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Exosome–niosome hybrid oxygen carrier for
protection against acetaminophen-induced acute
liver injury

Anika Bushra, a,d Dalton Jayne, b,d Thomas Locke, b,d Xiaoxue Han, b,d

Timothy M. Fan, e,f Gregory H. Underhill b and Joseph Irudayaraj *b,c,d,f

Acetaminophen (APAP) overdose is one of the contributing factors for acute liver injury (ALI), caused by a

hypoxic microenvironment, elevated oxidative stress, and pro-inflammatory signaling. In this work, we

present an exosome–niosome hybrid oxygen carrier (ENh-OC) composed of polysorbate 80, Pluronic®

F-127, medium chain triglyceride oil, and blueberry-derived exosomes. We propose that our delivery

system shields the liver tissue from localized hypoxia by maintaining sustained oxygen delivery, and the

antioxidant and anti-inflammatory components present in the exosomes enhance the hepatoprotective

effect. The hydrodynamic diameter of ENh-OCs is 74.0 ± 30.8 nm with a zeta potential of −13.2 ±

0.5 mV, and oxygen holding capacity of 54.3 ± 1.5 mg L−1. They have a shelf life of up to 6 months at

4 °C, and an extended oxygen release profile of up to 16 hours under physiological hypoxic conditions.

ENh-OCs have demonstrated excellent mitigative effects against hypoxia, reactive oxygen species, and

superoxide-induced damage in LX-2 and HepG2 cell lines under 24 hours of sustained hypoxia.

Additionally, ENh-OCs have shown a significant protective effect against APAP-induced cytotoxicity in

LX-2spheroids when treated after 24 hours of the initial injury phase. The safety profile of ENh-OCs has

been established, and efficacy in protection from APAP-induced ALI has been demonstrated in an in vivo

murine model. RT-qPCR results verified downregulation of genes related to hypoxia (HIF-1α, VEGF-A),

oxidative stress (Nrf2, HO-1), and inflammation (IL-1β, TNF-α) both in vitro and in vivo. Furthermore, histo-

logical analysis revealed protective effects of ENh-OCs against centrilobular necrosis and excessive

immune-infiltration. We propose that the novel oxygen nanocarrier platform introduced here might act as

a protective agent against APAP-induced ALI.

Introduction

Acetaminophen, or N-acetyl-p-aminophenol (APAP), is one of
the most prevalent anti-pyretic or analgesic non-prescription
drugs worldwide, and a readily accessible over-the-counter
medication.1 The current maximum recommended dose by
the U.S. Food and Drug Administration (FDA) is 4000 mg day−1

for adults, below which it is generally considered to be safe.2

Unfortunately, the presence of APAP in numerous prescription
and over-the-counter medications is a major reason behind
unintentional overdosing, leading to acute liver injury (ALI). In
the United States, APAP-overdose results in 60 000–80 000
emergency department visits, half of which lead to hospitaliz-
ation, with 300–500 annual fatalities.3 APAP-induced ALI is the
leading cause of acute liver failure (ALF) in the United States
and much of Western Europe.4

APAP-induced ALI begins with initial symptoms such as
nausea and vomiting, followed by localized right-upper quad-
rant abdominal pain, elevated hepatobiliary enzymes, jaun-
dice, coagulopathies, and hepatic encephalopathy in the next
four days. Persisting symptoms beyond four days could lead to
multi-organ failure and fatality.1 The mainstay treatment for
APAP-induced ALI is intravenous or oral N-acetyl cysteine
(NAC), which is an antioxidant that regenerates hepatic gluta-
thione content and detoxifies N-acetyl-p-benzoquinone imine
(NAPQI) (a toxic metabolite of APAP).5 Long-term misuse of
APAP has been shown to activate hypoxia-inducible factor-1α
(HIF-1α), a transcription factor that controls oxygen homeosta-
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sis in response to hypoxia, inflammation, and oxidative
stress.6 Hypoxia mitigation has been investigated as a potential
treatment for APAP-induced hepatotoxicity,7 liver fibrosis,8 and
hepatocellular carcinoma (HCC).9 One strategy of hypoxia miti-
gation is hyperbaric oxygen therapy (HBOT), which has shown
promise in alleviating early APAP-induced ALI.10 Additionally,
a combination of NAC and HBOT has demonstrated hepato-
protective activity against APAP-induced ALI in a murine
model.11

A novel and efficacious approach to mitigate hypoxia can
involve oxygen delivery nanocarriers, which have been exten-
sively explored by our group.12–17 Several nano-oxygen carriers
have been formulated for combating hypoxic liver pathologies,
such as an oxygen-generating catalase-based nanoplatform for
liver fibrosis,18 and Prussian blue oxygen-evolving nanozymes
targeting HCC.19 A promising strategy proposed to improve the
bioactivity and bioavailability of oxygen nanocarriers is the
incorporation of exosomes, which has been demonstrated in
our recent works.20–22 This current work proposes a novel
oxygen delivery nanoplatform that combines the anti-inflam-
matory and antioxidant properties of exosomes with hypoxia
remediation to combat APAP-induced ALI.

Niosomes are spherical bilayered nanovesicles formed from
the self-assembly of non-ionic surfactants, where the amphi-
philic nature allows for encapsulation of both hydrophobic
and hydrophilic drugs.23 They have several clear advantages
over contemporary lipid and polymeric nanoparticles, in terms
of safety, inexpensive synthesis and scale-up, along with ease
of handling and storage. Exosomes are extracellular vesicles
secreted from cells and contain lipids, proteins, nucleic acids,
and metabolites, among others, contributing to their thera-
peutic potential.24 In recent years, plant-derived exosomes
have emerged as a novel class of therapeutics due to reduced
immunogenicity compared with animal-sourced exosomes,
fewer obstacles in the regulatory pathway, and an abundance
and a variety of available raw materials.25 In this work, we have
developed an exosome–niosome hybrid oxygen carrier (ENh-
OC), which integrates the therapeutic properties of blueberry-
derived exosomes with niosomes for enhanced stability.
Blueberry exosomes have shown potential for treating liver
pathologies due to their innate ability to mitigate hepatic lipid
accumulation, oxidative stress, and inflammatory responses.26

They have demonstrated efficacy against nonalcoholic fatty
liver disease by attenuating oxidative stress, reducing reactive
oxygen species (ROS), and preventing cell apoptosis.27 In this
work, we leveraged the anti-inflammatory and antioxidant pro-
perties of blueberry exosomes to protect the liver from long-
term injuries inflicted due to APAP overdose. Additionally, the
proposed ENh-OC supplies oxygen for an extended period,
thereby mitigating hepatic hypoxia and protecting the liver
tissue from hypoxic cell damage. The proposed hybrid oxygen
delivery platform is composed of non-ionic surfactants
Pluronic® F-127, polysorbate 80, and medium-chain triglycer-
ide (MCT) oil containing caprylic/capric triglycerides.
Pluronic® F-127 and polysorbate 80 are both FDA-approved
excipients,28 while MCTs have an FDA “Generally Recognized

as Safe” (GRAS) status,29 making this oxygen nanocarrier suit-
able for clinical translation. We propose that the conceived
proof-of-concept exosome–niosome hybrid oxygen delivery
platform has hepatoprotective effects that could be utilized to
combat APAP-induced ALI by targeting hypoxia, oxidative
stress, and inflammation.

Results and discussion
Physicochemical characteristics of optimized formulation

The exosome–niosome hybrid oxygen carriers (ENh-OCs) were
fabricated by fusing niosome oxygen carriers (N-OCs) with
blueberry-derived exosomes (E) using ultrasonic membrane
fusion. The schematic of ENh-OC synthesis is depicted in
Fig. 1A. With a full factorial design of experiments (DoE), the
optimal sonication parameters had an amplitude of 40%,
pulse mode, and on–off cycles of 40–30 seconds duration (SI
Fig. 1A and B).

Optimal composition was found to be 1 × 10−4 w/v% poly-
sorbate 80, 1 × 10−4 w/v% Pluronic® F-127, 1 × 10−5 w/v% MCT
oil, and 0.1 w/v% exosomes (SI Fig. 1C). Standardized effects
of each component were calculated using the OriginPro® DoE
application (OriginLab Corporation, USA), where exosome con-
centration was found to have the most significant effect on the
size and zeta potential of ENh-OCs (SI Fig. 1D). Additionally,
the size of the particles decreased with increasing amplitude,
while zeta potential did not have any significant variation (SI
Fig. 1E). The effect of the on–off cycle duration was more
complex; the size initially increased with the cycle duration,
while dipping down for the highest duration of 40–30 seconds.
Zeta potential, on the other hand, followed an overall upward
trend with cycle duration, except for the 10–5 seconds cycle (SI
Fig. 1F).

For the exosomes, the hydrodynamic diameter was 139.3 ±
50.3 nm (Fig. 1B), polydispersity index of 20.6%, and a zeta
potential of −23.0 ± 1.1 mV. The hydrodynamic diameters of
optimized ENh-OCs were 74.0 ± 30.8 nm (Fig. 1B), a polydis-
persity index of 24.1%, and a zeta potential of −13.2 ± 0.5 mV.
The concentrations of exosomes and ENh-OCs were measured
by NTA to be 5.85 × 109 ± 1.08 × 108 particles per mL and 3.77
× 109 ± 6.46 × 107 particles per mL, respectively (Fig. 1C and
D). TEM images revealed the exosomes to have a variety of
near spherical shapes with a high deviation in particle size
(Fig. 1E) and ENh-OCs to have spherical bilayers (Fig. 1F).

The blueberry-derived exosomes were found to be enriched
with antioxidant and anti-inflammatory components from
GC-MS analysis (Fig. 2A). Two of the most abundant were
5-hydroxymethyl furfural (∼20%)30 and campesterol (∼5%),31

both of which show antioxidant and anti-inflammatory pro-
perties. Other components with similar properties found in
smaller quantities were 4-vinylguaiacol32 and γ-tocopherol.33

Additionally, antioxidants such as furaneol34 and 1,2-cyclopen-
tanedione35 were also present and could play a role in ROS
and superoxide scavenging by the ENh-OCs. The exosomes
also contained single-stranded DNA (ssDNA) (90.71 ± 1.19 ng
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µL−1), double-stranded DNA (dsDNA) (136.61 ± 0.12 ng µL−1),
RNA (109.08 ± 0.11 ng µL−1), and proteins (A280) (2.60 ±
0.02 mg mL−1), as detected via UV-Vis spectrophotometer. The

combined effect of all these therapeutic molecules present in
exosomes could be the key driver behind the inhibition of pro-
inflammatory signaling and oxidative stress by ENh-OCs.

Fig. 1 (A) Exosome–niosome hybrid oxygen carrier (ENh-OC) synthesis by ultrasonication with continued oxygenation, (B) DLS size distribution for
blueberry-derived exosomes (top panel), and ENh-OC (bottom panel), particle concentration for exosomes (C), and ENh-OC (D) (inserts show
image captured by NTA system), TEM images for exosomes (E), and ENh-OC (F) (scale bar = 50 nm) (Created in https://BioRender.com.).

Biomaterials Science Paper

This journal is © The Royal Society of Chemistry 2026 Biomater. Sci.

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 3

1 
M

ar
ch

 2
02

6.
 D

ow
nl

oa
de

d 
on

 4
/2

2/
20

26
 1

2:
17

:4
0 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online

https://BioRender.com
https://BioRender.com
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5bm01861g


While different components of blueberry-derived extracellular
vesicles are hypothesized to contribute to the therapeutic per-
formance of the ENh-OCs, these effects are not attributed to
any specific endogenous marker proteins or lipids, as individ-
ual effects of these components have not been explored in this
study.

Oxygen release profile, storage stability, and sterility

Oxygen release profiles for ENh-OCs were measured in artifi-
cial physiological hypoxic conditions generated in a hypoxia
chamber with continued N2 purging (37 °C, ∼0.1% O2) follow-
ing previously reported protocol22 (Fig. 2B). The measured
values of DO (dissolved oxygen) over 16 hours were fitted into
a biexponential decay kinetic model to quantify oxygen release
rate. This biexponential model signifies that there are two
regimes of oxygen release, one initial burst release, followed by
a slow, controlled release step. The model equation used to fit
the experimental data was C(t ) = C0 + C1e

−K1t + C2e
−K2t where

C(t ) is a time-dependent function for dissolved oxygen level in
mg L−1, C0 is residual oxygen at equilibrium in mg L−1, C1 and

C2 are amplitudes of fast and slow decay functions in mg L−1,
respectively, K1 and K2 are rate constants for the fast and slow
decays, respectively. C0 was measured as 0.23 mg L−1, meaning
this is the residual oxygen after 16 hours, when the ENh-OCs
are in equilibrium with the surroundings. C1 and C2 were
respectively 5.65 mg L−1 and 1.63 mg L−1, indicating that
oxygen release follows a fast decay between 5.65 and 1.63 mg
L−1, and a slow release when the oxygen level falls below
1.63 mg L−1. K1 and K2 were 0.58 h−1 and 0.23 h−1, respectively.
This signifies that, for the fast-release portion, oxygen release
rate is 0.58 mg L−1 per hour, and this is reduced to 0.23 mg
L−1 per hour during the slow-release step. This dual oxygen
release mechanism holds promise in initial hypoxia relief with
a burst release of oxygen, followed by continued oxygen
supply. This unique oxygen release profile makes the ENh-OCs
especially qualified for prolonged hypoxia mitigation.

The maximum dissolved oxygen concentration in a closed
system was recorded as the oxygen loading capacity. The
oxygen loading for freshly prepared ENh-OCs was found to be
54.35 ± 1.5 mg L−1, which reduced to 41.73 ± 0.6 mg L−1 after

Fig. 2 (A) GC-MS component analysis for blueberry exosomes, with chromatograph in the insert, (B) oxygen release profile under physiological
hypoxic conditions (∼37 °C, ∼0.1% O2), (C) oxygen retention data for up to 6 months (n = 2), (D) sterility evaluation following US Pharmacopeia
Sterility Tests 〈71〉 up to 14 days (n = 3).
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1 month of storage at 4 °C (Fig. 2C). After this initial drop in
oxygen content, the level stabilized. The retained oxygen was
measured every 4 weeks, and it was found that there was no
significant reduction in oxygen during the 6-month study
period. This half a year or more of shelf-life stability of the
ENh-OCs makes them a compelling candidate for clinical
translation. Additionally, sterility evaluation was performed
following US Pharmacopeia Sterility Tests 〈71〉36 (Fig. 2D). The
positive control samples containing either one of B. subtilis,
E. coli, P. aeruginosa 01, or P. aeruginosa 14 started to show
visible bacterial growth from the next day after inoculation,
whereas the ENh-OC solution did not show any change in
OD600 for up to 14 days. This study confirms that sterility
standards were maintained during the synthesis, making this
formulation viable for pre-clinical or clinical testing.

Mitigation of hypoxia-induced cell damage, ROS, and
superoxide generation

The protective effect of ENh-OCs against cell damage caused
by 24-hour sustained hypoxia was evaluated in LX-2 (Fig. 3A)
and HepG2 (Fig. 3B) cell lines. In both cell lines, the no-treat-
ment (NT) hypoxia had lowered viability in comparison with
NT normoxia. However, with ENh-OC treatment, the cells were
protected from hypoxic insult, and the viability was compar-
able to the normoxic condition. This shows that ENh-OC is

capable of preventing hypoxia-induced cellular death, even at a
low concentration of 5 v/v%.

Generation of ROS and superoxide is a common occurrence
observed under prolonged hypoxia. The inhibitive effect of exo-
somes (E), ENh-OC shell (ENh-S), and ENh-OC was tested
against ROS (Fig. 3C) and superoxide (Fig. 3D) generation
under hypoxic conditions. All three treatment groups demon-
strated a significant reduction in ROS and superoxide in com-
parison with the NT groups. This could be attributed to the
fact that blueberry exosomes contain natural antioxidant ingre-
dients such as 5-hydroxymethyl furfural, campesterol, 4-vinyl-
guaiacol, γ-tocopherol, furaneol, and 1,2-cyclopentanedione,
etc. This substantiates ENh-OCs as a potential ROS and super-
oxide scavenging agent that could help protect from drug-
induced hepatic damage.

Enhanced cell uptake

The fusion of E and N-OC was assessed by visualizing the
spatial localization of ENh-OCs, where E was labeled with DiO
and N-OCs with DiD prior to ENh-OC hybrid formation
(Fig. 4A). Fluorescent microscopy revealed a strong spatial co-
localization of DiO and DiD signals within the same intracellu-
lar compartments, indicating that both membrane com-
ponents are delivered together as a single entity rather than
being internalized independently. While co-localization does

Fig. 3 Evaluation of dose-dependent protective effect of ENh-OC against hypoxia in LX-2 (A) and HepG2 (B) cell lines (n = 8), reactive oxygen
species scavenging (C) (n = 4), and superoxide inhibition (D) (n = 4). All cells were incubated under hypoxia for 24 hours.
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not provide direct evidence of lipid mixing at the molecular
level, it does demonstrate stable association and joint cellular
trafficking of the two membrane components, which is con-
sistent with hybrid carrier formation. Dose-dependent cellular

uptake of E, N-OC, and ENh-OC was investigated in LX-2
(Fig. 4B) and HepG2 (Fig. 4C) monolayers. In both cell lines,
the ENh-OC particles showed significantly greater uptake than
the N-OC groups at the same dose. This might be attributed to

Fig. 4 (A) Evaluation of E and N-OC fusion in LX-2 and HepG2 cell lines (scale bar = 50 µm). Evaluation of dose-dependent cell uptake in LX-2 (B)
and HepG2 (C) cell lines with DiO-labeled particles (n = 8). Visualization of uptake in LX-2 (D) and HepG2 (E) with fluorescent imaging (scale bar =
500 µm). *p ≤ 0.05, **p ≤ 0.01, and ***p ≤ 0.001.
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the incorporation of exosomes into the N-OC, which improves
uptake via potential receptor-mediated endocytosis.
Additionally, exosome incorporation might improve cell
uptake by facilitating fusion with the cell membrane. This
observation is also validated by fluorescent images of LX-2
(Fig. 4D) and HepG2 (Fig. 4E) cells with the endocytosed par-
ticles. For this study, one additional group consisting of a
physical mixture of E and N-OCs (E + N-OC) was added as a
control to show the difference in uptake behaviour between
the hybrid and the mixture of E and N-OCs. The uptake of
ENh-OC group is considerably higher than E, N-OC, and E +
N-OC groups, indicating that this enhanced uptake might be
due to the synergistic effect of both oxygen delivery and fuso-
genic components of exosomes. Additionally, reduced intra-
cellular co-localization and overall uptake of E + N-OCs com-
pared with ENh-OCs demonstrate that simple co-adminis-
tration of E and N-OC is insufficient to replicate the cellular
uptake behaviour of the hybrid carrier, supporting the neces-
sity of the hybrid formulation for enhanced uptake and stable
co-delivery.

Modulation of hypoxic, oxidative stress, and inflammatory
signaling

The efficacy of ENh-OC in mitigating hypoxia, oxidative stress,
and inflammatory signaling was investigated in LX-2 and
HepG2 monolayer cultures under 24 hours of prolonged
hypoxia. HIF-1α is at the center of hypoxia signaling, and
VEGF-A (Vascular Endothelial Growth Factor-A) is one of the
key genes modulated by HIF-1α.37 For gene expression fold
change analysis, it was revealed that both HIF-1α (Fig. 5A) and
VEGF-A (Fig. 5B) were significantly upregulated under hypoxia
(NT(hyp)), in comparison with normoxia (NT(nor)). The treat-
ment groups E, ENh-S, and ENh-OC were able to regulate the
expression of HIF-1α and VEGF-A under hypoxia; especially E
and ENh-OC were able to keep the expression level near the
normoxic levels. This might be attributed to the presence of
antioxidant and anti-inflammatory components in the exo-
somes and oxygen in the ENh-OC in addition to the thera-
peutic molecules.

The effect of ENh-OC treatment on a couple of antioxidant
genes, Nrf2 (Nuclear factor erythroid 2-related factor 2)
(Fig. 5C), and HO-1 (Heme Oxygenase-1) (Fig. 5D), was also
investigated. Nrf2 is a key biomarker for oxidative stress and is
inherently intertwined with HIF-1α signaling. HO-1, on the
other hand, is a downstream target gene of both HIF-1α and
Nrf2.38 Both these genes were found to be upregulated under
hypoxia, and expression levels with treatments (E, ENh-S, and
ENh-OC) were similar to the levels in normoxic conditions.
The best results were observed for the ENh-OC treatment
group, validating the hypothesis that both oxygen and thera-
peutic components of blueberry exosomes contribute to this
antioxidant effect. Hypoxia and oxidative stress are both
closely related to pro-inflammatory signaling.39 The role of
ENh-OC treatment on two pro-inflammatory genes, IL-1β
(Interleukin-1 beta) (Fig. 5E), and TNF-α (Tumor Necrosis
Factor-alpha) (Fig. 5F), was also explored in this work. Both

key players in inflammatory signaling were upregulated under
hypoxia. ENh-OC showed the highest anti-inflammatory effect,
with exosomes themselves in second place. Even the ENh-S
showed considerable anti-inflammatory effect, which might be
ascribed to the presence of 5-hydroxymethyl furfural, campes-
terol, 4-vinylguaiacol, γ-tocopherol, etc., present in the
exosomes.

Protection against APAP-induced cytotoxicity and uptake in
spheroids

The protective effect of ENh-OC against APAP-induced cell
damage and toxicity was investigated in the LX-2 spheroid
model (Fig. 6A). In this model, APAP was administered on day
1 to induce injury in LX-2 spheroids, followed by ENh-OC treat-
ment on day 2, after injury establishment. Under these con-
ditions, ENh-OC treatment significantly improved cell viability
compared to controls, indicating that the formulation can
demonstrate a protective effect against APAP injury even when
administered after the injury phase. ENh-OC was capable of
preventing cell damage and corresponding loss of viability in
the spheroids, and the viability of the ENh-OC group was
found to be more than that of the no treatment (NT) group
(Fig. 6B). This indicates that ENh-OCs not only prevented the
cytotoxicity caused by APAP but also contributed to additional
cell proliferation due to continued oxygen supply. The E and
ENh-S treatment groups also showed some protective effect, as
the viability of this group was higher than that of the APAP-
only group. The protective effect of ENh-OCs against APAP was
also demonstrated by comparing the spheroid sizes on day 3
after APAP treatment, where the spheroids in the APAP group
were significantly smaller compared with the NT group. The
treatments were found to assist cellular restoration from the
APAP damage, with the ENh-OC group having sizes compar-
able with the NT group (Fig. 6C). The spheroid model has
been used as a complementary system alongside the in vivo co-
administration study to show the effectiveness of ENh-OCs
when administered after the initial injury caused by APAP, as
evidence of recovery from APAP-induced tissue damage. A
major limitation of this current spheroid model is the use of
hepatic stellate cells instead of primary hepatocytes to demon-
strate the efficacy of ENh-OCs. Further studies with primary
hepatocytes are necessary to ascertain the effects of ENh-OCs
on the injury phase versus the recovery phase, and the transla-
tional relevance of this current model. Additionally, cell
uptake among E, N-OC, and ENh-OC groups was compared in
LX-2/HepG2 spheroids (Fig. 6D). This uptake study in the
spheroid model reaffirmed the finding of the 2D monolayer
uptake that ENh-OC has considerably more uptake than N-OC
(Fig. 6D). This provides evidence that the fusion of exosome
membrane components with the niosome shell resulted in
enhanced uptake and bioavailability.

In vivo safety and biodistribution evaluation

A safety study was conducted to ascertain the suitability of
ENh-OCs in mice. Ten mice were divided into two random
groups. One group received ENh-OC tail vein injection (4 doses
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within a 14-day study period) (Fig. 7A), while the other group
received no treatment (NT) and served as a control. H&E stain
of the liver, kidney, and lung samples revealed no significant
variation between the NT and ENh-OC groups (Fig. 7B). No
tissue abnormalities, such as necrosis or upregulated immune
infiltration, were observed. This study successfully validated
the intravenous administration suitability of ENh-OC, as no
systemic toxicity was observed within the two-week timeframe.

An in vivo biodistribution study was performed by tail vein
administration of DiD-labeled optimized ENh-OCs and moni-
toring organ distribution with the PerkinElmer IVIS system.
Live mice were scanned at 0, 2, 6, 24, 48, 72, and 96-hour inter-

vals post ENh-OC administration, where considerable liver
accumulation was observed throughout the study period
(Fig. 7C). Additionally, ex vivo organs-specific fluorescent dis-
tribution after 96 hours showed about 30% of the particles
were accumulated in the liver (Fig. 7D). This substantiates the
claim that ENh-OCs might be suitable for prolonged oxygen
delivery to hypoxic liver tissue.

In vivo efficacy assessment

To assess the efficacy of ENh-OC as a protective agent against
APAP-induced ALI, a 3-week study was performed (Fig. 8A).
15 mice were divided into three groups of 5. The groups were

Fig. 5 Modulation of HIF-1α (A), VEGF-A (B), Nrf2 (C), HO-1 (D), IL-1β (E), and TNF-α (F) in LX-2 and HepG2 cell lines. All groups other than NT (nor)
were incubated under hypoxia for 24 hours. n = 3, *p ≤ 0.05, **p ≤ 0.01, and ***p ≤ 0.001.
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no treatment (NT), APAP, and APAP + ENh-OC. H&E-stained
liver tissue from the APAP group showed considerable centri-
lobular necrosis and elevated immune-infiltration (indicated
with arrows), indicating activated inflammatory signaling
(Fig. 8B). Additionally, the kidney sample of the APAP group
showed red blood cells extravasating into the interstitium, and
amidst the spaces between the tubules (indicated by arrows)
(Fig. 8B). Moreover, the spleen showed increased congestion
characterized by excessive distension of sinuses within the red
pulp by erythrocytes and elevated white pulp, indicating
inflammation (indicated by arrows) (Fig. 8B). The mice that
received ENh-OC treatment alongside APAP showed no signifi-
cant difference from the NT group, indicating that ENh-OC

was able to safeguard the liver from APAP toxicity when co-
administered. This hypothesis was verified by the TUNEL
assay, where the APAP group showed about 3 times more DNA
damage than both NT and APAP + ENh-OC groups (Fig. 8C
and E). Additionally, IL-1β staining revealed that the liver of
APAP-treated mice had about four times more IL-1β than the
NT group, whereas the ENh-OC treatment was able to modu-
late APAP-induced upregulation of cytokine IL-1β, indicating a
protective effect (Fig. 8D and F).

The gene expression of hypoxia (HIF-1α, VEGF-A), oxidative
stress (Nrf2, HO-1), and inflammation-related (IL-1β, TNF-α)
genes in the liver tissues was tested to verify the efficacy of
ENh-OC at the genetic level. It was found that all these genes

Fig. 6 (A) Evaluation of protection against APAP-induced cytotoxicity in LX-2 spheroids (scale bar = 100 µm), (B) MTS assay to qualify viability of
spheroids treated with APAP with different treatment groups, n = 4, (C) spheroid size comparison for spheroids treated with APAP with different
treatment groups, n = 4, (D) uptake for DiO-labeled particles in LX-2/HepG2 spheroids (scale bar = 100 µm). *p ≤ 0.05, **p ≤ 0.01, and ***p ≤ 0.001.
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were significantly elevated with APAP administration, but the
expression levels were comparable to the NT group levels with
ENh-OC treatment (Fig. 9A). This demonstrated the potential
of ENh-OC as an adjuvant in APAP-induced ALI recovery.
Additionally, the blood biochemistry panel revealed that alka-
line phosphatase (ALP) (Fig. 9B), alanine transaminase (ALT)
(Fig. 9C), and triglycerides (Fig. 9D) were elevated in the APAP
group. However, the levels in the APAP + ENh-OC were compar-
able to those in the NT group. Elevated ALT and ALP in blood
serum are hallmarks of ALI,40 while heightened triglyceride
levels have also been linked with hepatic damage caused by

APAP.41 ENh-OC shows promise as a healing agent for APAP-
induced ALI by modulating ALP, ALT, and triglyceride levels in
blood serum. Moreover, the weight of the liver was signifi-
cantly reduced for the mice treated with APAP. No significant
difference was observed between the NT and APAP + ENh-OC
groups (Fig. 9E). This could be attributed to the overall well-
being of the liver and protection from APAP-induced damage
by ENh-OC. As the ENh-OC was administered concurrently
with APAP, this in vivo model does not allow definitive separ-
ation of effects on the initial injury phase from effects on the
subsequent recovery phase. Thus, these results demonstrate

Fig. 7 (A) Timeline for 14-day safety study for ENh-OC intravenous administration (Created in https://BioRender.com.), (B) H&E-stained liver, kidney,
and lung samples (scale bar = 100 µm), (C) in vivo biodistribution imaging in live mice up to 96 hours, and (D) bar plot depicting average radiant
efficiency and percentage accumulation per organ after 96 hours of DiD-labeled ENh-OC tail vein administration (n = 2).
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an overall protective effect rather than isolated promotion of
post-injury recovery. Another limitation of this study is the
21-day endpoint, which does not necessarily capture acute

injury resolution or early regenerative responses, a limitation
in this study, studies with endpoints in the early stages should
be done in the future. The long-term endpoint is selected to

Fig. 8 (A) Timeline for 21-day efficacy study for ENh-OC mediated hepatic protection post-APAP intraperitoneal administration (Created in https://
BioRender.com.), (B) H&E-stained liver, kidney, and spleen samples (scale bar = 100 µm), DAB-stained liver samples for (C) TUNEL assay, and (D) IL-1β
(scale bar = 50 µm), (E) comparative TUNEL-stained region, and (F) comparative IL-1β-positive region. n = 3, *p ≤ 0.05, **p ≤ 0.01, and ***p ≤ 0.001.
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evaluate sustained tissue architecture protection at a delayed
endpoint. Additionally, ENh-OCs have demonstrated effective
recovery from APAP toxicity in a 72-hour spheroid model.
However, further studies with a 48–96-hour endpoint will
demonstrate injury resolution and early regenerative activity.
ENh-OCs might have potential in mitigating the initial injury
phase; these should be considered in the future. Experiments
show that ENh-OC offers an overall long-term hepatic protec-
tion by mitigating hypoxia. It should be noted that hypoxia
may not be prominent during the initial 0.5–2.0 hours of the
injury phase.7 Therefore, early-phase metabolic inhibition was
not evaluated and is not proposed as a mechanism of action.
However, as ENh-OC was co-administered with APAP, the
possibility that the intervention influences the early injury
phase cannot be excluded, and further experimental endpoint
of 12–48 hours is essential for a more definitive mechanistic
interpretation.

Overall, ENh-OC shows significant protection against APAP
at the genetic, tissue, and blood serum levels. We hypothesize
that synergistic anti-hypoxic, antioxidant, and anti-inflamma-
tory functionalities offered by ENh-OC contribute to this pro-
tective effect and help maintain the native state in the liver
tissue pre-APAP insult (Fig. 10). Hypoxia and HIF-1α signaling

have been found to play a promoting role in APAP-induced
hepatotoxicity.6 We note that HIF-1α elevation under hypoxia
causes upregulation of its target genes VEGF-A and HO-1.42

Hypoxia upregulation of its target genes VEGF-A and HO-1.42

Hypoxia also promotes the generation of ROS and superoxide,
increasing the mitochondrial oxidative stress.3 This in turn
activates the Nrf2/HO-1 axis.38 Additionally, HIF-1α also acti-
vates pro-inflammatory signaling and increases gene
expression for pro-inflammatory cytokines such as IL-1β and
TNF-α.43 ENh-OC were able to inhibit HIF-1α signaling by con-
trolled oxygen supply, and thus, were able to hinder the cas-
cading reaction of oxidative stress and inflammation-related
factors. Additionally, the anti-inflammatory and antioxidant
components in blueberry exosomes, such as 5-hydroxymethyl
furfural, campesterol, 4-vinylguaiacol, γ-tocopherol, etc., were
able to act as a secondary restraint for the downstream target
genes such as VEGF-A, HO-1, IL-1β, and TNF-α. Necrotic hep-
atocytes release various damage-associated molecular patterns
(DAMPs), which activate Kupffer cells to release pro-inflamma-
tory cytokines such as IL-1β and TNF-α.44 Kupffer cells then
recruit neutrophils and M1 polarized macrophages, which
rush to centrilobular hepatocytes, causing excessive immuno-
infiltration to the damaged site.3,45 We propose that ENh-OCs

Fig. 9 (A) Modulation of hypoxia (HIF-1α, VEGF-A), oxidative stress (Nrf2, HO-1), and pro-inflammatory (IL-1β, TNF-α) genes with ENh-OC treatment
post APAP administration, comparative levels of ALP (B), ALT (C), and triglycerides (D) in the blood serum, and comparative liver weights (E) among
different treatment groups. n = 3, *p ≤ 0.05, **p ≤ 0.01, and ***p ≤ 0.001.

Paper Biomaterials Science

Biomater. Sci. This journal is © The Royal Society of Chemistry 2026

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 3

1 
M

ar
ch

 2
02

6.
 D

ow
nl

oa
de

d 
on

 4
/2

2/
20

26
 1

2:
17

:4
0 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5bm01861g


were able to prevent centrilobular hepatic necrosis, as
suggested by the histological tissue evaluation. Thus, it leads
to limited inflammatory signaling and attenuated immuno-
infiltration. Our study indicates that ENh-OC shows excellent
promise for protection against APAP-induced ALI and posi-
tions it as a proof-of-concept platform technology against
drug-induced acute liver injury.

Experimental methods
Materials

Pluronic® F-127 (P2443-250G), polysorbate 80 (59924-100 G-F),
and fluorescent dye DiO (T40418-10MG) were purchased from
Sigma-Aldrich®, USA. MCT oil, USP/NF (SKU C6003-80), was
procured from SpecializedRx Products, LLC, USA. All chemi-
cals were used as received without any modification.

Blueberry exosome extraction

Exosomes were extracted from blueberries following a pre-
viously reported protocol with necessary modifications.46

Detailed steps of the procedure are depicted in SI Fig. 2.
Briefly, 50 g of frozen fruits were washed with deionized water,
mixed with 50 mL 1× PBS, and blended to obtain a slurry-like
consistency. The blended liquid was then centrifuged at 2000g
for 15 minutes, 8000g for 30 minutes, and 12 000g for
60 minutes at 4 °C, and palette was discarded in each step to
remove large particles, dead cells, and cell debris, respectively
(Eppendorf 5424R Refrigerated Centrifuge, Eppendorf AG,

Germany). This was followed by ultracentrifugation of the
supernatant at 200 000g for 120 minutes at 4 °C, collection of
the pellet, and resuspension in cold (4 °C) 1× PBS to obtain
1 mg mL−1 exosome solution (Optima™ MAX-XP
Ultracentrifuge, Beckman Coulter Inc., USA). The exosome
solution was filtered using 0.22 µm syringe filters and stored
at −80 °C until further use.

Exosome–niosome hybrid oxygen carrier (ENh-OC) synthesis

Pure oxygen at 10 psi was bubbled through water for injection
(WFI) for 60 minutes to ensure complete saturation. Oxygen
pressure increased to 20 psi, and oxygen purging was contin-
ued throughout the whole duration of the synthesis. The ENh-
OC were synthesized utilizing pulse sonication mode with 40
seconds on and 30 seconds off cycles, and an amplitude of
40% (Branson SFX250 Sonifier w/Probe, Marshall Scientific,
LLC., USA). Total synthesis time was 7 minutes, and 100 µL of
0.01 w/v% polysorbate 80, 0.01 w/v% Pluronic® F-127, 0.001
/v% MCT oil, and 0.1 w/v% exosomes were added to 9.6 mL of
oxygen-saturated WFI at one-minute intervals. Freshly pre-
pared ENh-OCs were filtered using a 0.22 µm syringe filter,
transferred to glass vials, sealed with rubber stoppers, followed
by aluminum caps, and stored at 4 °C. Additionally, niosome-
oxygen carriers (N-OCs) were prepared following the same pro-
cedure as above, except without the addition of exosomes.

Fluorescent ENh-OC, N-OC, and exosomes (E) were pre-
pared by incubating freshly prepared particles with 10 µM DiO
(for in vitro testing) or DiD (for in vivo testing) solution (in
DMSO solvent) for 60 minutes at room temperature, and

Fig. 10 Proposed mechanism of ENh-OC mediated protection from APAP-induced hepatic injury. ENh-OC downregulates the hypoxic gene HIF-1α
and its downstream gene VEGF-A, thus helping to mitigate hypoxia by direct oxygen supply. This function of ENh-OC is verified by cell viability
evaluation, where treated cells can withstand prolonged hypoxia without significant loss in viability. Moreover, ENh-OC combats oxidative stress by
downregulating Nrf2 and HO-1. This effect is also evident in the inhibition of ROS and superoxide in vitro under hypoxic conditions. Additionally,
ENh-OC downregulates pro-inflammatory genes IL-1β and TNF-α both in vitro and in vivo. Histology verifies this claim, as the ENh-OC-treated
group shows less immune-infiltration than the APAP group. Overall, ENh-OC might have a protective effect against APAP-induced centrilobular
necrosis, as observed from histology (Created in https://BioRender.com.).
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unbound dye was removed by lateral filtration using 100 kDa
MWCO membrane filters by centrifuging at 1000g for
5 minutes (UFC810008, Amicon® Ultra, USA). For verifying the
hybridization of E and N-OC to form ENh-OCs, E was labeled
with DiO and N-OC with DiD, before ENh-OC synthesis.
Spatial co-localization of DiO and DiD inside cells was utilized
as an indirect way to assess the formation of ENh-OCs.

Optimization and characterization

ENh-OCs were optimized based on both sonication parameters
(amplitude and on–off cycle duration) and concentration of
the four components. At the first stage, a general full factorial
model with two factors (amplitude and on–off cycle duration),
and four levels (20, 30, 40, and 50% amplitudes, and on–off
cycles of 40–30, 30–20, 20–10, and 10–5 seconds) was utilized.
The optimal sonication parameters from this initial optimiz-
ation was used in the second round of optimization, where a
full factorial model with four factors (polysorbate 80,
Pluronic® F-127, MCT oil, and exosomes concentration) and
two levels (1 × 10−4, and 1 × 10−5 w/v% for each of polysorbate
80, Pluronic® F-127, MCT oil, and 0.1 and 0.01 w/v% for exo-
somes) was utilized for optimizing the concentrations.

Exosomes were characterized with Gas Chromatography–
Mass Spectrometry (GC-MS) (JMS-T2000GC AccuTOF™
GC-Alpha, JOEL Inc., USA). Exosome palette was solubilized in
pure methanol to form a 10 mg mL−1 solution. GC-MS was per-
formed with a high-resolution electron ionization (EI). The
column has a length of 30 m, with an internal diameter of
0.2 µm, carrier gas velocity 0.02 cm s−1, split ratio of 1 : 25. The
cycle consisted of 1 minute hold at 80 °C, 80 to 150 °C with a
ramp of 3 °C min−1, 1 minute hold at 150 °C, 150 to 280 °C
with a ramp of 20 °C min−1, 26 minutes hold at 280 °C. The
individual components were identified with the
msFineAnalysis AI Software for AccuTOF GC (JOEL Inc., USA).
Additionally, the protein and nucleic acid content in a 10 mg
mL−1 exosome solution was quantified with NanoDrop™ One/
OneC Microvolume UV-Vis Spectrophotometer (ND-ONE-W,
Thermo Scientific™, USA).

The exosomes and optimized ENh-OC were characterized,
where hydrodynamic diameter and zeta potential were
measured with Litesizer™ 500 (Anton Paar USA Inc., USA), and
particle concentration with Nanoparticle Tracking Analysis
(NTA) (Nano-Sight NS300, Malvern Panalytical, USA) with a
blue laser light source (λ = 488 nm). The samples were stained
with uranyl acetate (2 w/v%), and TEM images were obtained
by scanning transmission electron microscope (S)TEM (120 kV,
71 K magnification, AMT Camera Systems) (FEI Tecnai G2 F20
STWIN, Thermo Scientific™, USA).

Oxygen loading capacity, release, and storage

Oxygen holding and release capacity of the freshly prepared
ENh-OCs were measured by Orion™ Versa Star Pro™ DO
Benchtop Meter (VSTAR30, Thermo Scientific™, USA) follow-
ing previously reported protocol.47 To quantify the oxygen
loading, the optical DO meter probe was placed in a glass tube
and sealed with parafilm to create an enclosed system. The

ENh-OCs were freshly prepared, diluted with deoxygenated
water at a 25 : 75 ratio, and vacuumed for 30 minutes to
remove oxygen that was not encapsulated within the nano-
carriers. The dilution was performed as the total oxygen
loaded in the ENh-OCs was higher than the measurable upper
limit of the DO meter reading (20 mg L−1). The diluted and
vacuumed solution was then injected into the glass tube and
further sealed with parafilm to create an airtight seal. The
oxygen concentration was recorded at 1-minute intervals, and
the oxygen holding capacity was calculated from the maximum
recorded reading, where actual oxygen content = 4 × highest
recorded DO meter reading in mg L−1.

To assess oxygen release under physiological hypoxic con-
ditions, an oxygen release profile was generated in a hypoxia
chamber (continuously purged with nitrogen to maintain
∼0.1v/v% O2) at 37 °C. The ENh-OCs were diluted with deoxy-
genated water in a 5 : 5 ratio, and the DO was monitored at
1-minute intervals for 16 hours. Afterwards, the oxygen con-
centration versus time data was fitted into a biexponential
kinetic model to quantify oxygen release rate. Additionally, to
monitor the oxygen retention capacity, ENh-OCs were stored at
4 °C for up to 6 months. At one-month intervals, the retained
oxygen was measured to verify long-term storage stability.

Evaluation of sterility

Soybean-casein digest media was prepared following the U.S.
Pharmacopeia Sterility 〈71〉 recipe.35 Briefly, casein peptone
1.7 w/v% (R451102, Remel Products, USA), 0.3 w/v% Peptone S
(soy peptone) (30620061-1, BioWorld, USA), 0.5 w/v% NaCl
(VW6430-1, VWR, USA), 0.25 w/v% K2HPO4 (7088-04,
Mallinchrodt Chemicals, USA), and 0.23 w/v% dextrose
(G7021-100G, Sigma, USA) were dissolved in 1 L of molecular
biology grade water, pH was adjusted to 7.3 ± 0.2 using 1 M
NaOH and autoclaved to ensure sterility. 9 mL of soybean-
casein digest media was added to 1 mL of ENh-OC in sterile
15 mL tubes. Blank media was used as a negative control. For
positive control, 15 mL tubes were directly inoculated with one
of the following: Bacillus subtilis, Escherichia coli, Pseudomonas
aeruginosa 01, and Pseudomonas aeruginosa 14. All samples
were incubated at room temperature, and the optical density
(OD600) was read daily for 14 days. OD600 reading was
recorded daily for 500 µL of the sample with an Eppendorf
BioPhotometer (6131, Marshall Scientific LLC, USA) against 1×
PBS as a blank. Each group had three technical replicates.

Cell culture

LX-2 and HepG2 cells were cultured in a 5% CO2 humidified
incubator at 37 °C. The culture media for both cell lines con-
sisted of DMEM (10-013-CV, Corning®, USA) supplemented
with final concentrations of 1% antibiotic-antimycotic (100×)
(15240096, Gibco™, USA), 1% Non-Essential Amino Acids
Solution (100×) (11-140-050, Gibco™, USA), 2 mM L-glutamine
(59202C-100ML, Sigma-Aldrich®, USA) and 10% fetal bovine
serum (FBS) (A5670801, Gibco™, USA). TrypLE™ Express
Enzyme (1×) (12605010, Gibco™, USA) was used for detaching
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the cells. The cells used in this study were within passages
10–50.

Evaluation of protective effect against hypoxia

Cells were seeded in two 96-well black-walled plates at a
density of 10 000 cells per well overnight to ensure attachment.
The next day, cells were treated with ENh-OCs at different con-
centrations (5, 10, 25, and 50 v/v%) diluted with cell culture
media and molecular biology-grade water (46-000-CM,
Corning®, USA). The medium consisted of 50 v/v% of the
media, and the remaining was adjusted with water. The no
treatment (NT) group consisted of 50 v/v% of both medium
and water. One plate was placed in a controlled gas chamber
(3% O2, 5% CO2, and 92% N2), and another group was sub-
jected to normoxia, while both were incubated in a 37 °C incu-
bator with 5% CO2. MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide) (M6494, Invitrogen™, USA)
assay was performed after 24 hours of either hypoxia or nor-
moxia incubation to assess cell viability as per the manufac-
turer’s protocol. Finally, absorbance was read at 570 nm using
a microplate reader, and relative viability of the cells was calcu-
lated, taking the no-treatment (NT) group as a baseline. Each
group had a total of eight technical replicates.

Evaluation of ROS and superoxide inhibition

ROS/Superoxide Detection Assay Kit (ab139476, Abcam Inc., USA)
was used to determine the level of ROS and superoxide after
treatment with exosomes (E), ENh-OC shell (ENh-S), and ENh-
OC. Briefly, cells were cultured in a 96-well black-walled, clear-
bottom plate overnight. The following day, the cells were incu-
bated with E, ENh-S, and ENh-OC at a 25 v/v% concentration for
24 hours. On the third day, ROS/Superoxide detection was per-
formed per manufacturer-instructed protocol, and fluorescence
readings were then taken using a microplate reader to quantify
ROS (Ex: 488 nm, Em: 520 nm) and superoxide (Ex: 550 nm, Em:
610 nm) generation. Each group had a total of four replicates.

Evaluation of uptake in cell monolayer

DiO-labeled E and DiD-labeled N-OCs were hybridized together
to form ENh-OC. 200 000 cells were seeded in 35 mm glass-
bottom Petri dishes overnight and treated with 25 (v/v%) ENh-
OCs the following day for 6 hours. They were washed three
times with 1× PBS to remove particles not taken up by the
cells, fixed with 4% paraformaldehyde, stained with DAPI, and
stored at 4 °C until imaging. Dark-field images were obtained
by a Zeiss Axio Observer Z1 inverted research-grade microscope
with 40× magnification (Carl Zeiss AG, USA). Co-localization of
DiO and DiD labeled particles was used to verify hybridization
and co-delivery of E and N-OCs in the form of ENh-OCs.

DiO-labeled E, N-OC, and ENh-OC were used to evaluate
dose-dependent cell uptake. Cells were seeded at a density of
10 000 cells per well overnight. The following day, the old
medium was discarded, and cells were incubated with fluo-
rescent E, N-OC, and ENh-OC at different concentrations (5,
10, 25, and 50 v/v%), and incubated for 6 hours at 37 °C. The
cells were then washed three times with 1× PBS to remove

unbound particles, lysed with 1% Triton X-100 to release the
endocytosed particles, and the fluorescent intensity was
measured (Ex. 480 nm, Em. 525 nm) using a microplate
reader. Each group had a total of eight replicates.

To visualize the cell uptake, cells were incubated with 25
(v/v%) DiO-labeled E, N-OC, E + N-OC, and ENh-OC for
6 hours, and cells were thoroughly washed with 1× PBS to
remove the particles that were not internalized by the cells,
fixed with 4% paraformaldehyde, and stained with DAPI (4′,6-
diamidino-2-phenylindole) (D1306, Invitrogen™, USA). Finally,
they were stored at 4 °C until imaging. Fluorescent images
were obtained by a Zeiss Axio Observer Z1 inverted research-
grade microscope with 10× magnification (Carl Zeiss AG, USA).

Evaluation of protection against APAP and uptake in spheroids

LX-2 spheroids were utilized to evaluate the protective effect of
ENh-OC against APAP-induced toxicity. 5000 cells were seeded
per well in 200 µL media in ultra-low attachment U-bottom
plates (650901, Grainer, USA), centrifuged at 1000g for
5 minutes, and incubated overnight to form the spheroids (day
0). On day 1, the spheroids were treated with 5 mM APAP
(except the NT group) or left untreated (for the NT group only).
On day 2, they were treated with either E, ENh-S, or ENh-OC.
On day 3, MTS reagent (3-(4,5-dimethylthiazol-2-yl)-5-(3-car-
boxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium)
(ab223881, Abcam Inc., USA) was used to quantify (absorbance
at 490 nm) and compare the viability of each group.

To assess the cell uptake in LX-2/HepG2 spheroids, spher-
oids were generated with 2500 cells of LX-2 and HepG2, follow-
ing the previously delineated protocol. On the third day after
spheroid initiation, they were incubated with either E, N-OC,
or ENh-OC for 6 hours at 37 °C. Afterwards, the spheroids were
washed three times with 1× PBS to remove unbound particles,
fixed with 4% paraformaldehyde, stained with DAPI, and
stored at 4 °C until imaging. Dark-field images were obtained
by a Zeiss Axio Observer Z1 inverted research-grade microscope
with 10× magnification (Carl Zeiss AG, USA).

Detection of gene expression modulation with RT-qPCR

Cells were seeded overnight in 6-well plates at a density of
300 000 cells per well. The following day, cells were treated
with 25 v/v% of E, N-OC, and ENh-OC. Additionally, two no-
treatment (NT) groups, one under normoxia (NT(nor)), and the
other under hypoxia (NT(hyp)), were used as controls. The
plates were transferred into the hypoxia chamber comprising
3% O2, 5% CO2, and 92% N2 (except the NT(nor) group), and
the chamber was placed in a 37 °C incubator for 24 hours.
After a day, total RNA was extracted using the GeneJET RNA
Purification Kit (K0731, Thermo Scientific™, USA), and cDNA
was synthesized from RNA with the High-Capacity cDNA
Reverse Transcription Kit (4368814, Applied Biosystems™,
USA). Real-time qPCR was performed with StepOne™ Real-
Time PCR System (4376357, Applied Biosystems™, USA) using
PowerUp™ SYBR™ Green Master Mix for qPCR (A25742,
Applied Biosystems™, USA). Expression levels of six key genes
were assessed, among which two were related to hypoxia
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(HIF-1α, VEGF-A), two were related to oxidative stress (Nrf2,
HO-1), and the remaining two were related to inflammation
(IL-1β, TNF-α). Finally, β-actin was used as the housekeeping
gene to normalize relative gene expressions, and fold changes
were calculated as 2−ΔΔCt. Primer sequences are provided in SI
Table 1.

Assessment of in vivo safety, biodistribution, and efficacy

Experiments performed in this study were approved by the
Institutional Animal Care and Use Committee under Protocol no.
24199: Treatment of ischemic diseases by oxygen nanoparticle
therapy. An Association for Assessment and Accreditation of
Laboratory Animal Care (AAALAC) International–accredited facil-
ity was used for housing the mice, provided with a 12-hour light/
dark cycle, a standard chow diet, and an unlimited supply of
clean drinking water. The animals were allowed to acclimate for
7 days before the procedure. For the safety study, 10 CD-1 female
mice were used, divided into two groups with 5 mice in each.
One group was injected with 300 µL ENh-OC (optimized formu-
lation) through the tail vein (TV) on days 0, 3, 7, and 10, while
the other received no treatment (NT) and was used as a control.
Both groups were humanely euthanized on day 14, and tissue
samples were collected, fixed with 10% formalin, and preserved
for further analysis.

For the biodistribution study, 300 μL of DiD-conjugated
optimized ENh-OC was administered to two NU/J mice via tail
vein injection. The mice were scanned at 0, 2, 6, 24, 48, 72,
and 96 hours following fluorescent ENh-OC administration
with the PerkinElmer IVIS system in fluorescence mode (Ex.
633 nm, Em. 665 nm). At the end of 96 hours, the mice were
euthanized, the collected organs (brain, heart, lung, stomach,
spleen, liver, intestine, and kidney) were scanned, and the
total radiant efficiency of each organ was quantified with
Living Image® 4.5.2 Software.

For the efficacy study, 15 male C57BL/6 mice were used,
divided into three groups, namely NT, APAP, and APAP + ENh-
OC. The NT group did not receive any treatment and was used
as a control. The APAP group received one intraperitoneal (IP)
injection of 500 mg kg−1 APAP on day 0. The APAP + ENh-OC
group received IP injection of APAP on day 0 and 300 µL TV
injection of ENh-OC on days 0, 4, 7, 11, 14, 18, and 21. All
mice were humanely euthanized on day 21, and blood and
tissues were collected for future analysis.

For the safety study, representative liver, kidney, and lung
tissue samples from NT and ENh-OC groups were stained with
hematoxylin and eosin (H&E) and compared to assess any
signs of toxicity. For the efficacy study, liver, kidney, and
spleen samples were H&E-stained and compared based on
tissue necrosis and immune-infiltration. RT-qPCR was used to
quantify the expression levels of six genes of interest, namely,
HIF-1α, VEGF-A, Nrf2, HO-1, IL-1β, and TNF-α in mouse liver
tissues, with GAPDH as the housekeeping gene. Primer
sequences are provided in SI Table 1. Additionally, blood bio-
chemistry data were used to compare alkaline phosphatase
(ALP), alanine transaminase (ALT), and triglycerides.
Moreover, the TUNEL Assay was used to visualize DNA

damage, and IL-1β immunofluorescent staining was used to
assess inflammation in the liver tissue. 3,3′-Diaminobenzidine
(DAB) staining was performed for both the TUNEL Assay and
IL-1β staining, and ImageJ software was used to quantify the
DAB-stained region.

Statistical analysis

Statistical analysis was performed using OriginPro (2024b)
(OriginLab Corporation, USA). The differences between any
two groups were analyzed using a two-tailed, unpaired
Student’s t-test. One-way ANOVA with Tukey’s multiple com-
parisons was employed for comparisons involving more than
two groups. Values of p < 0.05 were considered statistically sig-
nificant. Moreover, *: p < 0.05, **: p < 0.01, ***: p < 0.001, ****:
p < 0.0001 were used. The presented data indicate the mean ±
SD from at least two independent experiments.

Conclusions

Acetaminophen (APAP)-induced acute liver injury (ALI) accounts
for a huge portion of emergency hospital visits globally. Some
trademark pathological traits of injured hepatic tissue are
hypoxia, oxidative stress, and elevated pro-inflammatory signal-
ing. Our current work comprises of an exosome–niosome
hybrid oxygen carrier (ENh-OC) platform with hypoxia-mitiga-
tion, antioxidant, and anti-inflammatory properties to protect
the liver from APAP-induced ALI. This nanoplatform is made
from FDA-approved non-ionic surfactants such as polysorbate
80, Pluronic® F-127, medium chain triglyceride oil, and blue-
berry-derived exosomes, which have antioxidant and anti-
inflammatory components. These sub-75 nm sized OCs offer
sustained oxygen release for up to 16 hours, with a minimum
shelf life of half a year. ENh-OCs have been found to combat cel-
lular damage caused by prolonged hypoxia in LX-2 and
HepG2 monolayers and showed a protective effect against APAP-
induced cytotoxicity in LX-2spheroids for up to 24 hours.
Moreover, ENh-OCs have been found to be safe for intravenous
administration in a 14-day safety study, and their overall hepato-
protective effect has been demonstrated in a 3-week murine ALI
model. RT-qPCR results verified the capability of ENh-OCs in
modulating the expression of hypoxia (HIF-1α, VEGF-A), oxi-
dative stress (Nrf2, HO-1), and pro-inflammatory (IL-1β, TNF-α)
genes, indicating a potential role in addressing APAP-induced
hepatic damage. We propose that the novel oxygen delivery plat-
form conceptualized has the potential to safeguard hepatic
tissue from APAP-induced acute liver damage by mitigating
hypoxia, oxidative stress, and inflammation.
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