without disturbing the interphase. Two volumes
of absolute ethanol were added to the aqueous phase, and the
solution was gently mixed. The solution was loaded onto
RNeasy® UCP MinElute® columns in 700 pL increments and
centrifuged at 12 000 rpm for 15 seconds. After discarding the
flow-through, the column was washed with 700 pL of manufac-
turer-supplied RWT buffer by centrifuging at 12 000 rpm for 15
seconds. The column was further washed twice with 500 pL of
manufacturer-supplied RPE buffer, centrifuging at 12 000 rpm
for 15 seconds and then for 2 minutes. The column was dried
by centrifuging at 12 000 rpm for 5 minutes without the lid.
CNV RNAs were eluted using 15 pL of RNase-free water into
nuclease-free tubes by spinning the column at 14 000 rpm for
1 minute.

2.3 miRNA target analysis

The top 10 miRNAs identified from sequencing were used for
analysis. Mature miRNA sequences were downloaded from
miRBase. The 3' untranslated region (UTR) and 5 UTR
sequences of the mouse genome 2020 (GRCm39-2020) were
obtained from the UCSC Genome Browser. Target analysis was
performed using miRANDA v3.3a with the following para-
meters: gap open penalty of —9, gap extend penalty of —4,
score threshold of 140, energy threshold of —1 kcal mol™, and
scaling parameter of 4. Gene Ontology (GO) analysis of the pre-
dicted targets was conducted using the BiNGO tool in
Cytoscape v3.9.1. Basic GO annotations were downloaded from
geneontology.org, and Bonferroni family-wise error rate correc-
tion with a corrected p-value of 0.05 was used to identify over-
represented GO terms.

2.4 Nanoparticle tracking analysis (NTA)

Particle concentration and size distribution of CNVs were
determined by nanoparticle tracking analysis using a
NanoSight NS300 instrument (Malvern Panalytical, Malvern,
UK). The instrument was calibrated with 100 nm polystyrene
beads (Thermo Fisher Scientific, Fremont, CA) before use.
Samples containing 2 pg of CNVs were diluted up to 1 mL in
Milli-Q water, and 1 mL of the diluted sample was loaded into
the instrument. The samples were analyzed with a camera
level set at 14 and a detection threshold at level 3. Data were
processed and analyzed using NTA software version 3.4.
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2.5 Zeta potential measurement

The zeta potential of crude CNVs was measured using a
Zetasizer Nano ZS (Malvern Instruments Ltd, Malvern, UK),
equipped with a laser source at a wavelength of 633 nm and a
scattering angle of 13°. The instrument was calibrated accord-
ing to the manufacturer’s instructions by measuring the
known surface charge (40 + 5.8 mV) of 100 nm polystyrene
nanoparticles. Samples containing 2 pg of CNVs were diluted
up to 1 mL in Milli-Q water or phosphate-buffered saline
(PBS), and 800 pL of the diluted sample was loaded into folded
capillary cells (DTS 1070 type cuvettes). The zeta potential of
each sample was measured three times at 25 °C, with an auto-
matic number of runs and voltage selection after an equili-
bration time of 120 seconds.

2.6 Transmission electron microscopy (TEM) measurement

For TEM analysis, 2 pL of each sample was deposited on a
glow-discharged Formvar/carbon-coated grid, followed by
negative staining with 2% uranyl acetate. The samples were
examined using a Tecnai G2 Spirit transmission electron
microscope (FEI, Eindhoven, The Netherlands). Images were
captured with a charge-coupled device camera (Quemesa,
Olympus Soft Imaging Solutions GmbH, Miinster, Germany).

2.7 Invitro digestion of CNVs

Digestive juices, including gastric juice, pancreatic juice, and
bile juice, were prepared as previously described (Table S1)."°
To examine whether CNVs survive in vitro gastrointestinal con-
ditions, 100 pL of CNVs were mixed with 300 pL of gastric
juice and incubated at 37 °C for 120 minutes. Subsequently,
300 pL of pancreatic juice and 150 pL of bile juice were added
and incubated at 37 °C for an additional 60 minutes. PBS
(replacing the digestive juices) was used as a negative control,
undergoing the same in vitro digestion steps. Finally, digestive
juices were removed by centrifugation at 8 000g at 20 °C for
30 minutes with 3 repetition, and particle and protein concen-
trations, as well as surface potential of CNVs, were determined
by NTA, Qubit assay, and zeta potential measurements,
respectively. Morphological changes were examined using
TEM. Total phenolic content (TPC), antioxidant activity, and
the antioxidant functionality of bioactive associated with CNVs
—both pristine and after simulated gastric digestion were also
determined. All chemicals and enzymes for the ex vivo model
system were purchased from Sigma-Aldrich (St Louis, MO,
USA).

2.8 Labelling CNVs using lipophilic tracer

After differential centrifugation of CNVs at 2000, 4000, and
15 000g, the supernatant was incubated with 1 mM fluorescent

lipophilic tracer DiR (1,1-dioctadecyl-3,3,3',3"-tetramethyl-
indotricarbocyanine iodide; D12731, Invitrogen, Life
Technologies) or DilC18(7) (1,1'-dioctadecyl-3,3,3',3"-tetra-

methylindotricarbocyanine iodide) at room temperature for
20 minutes. After incubation, the CNVs labeled with DiR or
DiIC18, along with DiR- and DiIC18-free controls, were ultra-

This journal is © The Royal Society of Chemistry 2025
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centrifuged using a SW28Ti rotor in a Beckman Optima
L-100K ultracentrifuge at 100 000g for 2 hours, followed by a
washing step at the same speed and duration. To separate
the DiR-labeled CNVs from contaminant-free dye, we used
gradient ultracentrifugation with OptiPrep™ (Stemcell
Technologies, Germany) to collect the fraction containing pure
DiR- or DiIC18-labeled CNVs. The dye-labeled EVs or free dye
were loaded at the top of a discontinuous OptiPrep solution
(5%, 10%, 20%, and 40%) and centrifuged at 100 000g for
16 hours at 4 °C using a Beckman Optima L-100K ultracentri-
fuge. Fractions containing dye-labeled EVs were collected and
used for subsequent experiments.

2.9 Mucopenetration measurement

To determine the penetration of CNVs across the mucin layer,
we used a Transwell assay (polyethylene, 1 pm pores, 6.5 mm
diameter, providing a surface area of 0.33 cm? cellQART,
Germany). A 20 pL aliquot of reconstituted mucus (5% mucin)
was added to coat the membrane in a well plate and left to
settle for 30 minutes. Then, 900 pL of ultrapure water was
added to the bottom of the 24-well plates, and 250 pL of CNV
solution containing 1 x 10'® particles per mL was gently de-
posited in the Transwell insert to avoid disturbing and mixing
with the mucin layer. The CNVs were incubated with the recon-
stituted mucus for 24 hours at 37 °C to allow migration
through the mucin layer. The percentage of CNVs that tra-
versed the mucin layer in the mucin-coated Transwell was nor-
malized against the amount that passed through the uncoated
Transwell, as measured by their fluorescence, using the follow-
ing formula:

% particles permeation =
number of particles through mucus coated membrane

p x100%
number of particles through uncoated membrane ’

2.10 Cell culture

Caco-2 cells were maintained in Dulbecco’s Modified Eagle’s
Medium (DMEM; Gibco Life Technology, UK) supplemented
with 20% (v/v) fetal bovine serum (FBS; Sigma, USA), 1% (v/v)
non-essential amino acids, 1% (v/v) L-glutamine, and 1% peni-
cillin-streptomycin (100 IU mL™") (Sigma, USA). The cells were
incubated at 37 °C in a humidified atmosphere containing 5%
CO,.

2.11 Cytotoxicity and cell proliferation assays

The IncuCyte® Live-Cell Analysis System (Sartorius, UK) was
used to assess cytotoxicity, cell viability following H,O, treat-
ment, and the proliferation of Caco-2 cells. Caco-2 cells were
seeded at a density of 1 x 10> cells per mL in DMEM sup-
plemented with 20% FBS (100 pL per well) into a 96-well flat-
bottom plate and incubated overnight at 37 °C in 5% CO,.
After overnight incubation, the medium was removed, and the
cells were washed with PBS before adding fresh medium con-
taining CNV samples. To label dying cells, SYTOX Green
nucleic acid stain (diluted 1:10 000 in medium) was applied,
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causing dying cells to fluoresce green. Cell death was moni-
tored over time, with scans performed every 3 hours at 10x
magnification using the standard scanning mode. The
IncuCyte® image analysis tools were used to automatically
quantify the number of dying cells. All experiments were con-
ducted in triplicate.

2.12 trans-Epithelial electrical resistance (TEER)
measurement

For the establishment of an in vitro cell monolayer, Caco-2
cells were seeded at a density of 1 x 10° cells per mL on
cellQART 24-well cell culture inserts (1 pm pore size, PET
clear) in a Costar 24-well plate (Corning Costar Corp.). The
apical and basolateral compartments of the Transwells were
maintained with complete DMEM, which was refreshed every
two days. TEER values were measured and recorded using a
Millicell ERS-2 resistance system (EMD Millipore Corporation,
Burlington, MA). TEER was calculated as follows:

TEER = (R — Ri) X A

where R, is the transmembrane resistance, R; is the intrinsic
resistance of the cell medium, and A is the surface area of the
Transwell membrane. TEER was measured every 2-3 days to
monitor Caco-2 cell monolayer formation. On day 14 after cell
seeding, TEER measurements stabilized, and Caco-2 cell
monolayers were used for transport assays.

2.13 CNV transport assays in Caco-2 monolayers

Transport assays were performed following the previous
reported method.”®*' Briefly, cell culture medium was
removed, and inserts were transferred to a new 24-well plate.
Cells were washed with Hanks’ Balanced Salt Solution (HBSS)
containing 25 mM HEPES and 4.2 mM NaHCO; at pH 7.4 for
the basolateral side to eliminate residual culture medium, and
at pH 6.5 for the apical side to simulate the acidic environ-
ment of the small intestine, for 20 minutes at 37 °C.
Fluorescently DiIC18-labeled CNVs were diluted in HBSS (pH
6.5) to 1 x 10" particles per mL and added to the apical com-
partment. Equal medium levels were maintained in both com-
partments to avoid hydrostatic pressure effects. Samples from
the basolateral acceptor compartment were taken at defined
times for cumulative transport studies by measuring the fluo-
rescence signal. TEER was measured before and after each
experiment to ensure the integrity of the cell monolayer.

2.14 Cellular uptake assay

DiIC18-labeled CNVs were incubated with Caco-2 cells at 37 °C
for 1, 4, and 8 hours. After incubation, the cells were harvested
and washed to remove free particles. PKH26 dye (Sigma-
Aldrich, USA) was used to stain the cell membrane, and
LysoTracker Deep Red (Invitrogen, USA) was used to stain lyso-
somes in Caco-2 cells. Cell nuclei were visualized by staining
with 4',6-diamidino-2-phenylindole (DAPI; Thermo Fisher
Scientific, USA). Images were captured using a confocal micro-
scope (Leica SP8 Falcon, Germany).

Nanoscale, 2025,17, 21096-2111 | 21099
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2.15 In vivo trafficking of CNVs in mice

All animal procedures were conducted at the Laboratory
Animal Centre of the University of Oulu (OULAC) in compli-
ance with regulations for the protection of vertebrate animals
used for scientific purposes (European Convention Treaty ETS
No. 123, European Community Council Directive 2010/63/EU,
and Finnish Government Decree 564/2013). The animal experi-
ments were approved by the Finnish National Animal
Experiment Board (permit numbers ESAVI/18215/2018 and
ESAVI/32696/2023). DiR-labeled CNVs were administered via
oral gavage to male C57BL/6 mice aged 6-8 weeks and 32
weeks. CNVs were administered at a dose of 100 pL (10 mg
kg™"), approximately 1 x 10" particles per animal. Control
animals received 100 pL of PBS saline. For oral gavage admin-
istration, mice were fasted for 6 hours prior to the procedure
to ensure an empty stomach; water was available ad libitum. In
vivo imaging was performed using the IVIS Spectrum system
(PerkinElmer, USA) with an excitation wavelength of 745 nm.
Imaging was conducted at time points of 1, 4, 12, and
24 hours after administration of the DiR-labeled CNVs. Mice
were imaged
2-5 minutes. Mice were humanely sacrificed at designated
times, and 200-300 pL of blood was collected via heart punc-
ture or vena cava sampling. Organs were harvested for ex vivo
imaging and further examination. To confirm the localization
of CNVs at the cellular level in GI tract organs, mice were orally
gavaged with 1 x 10"" DiIC18(7)-labeled CNVs and sacrificed 4
and 12 hours later. Plasma was collected from blood samples
at different times, diluted in PBS at a 1:10 ratio, and pelleted
by ultracentrifugation at 100 000g for 2 hours. The pellets were
scanned to measure fluorescence intensity using the IVIS
Spectrum system (PerkinElmer, USA) with an excitation wave-
length of 745 nm. Data were analyzed using Living Image soft-
ware for IVIS®.

anesthetized with isoflurane and for

2.16 Immunohistochemistry

Internal organs were excised and fixed overnight in 4% paraf-
ormaldehyde (PFA) at 4 °C, then transferred to PBS solution
for 24 hours at 4 °C. Samples were dehydrated with 25%, 50%,
and 70% ethanol, changing solutions every 24 hours. Tissue
sections were embedded in paraffin blocks according to stan-
dard procedures and cut into 4-6 pm-thick sections using a
microtome, then applied to electrostatically charged micro-
scope slides (e.g., sc-363562). For immunohistochemistry stain-
ing, sections were fixed for 10 minutes in 4% formaldehyde
(Histolab, Sweden), washed three times for 5 minutes each in
PBS, and then blocked using PBS containing 5% goat serum
(Life Technologies, Sweden) and 0.3% Triton X-100 (Sigma-
Aldrich, Sweden) for 1 hour. The primary antibody (Abcam,
Germany) was diluted 1:1000 in antibody dilution buffer con-
sisting of PBS with 0.1% Triton X-100 and added to each
sample, incubating overnight at 4 °C. Sections were then
washed as previously described, and the secondary antibody
(Alexa 594 anti-rabbit 1gG, Life Technologies) diluted 1 : 500 in
antibody dilution buffer was added and incubated for 1 hour
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at room temperature. Cell nuclei were visualized by staining
with DAPI (Thermo Fisher Scientific, USA). Sections were
washed again, mounted with coverslips, and imaged using a
confocal microscope (Leica SP8§ Falcon, Germany).

2.17 Flow cytometry of whole blood

To process 100 pL of whole blood for flow cytometry analysis,
2 mL of room-temperature 1 x 1-Step Fix/Lyse Solution was
added, and the tube was gently inverted. The sample was incu-
bated at room temperature, protected from light, for 15 to
60 minutes. An antibody cocktail (concentration 1:50), con-
taining fluorophore-labeled primary antibodies for cell-surface
markers, was prepared in Flow Cytometry Staining Buffer, pro-
tected from light. The antibody cocktail was added to a 100 pL
aliquot of whole blood and incubated for 1 hour at 2-8 °C with
rotation, keeping it protected from light. Following incubation,
samples were washed with 2 mL of Flow Cytometry Staining
Buffer. Samples were centrifuged at 500g for 5 minutes at 4 °C,
the supernatant was discarded, and the cells were resuspended
in 500 pL of Flow Cytometry Staining Buffer. Analysis of the
stained immune cells was performed using a FACSCalibur flow
cytometer (BD Biosciences, Erembodegem, Belgium). Data
were analyzed using Flow]Jo software v10.8.1 (BD Biosciences).

2.18 Quantification and statistical analysis

Experiments were conducted in triplicate unless otherwise
noted, and results are reported as mean values with standard
deviations. Statistical analysis was performed using one-way
analysis of variance (ANOVA) and Tukey’s post hoc test provided
by OriginPro® 2022 (OriginLab Corporation, USA), with stat-
istical significance set at p < 0.05.

3. Results and discussion

3.1 Physical properties and RNA content of plant-derived
nanovesicles isolated from cloudberry (CNV)

TEM is used to evaluate the size, shape, and vesicular integrity
of the PDNVs. The TEM images confirmed the presence of
PDNVs in cloudberry juice, revealing their characteristic
spherical or cup-shaped structures with lipid bilayer membra-
nous morphology and diameter ranging 60-200 nm (Fig. 1A).
Intact PDNVs were observed, showing the preservation of the
membrane integrity after isolation using this method. To
further assess the size and concentration of these nano-
vesicles, NTA was conducted. The CNVs displayed a size distri-
bution ranging from 55.1 to 347.4 nm in diameter, with an
average diameter of 208.3 + 10.7 nm and a mode diameter of
170.6 + 17.1 nm (Fig. 1B). Using the described isolation pro-
cedure, the CNV yield was approximately 38.9 + 18 mg of
protein per kg, which was equal to 8.99 x 10" + 2.40 x 10"
particles per kg, indicating that cloudberries have a significant
potential for large-scale production of PDNVs. This yield level
was comparable to other plant sources such as ginger and
strawberry and EV isolated from the milk (2-11 x 10" particles
per kg depend on the isolation techniques).**™**

This journal is © The Royal Society of Chemistry 2025
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analysis.
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Zeta potential measurements indicated that CNVs had a
negative zeta potential of —50.6 + 0.7 mV, similar to values
reported in the literature of other plants.”> Moreover, the
purity of isolated CNV using this protocol were estimated
using ratio of particle counts to protein concentration, as
reported by Webber et al.*® In this regard, an EV-to-protein
purity ratio of 3 x 10'? particles per pg of protein is the metric
used to qualify a population of EVs as “pure”. Herein, the par-
ticle-to-protein ratio of purified CNVs was approximately 3.57 x
10" particles per pg protein, which is considered to be high
purity. This is similar values reported for cheries (4 x 10" par-
ticles per ug), Roma tomatoes (3.8 x 10" particles per pg), and
lemon citrus (1 x 10" particles per pg).>’*® TEM images
(Fig. 1A) and NTA data (Fig. 1B) together show that CNVs
display a degree of size and shape heterogeneity, ranging from
~60 nm to over 200 nm in TEM and 55-347 nm in NTA. Such
heterogeneity is consistent with reports on PDNVs from
grapes, ginger, and citrus, and likely reflects vesicles originat-
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This journal is © The Royal Society of Chemistry 2025

Nanoscale, 2025, 17, 21096-2111 | 21101


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4nr04694c

Open Access Article. Published on 22 August 2025. Downloaded on 4/8/2026 3:57:31 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

ing from multiple plant cell types and subcellular compart-
ments. Importantly, despite this variation, the majority of vesi-
cles retain intact bilayer morphology and negative zeta poten-
tial, supporting their stability and functionality in subsequent
mucus penetration, epithelial transport, and in vivo biodistri-
bution assays.

CNVs are enriched with miRNAs—small, endogenously
derived 18-25 nt RNAs that may regulate gene expression and
cellular communication. Due to the limited availability of
cloudberry genomic data, we aligned sequenced reads to the
Populus trichocarpa genome to identify noncoding RNAs. The
top 10 most abundant miRNAs (Fig. 2A) were further analyzed
for potential interactions with mouse genes using miRanda
v3.3a. Notably, miR159, 166, 168, and 396 were among the
most 10 abundant miRNAs detected, consistent with previous
reports on PDNVs.”® The number of predicted target genes
and Gene Ontology (GO) analysis (Fig. 1C and D) suggest that
these miRNAs may influence a wide range of cellular pro-
cesses, including structural, metabolic, and signaling path-
ways. Notably, miR396, miR159, miR168, and miR166 have
been previously reported to target mammalian genes related to
inflammation pathways (e.g., cytokines and NF-kB signaling
components), oxidative stress, and apoptosis.”> ' These pre-
dictions are supported by our in vitro anti-inflammatory assays
in THP-1 cells, which measured IL-1p mRNA expression using
gPCR under both LPS-stimulated and unstimulated conditions
(Fig. S2). CNVs alone did not induce IL-1p expression, indicat-
ing that they do not trigger an inflammatory response at the
tested dose (50 pg mL™'). However, co-incubation of CNVs
with LPS (10 ng mL™") significantly reduced IL-1f expression
compared to LPS treatment alone. These results suggest that
CNVs may exert functional effects in recipient mammalian
cells through miRNA-mediated modulation of inflammatory
gene expression.

3.2 Stability of CNV in gastrointestinal solution

One obstacle in utilizing orally administered CNVs for thera-
peutic applications is their insufficient stability within the GI
tract and limited ability to be effectively absorbed into the
bloodstream. CNVs must sequentially overcome both mucus
and epithelial barriers. The GI tract is coated with mucus,
which protects the organs by maintaining their integrity
against foreign substances. As the initial defense mechanism,
the mucosal layers prevent the adherence of foreign pathogens
and particles and promote their clearance through the cycling
mucus.*” The mucin particles had an average diameter of
268.7 + 16.9 nm, consistent with sizes reported by others.*®
These particles featuring hydrophobic cysteine-rich domains
and negatively charged sialic acid within the mucus. Intestinal
mucus, which is a constantly renewing and slippery secretion,
can quickly trap and eliminate foreign particles, especially
those with cationic and hydrophobic surface properties.®*
Effective diffusion of CNVs through the mucus requires
minimal interactions between the CNVs and mucin particles.
We examined the interaction between CNVs and mucus
(5% mucin solution) over time by measuring changes in their
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size and surface charge. The CNVs exhibited minimal size
increase and maintained a highly negative surface charge for
up to 12 hours (Fig. 3A), suggesting no significant aggregation.
After 24 hours, a slight increase (~1.5-fold) in particle size and
a decrease in negative surface charge indicated potential inter-
actions with mucin particles. To determine the penetration of
CNVs across the mucin layer, we used a Transwell assay with a
1 pm pore-size filter lined with a mucin layer. Fluorescent
CNVs collected from the basal chamber after 12 hours of incu-
bation were measured and compared to freely diffusing fluo-
rescent CNVs without the mucin layer. We observed minimal
interaction between CNVs and mucin particles in reconstituted
mucus, resulting in efficient penetration of CNVs through the
mucin layer in the Transwell assay (Fig. 3B). This high muco-
penetration is likely due to the small size (less than 200 nm)
and negatively charged, hydrophilic nature of CNVs. Both
CNVs and mucin carry strong negative surface charges,
causing electrostatic repulsion that limits direct interactions in
the absence of bridging ions such as Ca**, thereby facilitating
freer particle movement.>® Nevertheless, weak transient inter-
actions may occur via hydrogen bonding (e.g., between
hydroxyl and carboxyl groups), van der Waals forces, and
limited hydrophobic interactions, leading to partial mucoad-
hesion and short-term retention. Additionally, the naturally
high pectin content of CNVs may contribute to mucin binding
through polymer entanglement.>®*” Adsorption of mucin or
luminal proteins onto the vesicle surface may further lead to
the formation of a mucin-associated corona, dynamically mod-
ulating surface characteristics and enhancing residence time
within the gastrointestinal mucus layer.

Before CNVs can reach the intestinal epithelial barrier, they
must navigate the stomach and intestinal lumen, which are
characterized by varying pH levels, ionic strengths, and
complex mixtures of digestive fluids and food molecules.®® It
has been reported that milk-derived EVs can endure very low
pH, high temperatures, and freezing/thawing procedures in
enzyme-free in vitro systems. They also withstand the harsh
conditions of the gastrointestinal tract, as demonstrated by
both in vitro and in vivo studies using fluorophore-labeled EVs.
However, there is a limit information on the behavior of
PDNVs.***° To investigate the resilience of CNVs against diges-
tive juices, we created an in vitro digestive system simulating
the gastrointestinal environment, adapted from Kopf-Bolanz
et al."® This system uses buffers that mimic different digestive
fluids: gastric juice (G) with pepsin at pH 2-3, pancreatic juice
(P) with pancreatin at pH 6.5-7, and bile juice (B) with bile
acids at pH 6.5 (Fig. 3C). To investigate the evolution of CNVs
after incubation with each digestive enzyme, we characterized
the morphologies, sizes, and surface charge changes of the
CNV-protein complexes by TEM, NTA, and zeta potential
measurements (Fig. 3D and E, Table 1, and Fig. S3 in SI).

TEM analysis indicated that CNVs maintained a relatively
stable structure after exposure to the gastric solution, preser-
ving their original lipid bilayer morphology, although their
number slightly decreased. The surface charge of CNVs
became slightly less negative (—30 mV) compared to their

This journal is © The Royal Society of Chemistry 2025
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(A) Interaction between CNVs and mucin particles after incubation in reconstituted mucus for 1, 4, 12, and 24 hours at 37 °C, as indicated by

changes in average size and surface zeta potential. (B) Mucopenetration of CNVs across a mucin layer in a Transwell assay for 12 hours at 37 °C and
4 °C, showing the percentage of CNVs that passed through the mucin layer on top of a 1 pm pore-size membrane relative to a Transwell without the
mucin layer. (C) Schematic diagram of CNV treatment in an in vitro digestive system. (D) Zeta potential and size distribution, and (E) morphology of
CNVs before and after undergoing in vitro digestion (scale bar: 200 nm). Three independent experiments were performed. Abbreviations: CNV,
cloudberry nanovesicles; G, gut solution; G + P + B, gut, pancreas, and bile solutions.

Table 1 Summary of physical properties of CNVs after Gl solution treatment

Protein concentration Particle concentration Nanoparticle Zeta potential
Sample (g mL™Y) (particle per mL) (ng protein) Size (nm) (mv)
NV 13.4 4.78 x 10" 3.57 x 10" 208.3 £ 10.4 —50.6 + 0.7
NV +G 10.3 3.70 x 10 3.59 x 10" 147.8 + 59.7 —30.1+0.8
NV+G+P+B 12.9 2.05 x 10** 1.58 x 10*° 191.1 + 89.4 —33.7+0.5

Abbreviations: NV, native cloudberry nanovesicles; G, gastric juice; P, pancreatic juice; B, bile juice.

pristine state (—50 mV), likely due to the pH conditions; yet,
no significant aggregation was observed. The average size of
CNVs decreased from 200 nm to 138 + 5 nm after digestion in
gastric juice. Additionally, 22% of the particles and 31% of the
protein were lost during either the digestive process in the
gastric solution or the subsequent washing step. In contrast,
after pancreatic and bile juice treatment, despite the lower
number of particles, the protein concentration increased com-
pared to that after gastric solution treatment. This size
reduction of CNVs agrees with previous reports on milk,
carrot, and grapefruit-derived NVs;**>*%*! however, it contrasts
with NVs isolated from edible tea flower and ginseng.***?

This journal is © The Royal Society of Chemistry 2025

Following treatment with pancreatic and bile juices, both
TEM and NTA confirmed an increase in particle size compared
to post-gastric juice treatment, likely due to the formation of
an outer layer around the CNVs’ surface (protein corona), com-
posed of intestinal proteins and peptides and possible slightly
aggregate. Despite the different pH environments, the surface
charge remained similar to the post-gastric treatment, prob-
ably due to the charge characteristics of the protein corona
affecting the net surface potential of CNVs.** Although
different pH levels can alter the size and zeta potential of
CNVs, they remain nanoscale in size, exhibit good stability,
and their surface potential changes are consistent with their
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natural properties. These findings suggest that CNVs are resili-
ent in the GI environment, maintaining their nanoscale size
and structural integrity. PDNVs derived from sources such as
ginger, grapefruit, and broccoli have been shown to exhibit
greater stability under harsh gastrointestinal conditions com-
pared to synthetic nanoparticles or mammalian EVs. This
enhanced stability is likely due to their unique lipid compo-
sitions—including glycerolipids and phospholipids—as well as
stabilizing components like associated proteins and polysac-
charides.*” In the case of CNV, the naturally high pectin
content may further contribute to gastric protection by
buffering stomach acid and delaying gastric emptying, thereby
enhancing NV stability.*®?” The structural stability of CNVs
under GI conditions is further supported by (i) TEM and NTA
analyses (Fig. 3D, E and Table 1) showing preserved nanoscale
size, bilayer morphology, and negative surface charge after
gastric, pancreatic, and bile treatments; (ii) DiO-label fluo-
rescence stability and morphology data (Fig. S5), indicating
minimal membrane disruption after digestion; and (iii) single-
particle tracking analyses (Fig. S6) showing maintained
motion profiles post-digestion. To emphasize the relative resili-
ence of CNVs, we compared digestion-treated CNVs with CNVs
subjected to heat and sonication (Fig. S10), where the latter
exhibited clear bilayer collapse and vesicle fragmentation.
Together, these data provide direct experimental evidence that
CNV stability is not only an inferred property based on compo-
sition (lipids, pectin, protein corona) but is demonstrable
under simulated GI conditions. These findings are consistent
with previous reports showing that PDNVs from Catharanthus
roseus leaves,*® turmeric,”” and Camellia sinensis*®> remain
stable in simulated gastric fluids (pH 2.0) and intestinal fluids
(pH 6.5).

3.3 Bioactivity and in vitro study of pristine and gut-treated
CNV

One of the key challenges for orally delivered NVs is their
ability to cross the intestinal epithelium. To assess this, we
evaluated the ability of CNVs to enter and pass through the
epithelium. Efficient cell internalization of CNVs is a prerequi-
site for exerting their bioactivity. To assess the functional
integrity of CNVs after digestion, we examined their cellular
uptake, ability to traverse the epithelial barrier, and bioactivity
using human intestinal epithelial (Caco-2) cells.*®

Nanosized materials may traverse cellular barriers via para-
cellular or transcellular routes. The paracellular route involves
passage between epithelial cells through transient disruption
of tight junctions, while the transcellular route involves intern-
alization, endocytosis, transport across the cell body, and
secretion at the opposite cell surface (transcytosis).*” TEER
measurements were used to quantitatively assess the integrity
of epithelial cell monolayers, which is influenced by tight junc-
tion dynamics.’® In our assays, Caco-2 cells were cultured on
Transwell inserts, with TEER measurements taken every 3
days. On day 14 post-seeding, TEER values stabilized at 1749 Q
em? + 72 Q em?, and the monolayers were used for transcytosis
assays (Fig. S4).
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To study the uptake of CNVs, DiO18-labeled CNVs were
incubated with Caco-2 cell monolayers in the upper chamber.
The stability of fluorescence signals and morphology of DiO18-
labeled CNVs after digestion was confirmed by spectrofluoro-
metric analysis and TEM, respectively (Fig S5). Cellular uptake
was monitored at 1, 4, and 8 hours using confocal microscopy
(Fig. 4A, left), and individual CNVs were tracked using single-
particle tracking (Fig. S6). The digested CNVs were rapidly
taken up by Caco-2 cells within 1 hour, and internalization
increased over time, likely due to the protein corona (e.g., bile
proteins) facilitating uptake. Moreover, orthogonal views of
cell images showed that the CNVs were not only present on the
cell surface but also found in the basal part of the cells
(Fig. 3B, left). After 8 hours, both pristine and gut-treated
CNVs were internalized by Caco-2 cells and mostly colocalized
with lysosomes (Fig. S7 in SI).

Transport across the Caco-2 monolayer is a Food and Drug
Administration (FDA) and European Medicines Agency (EMA)-
approved method to estimate drug permeability in vitro.>' For
CNV permeability assays, fluorescence in the lower chamber
medium was measured at various time points (Fig. 3B, right).
Fluorescence was first detected at 120 minutes, with intensity
increasing by 43% and 25% at 240 minutes for pristine and
digested CNVs, respectively. Transwells without cells served as
controls for passive diffusion, with fluorescence detected after
5 minutes and stabilizing after 60 minutes. To estimate NV
permeability efficiency, we compared fluorescence units recov-
ered in the lower chamber to those in the upper chamber. Of
the 5010 fluorescence arbitrary units (approximately 5 x 10°
NVs) seeded, 20% + 2% passed through the epithelial mono-
layer at 120 minutes, and 29% + 13% at 240 minutes. For
digested CNVs, efficiency slightly decreased, which may be due
to some of the CNVs being entrapped in cellular organelles
within endocytic or transcytotic pathways, or undergoing lyso-
somal degradation. The integrity of the monolayer was moni-
tored by TEER measurements before and after the experiment.
Throughout the 8-hour CNV incubation, TEER values
remained constant at 1730 Q cm? + 84 Q cm?, indicating no
impact on cell monolayer integrity.>%>

Moreover, given that CNVs maintained their morphology,
size, and quantity in the simulated digestive system, we also
investigated whether their bioactivities were compromised by
gastrointestinal digestion. To evaluate the functional stability
and bioactivity of CNVs following oral administration, we first
assessed the effects of simulated gastric digestion. The pres-
ence of miR159 and miR166 in both pristine and digested
CNVs was confirmed by qPCR (Fig. 5A). Since the aim was to
verify the presence of plant-derived miRNAs rather than quan-
tify their relative abundance, no normalization was applied.
An increase in Cq values for miR159 (from ~28 to ~31) was
observed, indicating partial degradation during digestion. In
contrast, miR166, which was present at lower levels even in
pristine CNVs, showed minimal change in Ct values after
digestion. These results indicate that although miR159 under-
goes some degradation, its detectability after digestion reflects
partial retention of functional stability. This may be attributed

This journal is © The Royal Society of Chemistry 2025
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(A) Time-dependent uptake of CNVs by Caco-2 cells. Confocal microscopy images display the uptake of pristine and digested CNVs by

Caco-2 cells (CNVs in green, nuclei in blue, cell membranes in red); scale bar: 20 um. The uptake of pristine and digested CNVs by Caco-2 cells over
time is quantified (n = 3), fitted with exponential decay (R? = 0.99). (B) Transport efficiency of CNVs across Caco-2 monolayers. Orthogonal views of
pristine and digested CNVs within Caco-2 cell monolayers are shown; scale bar: 20 pm. Fluorescence measurements in the lower chamber medium
indicate the extent to which CNVs have traversed the Caco-2 cell monolayers.

to plant miRNAs possess a 2-O-methyl modification at their
3-ends, which enhances their resistance to enzymatic degra-
dation and uridylation, supporting their stability in harsh gas-
trointestinal environments.>">>

CNVs, rich in polyphenols, were assessed for total phenolic
content (TPC) and antioxidant capacity using the Folin-
Ciocalteu and DPPH (2,2-diphenyl-1-picrylhydrazyl) assays
(Fig. 5A, B and Fig. S8), respectively.>*Although digestion mod-
erately reduced TPC and antioxidant activity, CNVs retained
their ability to protect cells from H,O,-induced oxidative
stress, indicating preserved antioxidant functionality (Fig. 5C).
This resilience may be due to the stable lipid membrane of
CNVs, which protects bioactive compounds. Additionally, poly-
phenols are known for their stability in acidic environments,
helping retain their bioactivity after digestion.>*

Cell proliferation plays a pivotal role in tissue healing.>®
The toxicity and proliferation effects of both pristine and
digested CNVs were measured using Sytox dyes in an IncuCyte
system. Pristine CNVs displayed enhanced proliferation of
Caco-2 cells compared to the control, which is similar to other
PDNVs from sources such as aloe vera, apple, ginger, and

This journal is © The Royal Society of Chemistry 2025
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grape. Digested CNVs did not significantly affect cell viabi-
lity at the tested concentrations (protein concentration 5 pg)
but slightly reduced the proliferation effect, though it
remained significantly different from the control. These find-
ings indicate that although the GI environment impacts NVs,
CNVs retain their structure and function.

3.4 Invivo study of CNV exposure in mice of different ages

The in vivo biodistribution and safety of CNVs were evaluated
in animal models, particularly in young and old mice.
Intestinal mucus, a physically cross-linked hydrogel, signifi-
cantly influences particle penetration based on particle size.
Most CNVs are nanosized, which is crucial since the mucus
layer is highly effective at immobilizing and removing cationic
and hydrophobic molecules and particles. To assess systemic
distribution, we administered CNVs labeled with an infrared
fluorescent membrane dye (DiR) via gavage. DiR intensely flu-
oresces only when integrated into a lipid membrane, making
it ideal for in vivo applications due to its high tissue pene-
trance and low autofluorescence.’” After labeling CNVs with
DiR, NTA and EM (Fig. S9) confirmed that a typical circular

Nanoscale, 2025, 17, 21096-2111 | 21105
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Fig. 5 Bioactive components and antioxidant functionality of pristine and digested CNVs. (A) Detection of miR159 and miR166 in pristine and
digested CNV by quantitative PCR. The results are presented as the Cq values. (B) Total polyphenol content (TPC) was quantified from equal
amounts of pristine and digested CNVs using the Folin—Ciocalteu assay, with results expressed relative to a gallic acid standard curve. (C)
Antioxidant activity of equal amounts of pristine and digested CNVs was measured using the DPPH radical scavenging assay. (D) Antioxidant func-
tionality was evaluated by assessing the protective effect of 5 pg protein-equivalent CNVs (pristine and digested) against H,O,-induced oxidative
stress in Caco-2 cells. (E) Effects of CNVs on the proliferation and viability of Caco-2 cells over 3 days, as measured by IncuCyte®, illustrating the

impact of pristine and digested CNVs.

lipid bilayer structure was present in the solution. NTA data
showed a similar size with an average diameter of 200 nm,
indicating that DiR labeling did not affect vesicle morphology.

Several studies have demonstrated that the route of admin-
istration can affect the biodistribution of EVs. Intravenous (IV)
injection typically results in a predominant accumulation of
EVs in the liver (over 60%), while intraperitoneal (IP) and sub-
cutaneous (SC) injections favor distribution to the pancreas
(more than 10%) and gastrointestinal (GI) tract (over 35%).
Oral gavage (OG) leads to greater than 50% accumulation in
the GI tract, indicating that oral administration is particularly
advantageous for targeting treatments related to gut
health.?>*® Live mice were imaged at 1, 4, 12, and 24 hours
after oral gavage using an in vivo imaging system (IVIS) to
assess biodistribution. To confirm that the fluorescent signal
originated from DiR-labeled CNVs and not from free dye, PBS
without CNVs was incubated with DiR and subjected to ultra-
centrifugation as a control. The control solution, when admi-
nistered to the mice, showed no signal (Fig. S8), confirming
that the fluorescence from treated mice was from labeled

21106 | Nanoscale, 2025, 17, 21096-211M

CNVs. Fluorescent whole-mouse imaging (Fig. 6A) showed
increasing signals over time, peaking at 4 hours in young mice
and 12 hours in older mice, which is significantly different
compared to the control.

After this peak, the signal gradually decreased for young
mice, likely due to clearance from the body, while a similar
signal was observed even after 24 hours in older mice.
However, whole-body imaging did not provide sufficient accu-
racy to determine the tissue origin of the signal. Therefore, to
minimize signal interference, organs were harvested and
imaged ex vivo (Fig. 6B).

The results showed higher fluorescence in elderly mice
compared to young mice. This difference can be attributed to
the 20-25% reduction in gastric acid secretion with age, which
increases gastric pH.>®®" The higher pH reduces CNV degra-
dation, leading to a stronger fluorescence signal in older mice.
Imaging revealed that between 4 and 12 hours, the fluo-
rescence was mostly detectable in the GI tract and decreased
over a 24-hour period for both young and old mice. In young
mice, CNVs rapidly passed through the stomach and started

This journal is © The Royal Society of Chemistry 2025
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accumulating in the duodenum-ileum of the small intestine,
colon, and cecum within 1 hour, while older mice showed
later accumulation, with the highest fluorescence in the intes-
tine occurring at 12 hours. After 12 hours of oral adminis-
tration, large amounts of CNVs were still visible in the
stomach of older mice. After 24 hours, the CNV signal sub-
sided significantly in most GI tract organs for younger mice,
while strong signals remained in older mice, indicating slower
absorption, which may relate to reductions in gut motility and
changes in gastric pH. At 24 hours, fluorescence was also
observed in the liver, spleen, and kidney for both age groups.
CNVs migrating from the gut to the liver might do so via vascu-
lar vessels and can spread through the liver's vascular
system.®!

To better understand the absorption of CNVs in the GI
tract, we evaluated the distribution of CNVs in the stomach
and intestinal tissues at 4 and 24 hours post-oral adminis-
tration using confocal microscopy analysis (Fig. 6C). After
4 hours, most CNVs were still present in the stomach in both
age groups. This finding aligns with organ imaging results,
which also revealed a high quantity of CNVs in the stomach
tissue of older mice even after 24 hours. The presence of CNVs
in the small intestine was confirmed by confocal immuno-
staining for the tight junction protein ZO-1 (Fig. 6C).
Fluorescence imaging of intestinal sections indicated that at
4 hours, CNVs were primarily distributed around the villi in
the small intestine (jejunum and ileum), with a higher con-
centration of CNVs in young mice. The co-localization of ZO-1
and CNVs in gut epithelia within 4 hours suggests that orally
delivered CNVs are absorbed through the enterocytes of the
small intestine in both age groups. By 24 hours post-adminis-
tration, the fluorescence intensity of CNVs had markedly
decreased. To further determine how much CNV enters the
peripheral blood, circulating CNVs were isolated from the
serum using a standard protocol. The results indicate that cir-
culating CNVs were detected 1 hour after mice were gavaged
with CNVs in younger mice and a bit later for the older ones,
reaching a peak at 4 hours and then essentially returning to a
basal level 24 hours after gavaging (Fig. 6D). This result con-
firmed that aging contributes to delayed absorption into the
bloodstream  without  significantly  altering  overall
absorption.®*°?

To assess the immune effects of short-term CNV treatment,
we measured changes in immune system levels in the blood
(Fig. 6E). The immune system comprises various cells and
molecules, including innate immune cells (macrophages, den-
dritic cells, natural killer cells, neutrophils, and mast cells)
and adaptive immune cells (T cells and B cells). Key immune
molecules include cytokines, adhesion molecules, immunoglo-
bulins, and the complement cascade. CD8 and IFN-y are
markers for activated CD8" T cells, which are crucial for the
immune response to viral or intracellular infectious agents,
antitumor immunity, and immune surveillance.** CD11b regu-
lates leukocyte adhesion and migration, mediating the inflam-
matory response. The balance between pro-inflammatory and
anti-inflammatory cytokines is vital for modulating inflam-
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mation. Pro-inflammatory cytokines such as TNF-a, IL-1f, and
IL-6 play key roles, with TNF-o being primarily secreted by
macrophages and involved in neutrophil activation, tumor
necrosis, and stimulation of adhesion molecules. Our results
showed no significant increase in the population of immune
cells in the blood 24 hours post-treatment with CNVs, as indi-
cated by no significant changes in the CD8, CD11b, and IFN-y
protein markers. However, there was a tendency toward higher
TNF-a levels in the older mice group compared to the younger
group. Aging affects phagocytic cells of the macrophages and
complement pathways. Macrophages have increased cell
numbers, reduced phagocytic capacity, but increased pro-
duction of cytokines such as TNF-a, IL-1f, and IL-6.°°
Nevertheless, no significant increase in TNF-a was observed in
either age group 24 hours after administering CNVs. These
findings align with our in vitro THP-1 data (Fig S9) and
others,?>**%¢ where CNVs alone did not elevate IL-1f, but co-
treatment with LPS reduced inflammatory cytokine levels, con-
firming their context-dependent immunomodulatory role.
These results support the safety of CNVs, showing no systemic
inflammation, efficient gastrointestinal transit, and blood
absorption. Importantly, the physiological state of the host
may influence the therapeutic potential of NVs.

4. Conclusion

This comprehensive study highlights the unique physical pro-
perties, biomolecular content, and potential for mass isolation
of PDNVs from cloudberries. Our findings confirm that CNVs
not only withstand GI digestion but also exhibit favorable bio-
distribution patterns, prolonged retention in the GI tract,
efficient cellular uptake, effective intestinal barrier crossing,
successful transfer into the bloodstream, and low immuno-
genicity. Therefore, CNVs represent promising, stable oral
delivery vehicles suitable for both young and elderly mice.
Future research should aim to elucidate the specific mecha-
nisms of CNV interaction with target cells, optimize delivery
methods, and validate their therapeutic efficacy in relevant
disease models.
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