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ABSTRACT

Objective(s): Hypoxia is a physical stimulus that enhances stem cell activities to produce more
cellular derivatives, particularly exosomes. Enhancing the quantity and quality of exosomes can
improve their therapeutic properties. The study aimed to evaluate the effects of normoxic (22%0O,)
and hypoxic (1%0,) conditions on the characteristics of amniotic membrane-derived mesenchymal
stem cells (AM-MSCs) and their exosomes.

Materials and Methods: AM-MSCs were isolated, confirmed, and cultured under normoxic and
hypoxic conditions. Exosomes were extracted from AM-MSCs and assessed for morphological
characteristics (size/distribution/surface topography), structural properties (aggregation/colloidal
particle behavior/surface charge/stability), chemical features (functional groups/ionic interactions),
biological capacities (total protein concentration), and biocompatibility (microbiological quality/
cytotoxicity/irritation/sensitization).

Results: Hypoxia did not adversely affect the stemness potential of AM-MSCs (P>0.05). The average
sizes of exosomes derived from AM-MSCs (AM-MSCs-Exo) were 185.7+23 nm (PI=0.756) and
145.4£36 nm (P1=0.420) under normoxic and hypoxic conditions, respectively (P<0.05). Zeta
potential of AM-MSCs-Exo was -12.57+0.5 mV under normoxia, while it was -2.37+0.73 mV in the
hypoxic conditions. Exosomes from hypoxia-treated cells exhibited greater uniformity, dispersion,
and stability than those from the normoxic group, resulting in reduced fluctuation under scattered
light over time (P<0.05). The total protein concentration in the hypoxic group was significantly higher
than in the normoxic conditions (5.003 mg/ml vs. 4.109 mg/ml, representing a 1.22-fold increase)
(P<0.01). Exosomes extracted under normoxic and hypoxic conditions demonstrated acceptable
biocompatibility with no signs of cytotoxicity, irritation, sensitivity, or microbial contamination.
Conclusion: Hypoxic preconditioning enhances the yield and physicochemical stability of AM-MSC-
derived exosomes, due to their unique composition and functional properties.
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Introduction

Mesenchymal stem cells (MSCs) are widely recognized
as the most common multipotent stem cells in tissue
engineering and regenerative medicine. Their ability to
differentiate into various cell lines, immunomodulatory
effects, high proliferation potential, and secretion of various
paracrine factors result in their wide applications in cell
therapy and cell-free therapies (1-3). MSCs can be isolated
from various tissues, such as skin (4), adipose tissue (5),
bone marrow (6), dental pulp (7), amniotic membrane (8),
liver (9), urine (10), etc. MSCs from different sources have
distinct cellular characterization and secretory properties,
including paracrine bioactive factors (3, 9). Variation in
bioactive factors across different sources makes it possible

to use them in a wide range of therapeutic applications,
particularly cell-free therapies. Since 2014, cell-free therapy
(especially cell derivatives) has been widely used in various
therapeutic fields (11). Cell derivatives (especially exosomes
and/or ectosomes) have several advantages, including
non-toxicity, less immune response in recipients, cost-
effectiveness, simplified storage without any cryoprotectant
components, easier transportation, etc. Treating with
exosomes and/or ectosomes decreases the risk of
infectious transmission, engraftment failure, embolization,
and tumorigenesis, making it suitable for allogeneic
transplantation. Furthermore, in emergency cases like brain
ischemia and myocardial infarction, where time is critical,
cell-free therapy is more effective than cell therapy (12-17).
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Cell derivatives contain two distinct fractions: vesicular and
soluble fractions. The vesicular fraction comprises various
types of extracellular vesicles (EVs), with ectosomes making
up a significant portion of these EVs. Ectosomes originated
from the direct budding of the plasma membrane, unlike
exosomes, which are generated through the endosomal
pathway (do not originate from intracellular membrane-
bound structures or organelles). Ectosomes encompass a
broad population of EVs that originated from the direct
budding of the plasma membrane, unlike exosomes, which
are generated through the endosomal pathway (do not
originate from intracellular membrane-bound structures or
organelles). These vesicles exhibit a wide range of sizes from
50 nm to 1 mm, occasionally overlapping with the exosomes’
dimensions (18). One of the most important functional
or biologically active components in cell derivations is
the exosome, an extracellular vesicle with a diameter of
40-160 nm. This microvesicle contains various receptors,
enzymes, lipids, proteins, DNA, miRNAs, mRNAs, etc.
Exosomes can be classified into several categories based
on their size, content, and functional effects. According to
their size, exosomes can be categorized into three distinct
classes: Exo A, which ranges from 40 to 75 nm; Exo B,
measuring between 75 and 100 nm; and Exo C, with a size
from 100 to 160 nm. Based on their effects on the recipient
cells, exosomes are grouped into Exo a (providing pro-
survival signals), Exo B (providing pro-apoptotic signals),
and Exo y (providing immunomodulation signals) (19).
There are several approaches for isolating exosomes from
stem cells, including differential ultracentrifugation,
sucrose density gradient centrifugation, iodixanol density
gradient centrifugation, filtration, and size-exclusion
chromatography (20-23). To enrich exosomes in cell
derivations and enhance their therapeutic applications,
sevetral methods have been developed, including serum
starvation (24), glucose starvation (25), and hypoxia (26).
Hypoxia is a condition characterized by a decreased oxygen
concentration in the environment, resulting in alterations
and modifications in cellular behaviors and the secretion of
paracrine factors. This condition increased exosome release,
enhanced the expression of bioactive molecules such as
hypoxia-inducible factors (HIFs) and other biomarkers, and
improved miRNA biological functionality, which promotes
angiogenesis and cellular uptake efficiency (26-32). So far,
hypoxia-induced exosomes have been studied in some
therapeutic fields, including bone fracture (33), chronic
wound healing (34), nervous regeneration (29), anti-tumor
immunity, immunotherapy (35), and cancer diagnosis (36).

This study aimed to evaluate the effect of the hypoxic
condition (1% O,) on the morphological characteristics
(shape, size, distribution, surface topography, and
agglomeration), structural properties (aggregation,
homogeneity, colloidal particle behavior, surface charge,
and stability), chemical feature (functional groups and
ionic interactions), biological capacities (total protein
concentration, and cytotoxicity), and biocompatibility
(microbiological quality, systemic toxicity, irritation and
sensitization) of exosomes extracted from the amniotic
membrane-mesenchymal stem cells (AM-MSCs) using
Fourier-Transform Infrared Spectroscopy (FTIR), Scanning
Electron Microscopy (SEM), Transmission Electron
Microscopy (TEM), Dynamic Light Scattering (DLS), Zeta
potential, and BCA.
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Materials and Methods

All materials, unless otherwise noted, were obtained
from Sigma Aldrich (St. Louis, MO, USA). All experiments
were approved by the Ethics Committees at the Research
Ethics Committees of Islamic Azad University, Science and
Research Branch (approval ID: IR.IAU.SRB.REC.1403.081).
Human placentas were collected from healthy donors
according to specific inclusion and exclusion criteria
through selective cesarean at the Gandhi-Hotel Hospital,
Tehran, Iran. Inclusion criteria include age between 30
and 60 years, full-term pregnancy (38-40 weeks), no drug
addiction, metabolic diseases, liver disorders, bacterial and
mycoplasma infections, and viral infections such as HIV-
1/2 Ab, HBV, HCYV, syphilis, and HPLV. All tissue samples
were collected with the patient’s informed consent and
transferred to the laboratory at 4 °C.

Isolation and identification of AM-MSCs

Preparation of the amniotic membrane, isolation, and
characterization of MSCs were performed based on the
study by Heidari et al. in 2025, with minor modifications
(37). Briefly, five human placentas were collected in
sterile bags and transported to the laboratory on ice (4
°C) for 20 min. The fetal part of the placenta was rinsed
with phosphate-buffered saline (PBS) supplemented with
100 IU/ml penicillin and 100 mg/ml streptomycin. Then,
the amniotic membrane was carefully separated from the
chorion by mechanical manipulation and extensively rinsed
with PBS containing antibiotics (100 pg/ml penicillin, 100
pg/ml streptomycin) to remove any residual blood and
mucus. The amniotic membrane was cut into 1cm, digested
with collagenase IA for 35-40 min, and centrifuged at 1200
xg for 10 min at 25 °C. The pellet was suspended in DMEM
(Dulbecco's Modified Eagle Medium)/F12 supplemented
with 10% FBS (Fetal Bovine Serum), 3 mM GlutaMAX,
1% Non-Essential Amino Acid Solution (NEAA), 100 IU/
ml penicillin, and 100 mg/ml streptomycin and passed
through a 70 pm nylon mesh. The harvested cells were
cultured at a concentration of 10° cells/ml in 75 cm? culture
flasks and incubated at 37 °C and 5% CO, for 5 days. The
culture medium was changed every 3 days until the cells
reached a density of 80-90%. Then, the confluent cells were
trypsinized using 0.05% trypsin/EDTA and propagated
until passage 3.

Study design

AM-MSCs at passage 3 were randomly divided into the
control (normoxia) and experimental (hypoxia) groups.
In the normoxic group, AM-MSCs at a concentration of
2x10° cells were suspended in a T75 culture flask containing
DMEM/F12 supplemented with 10% exosome-depleted
FBS (Exo-free FBS, ThermoFisher, Waltham, MA, USA),
1% NEAA, 3 mM GlutaMAX, 100 IU/ml penicillin, and 100
mg/ml streptomycin at 37 °C and 5% CO,, 22% O, for 72 hr.
In the hypoxic group, AM-MSCs at the same concentration
(2x10° cells/each T75 culture flask) were cultured in
DMEM/F12 with 10% exosome-depleted FBS, 1% NEAA,
3 mM GlutaMAX, 100 IU/ml penicillin, and 100 mg/
ml streptomycin for 48 hr at 37 °C, 22% 0, and 5% CO,.
Subsequently, the culture flasks were placed in an incubator
with 1% O,, 5% CO, and 37 °C for an additional 24 hr
(37-39). Cell propagation in each experimental condition
(hypoxia and normoxia) was independently repeated 17-20
times to ensure reproducibility and to generate sufficient
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conditioned media for subsequent exosomes extraction.

Stemness potential of AM-MSCs in different culture
conditions

To investigate the effect of normoxia and hypoxia on
the stemness potential of AM-MSCs, we evaluated the
expression of MSC-specific molecular markers, as described
in the protocol previously established by Heidari et al. (37).
For this purpose, the expressions of CD105, CD73, CD90,
CD29, CD34, CD45, and CD14 molecular markers were
detected in different groups using a flow cytometer.

Preparation of AM-MSCs-Exosomes in the normoxic and
hypoxic conditions

Exosomes were isolated from the conditioned media
of AM-MSCs in both the normoxic and hypoxic groups
using a differential ultracentrifugation method, following
a protocol previously described by Karimi et al. (38). For
this purpose, the conditioned media in different groups
were separately collected and centrifuged at 300xg for 10
min at 4 °C. After discarding the pellet, the supernatant was
centrifuged again at 2000xg for 10 min at 4 °C, followed
by a second centrifugation at 10,000xg for 30 min at 4 °C.
After serial centrifugations, the supernatant was filtered
through a 0.22 um nylon mesh and subsequently underwent
two rounds of centrifugation at 100000xg for 70 min at 4
°C. Following centrifugation, the exosome pellet was
carefully resuspended in cold PBS and immediately stored
at -80 °C for future analyses. To ensure reproducibility and
obtain sufficient concentration of exosomes for subsequent
analyses, the ultracentrifuge-based extraction method was
independently repeated at least 15 times for each group.

SEM and TEM

The morphological characteristics, including size,
internal structure, and topography, of AM-MSCs-Exo in
the control and experimental groups were analyzed using
SEM and TEM, as described previously by Karimi et al.
(38). For SEM analysis, AM-MSCs-Exo were fixed in 2%
paraformaldehyde and diluted in distilled water. Then,
suspension (5 pl) was placed on a silicon chip and immersed
in acetone for dehydration. After rinsing and drying, SEM
was conducted at a selective voltage of 30k using an MIRA3
Microscope (TESCAN, Czech). After rinsing and drying,
SEM imaging was performed using a MIRA3 Microscope
(TESCAN, Czech) at a voltage of 30 kV. At least three images
at different angles were analyzed using magnifications of
500 nm, 5 pm, and 20 pm.

For TEM analysis, the exosome suspension was treated
with 1% glutaraldehyde and placed as droplets on carbon-
coated grids. After drying, they were rinsed twice in
sterilized PBS for 1 minute. The samples were then stained
with 1% uranyl acetate for 16 min. Three images from
different angles were taken at a magnification of 50 nm
using a Philips CM-120 Microscope (Netherlands) set to a
voltage of 100kV.

FTIR

FTIR spectroscopy revealed the functional groups and
molecular composition of exosomes through their infrared
absorption profiles. Spectral investigation for AM-MSCs-
Exo in the normoxic and hypoxic groups was collected in
the range of 400-4000 cm™ using an AVATAR spectrometer
(Thermo, USA). This analysis determined the biochemical
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composition of AM-MSCs-Exosomes, highlighting the
similarities and differences in the molecular structure
between the experimental groups. All measurements were
performed in triplicate to ensure reproducibility.

DLS and Zeta potential

The particle size, distribution, surface charge, and
electrostatic potential of AM-MSCs-Exo in the normoxic
and hypoxic groups were detected using DLS and Zeta
potential measurements with the HORIBA SZ-100 system
(Horiba Jobin Yvon, Japan). For this purpose, AM-MSCs-
Exo were diluted in PBS (1:5) and sonicated on ice for 20
min for homogenization. Zeta potential measurements were
conducted under the following conditions: pH 7.4, 25 °C,
and 2.7 V. All measurements were performed in triplicate
to ensure reproducibility and reliability of the data (38, 39).

BCA Assay

To determine the total protein concentration of AM-
MSCs-Exo, the BCA assay was utilized. The principle of this
assay is the reduction of copper (II) to copper (I), and BCA
binds to copper (I). This reaction results in a purple color,
which can be quantified by measuring the absorbance at
562 nm. For the assay, 1 mg of standard protein (Albumin)
was dissolved in 1 ml of distilled water. To prepare the
standard samples, different proportions of BSA and distilled
water were mixed in a volume of 10 yl in a 96-well plate.
Approximately 10 pl of the experimental samples (normoxic
and hypoxic groups) were added to the well in three
replicates. Then, the reagents (A and B) were combined in
a 2:100 ratio. After mixing, 100 ul of the reagent mixture
was added to each well, and the plate was incubated for 30
min at 37 °C. Following the incubation period, the optical
density (OD) was measured three times at 562 nm, allowing
the quantification of protein concentration in the exosomes
derived from amniotic membrane-MSCs.

Biocompatibility

The biocompatibility of AM-MSCs-derived exosomes was
investigated through a series of comprehensive assessments,
including microbial contamination, potential toxicity,
irritation, and sensitization. To ensure reproducibility
and reliability of the tests, microbial contamination and
toxicity were performed at least three times independently.
Additionally, irritation and sensitization tests were
conducted using three male New Zealand rabbits and six
male Albino guinea pigs.

Microbiological examination

The bioburden test was conducted in accordance with the
United States Pharmacopeia 2024 guidelines (40). For this
purpose, the AM-MSCs-Exo extracts from both normoxic
and hypoxic conditions were microbiologically evaluated by
Nikopharmed’s laboratories, a reputable partner of the Food
and Drug Administration (FDA) with official accreditation
from the National Accreditation Center of Iran (NACI).
The AM-MSCs-derived exosomes in different groups
were inoculated in nutrient broth or peptone broth carrier
solution using a sterile swab and cultured on blood agar,
EMB, and Chocolate Agar media to determine the presence
or absence of Gram-positive or Gram-negative bacteria.
Total aerobic microbial count (TAMC) was detected using
Soybean-Casein Digest Agar (TSB) plates for 3 days at 30-
35 °C. To determine the total combined yeasts and molds
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count (TYMC), Sabouraud Dextrose Agar (SDB) plates
were incubated at 20-25 °C for 5 days.

The product passes the tests if colonies of specified types
are absent or if confirmatory identification tests are negative.
The evaluation of the product’s growth-promoting and
inhibitory properties was conducted in accordance with the
USP 2024 guidelines, utilizing a negative control to ensure
valid testing conditions. Acceptance criteria were established
based on either individual test results or the average counts
from replicate tests. Table 1 outlines the acceptance criteria
for the microbiological quality of exosomes, derived from
the average of three replicate counts to enhance accuracy
and reliability.

Cytotoxicity assay

To assess the cytotoxicity of exosomes in both normoxic
and hypoxic conditions, an MTT assay was performed
according to the guidelines outlined in ISO 10993-5 and
ISO 10993-12. For this purpose, four various concentrations
of exosomes (5, 10, 15, and 20 pg/ml) were prepared in cold
PBS. L-929 fibroblast cells were seeded at a concentration
of 1 x 10* cells/well in a 96-well culture plate using DMEM
supplemented with 10% exosome-depleted FBS, and
incubated for 24 hr at 37 °C, 5% CO,, and 22% O, After
initial incubation, the culture medium was carefully replaced
with fresh medium containing various concentrations of
exosomes derived from the normoxic and hypoxic groups.
The cells were incubated for an additional 24 hr at 37 °C,
5% CO,, and 22% O,. Following incubation, the culture
medium was removed, and 0.5 mg/ml MTT reagent
(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide) was added to each well for 4 hr. Afterward,
isopropanol was added to dissolve formazan crystals. The
optical densities of wells were detected at 570 nm.

In vivo irritation test
An in vivo irritation test for AM-MSCs-Exosomes under
normoxic and hypoxic conditions was performed according

Table 1. Acceptance criteria for microbiological quality of exosomes
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to ISO 10993-10 using three male New Zealand rabbits.
Sample preparation followed the standard methods in ISO
10993-10 and ISO 10993-12. The backs of the animals were
completely shaved, and four sites were marked as shown
in Figure 1, including AM-MSCs-Exo hypoxia (site 1),
AM-MSCs-Exo normoxia (site 2), control 1 (no injection,
Site 3), and control 2 (normal saline injection, site 4).
Approximately 0.5 ml of AM-MSCs-derived exosomes at
a concentration of 20 pg/ml from normoxic and hypoxic
groups were intradermally injected into sites 1 and 2,
respectively. Site 3 received 0.5 ml of normal saline as a
control, while site 4 remained untreated (no injection). All
sites were covered with a non-occlusive dressing for 4 hr.
The sites were evaluated for edema, erythema, and eschar
formation at 4, 24, 48, and 72 hr. Tables 2 and 3 demonstrate
the scoring system and the primary or cumulative irritation
index for the rabbits.

In vivo sensitization assay

An in vivo irritation test for AM-MSCs-Exosomes under
normoxic and hypoxic conditions was performed according
to ISO 10993-10 using three male New Zealand rabbits.
Sample preparation followed the standard methods in ISO
10993-10and ISO 10993-12. Figure 2 illustrates the injection
sites and corresponding solutions for each group. According
to ISO 10993-10, a total of six male Albino guinea pigs

&
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Figure 1. Intradermal injection sites on the rabbits’ backs
AM-MSCs-Exo normoxia (site 1), AM-MSCs-Exo hypoxia (site 2), control 1 (Site 3),
and control 2 (site 4).

1,0 TAMC (CFU/g or CFU/ml) TYMC (CFU/g or CFU/ml) Specified micro-organism(s)
Non-aqueous preparations for oral use 10° 10* Absence of Escherichia coli (1 g or 1 ml)
Aqueous preparations for oral use 10* 10' Absence of E. coli (1 g or 1 ml)
Rectal use 10° 10 -

Oromucosal use 102 10! Absence of Staphylococcus aur‘eus (1gor1ml)
Absence of Pseudomonas aeruginosa (1 g or 1 ml)
Gingival use 10? 10! Absence of S. aurcius (1gor 1 ml)
Absence of P. aeruginosa (1 g or 1 ml)
Cutaneous use 10° 10! Absence of S. aur(eus (1gor 1 ml)
Absence of P. aeruginosa (1 g or 1 ml)
Nasal use 102 10! Absence of S. uurf:’us (1gor 1 ml)
Absence of P, aeruginosa (1 g or 1 ml)
Auricular use 10? 10! Absence of S. aurcius (1gor 1 ml)
Absence of P. aeruginosa (1 g or 1 ml)
Absence of P. aeruginosa (1 g or 1 ml)
Vaginal use 10? 100 Absence of S. aureus (1 g or 1 ml)
Absence of Candida albicans (1 g or 1 ml)
Absence of S. aureus (1 patch)
Transdermal patches (limits for one patch, , .
. . . . 10 10
including adhesive layer and backing)
Absence of P. aeruginosa (1 patch)
Absence of S. aureus (1 g or 1 ml)
Inhalati se (special i t ly t
nhalation use (special requirements apply to 10* 10 Absence of P. aeruginosa (1 g or 1 ml)

liquid preparations for nebulization)

Absence of bile-tolerant gram-negative bacteria (1 g or 1 ml)

TAMC; Total aerobic microbial count; TYMGC; Total combined yeasts and molds; CFU; Colony-forming unit
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Table 2. Scoring system for erythema and edema in rabbits
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Irritation

Reaction
score
. No erythema 0
£
E g Very slight erythema (barely perceptible) 1
9 g
g g Well-defined erythema 2
o
,é = Moderate erythema 3
= Severe erythema (beet-redness) to eschar formation, preventing grading of erythema 4
No edema 0
g
'é Very slight edema (barely perceptible) 1
E Well-defined edema (edges of the area well-defined by definite raising) 2
<
§ Moderate edema (raised approximately 1 mm) 3
5]
Severe edema (raised more than 1 mm and extending beyond the exposure area) 4
Maximal Possible Score for Irritation 8

Table 3. The primary or cumulative irritation indices in the rabbits

Mean score Response category
Negligible 0to 0.4
Slight 0.5t0 1.9
Moderate 2t04.9
Severe 5t08

were used for in vivo sensitization of exosomes and divided
into two groups. Three guinea pigs received AM-MSCs-
Exo under normoxic (Al, A2, A3) and hypoxic (B1, B2,
B3) conditions, while the other three guinea pigs received
normal saline (C1, C2, C3) and no injection (D1, D2, D3).
For injection, the backs of the animals were completely
shaved, and 0.1 ml of normal saline (C1-3) or exosomes
containing 20 pg/ml (Al-3 and B1-3) were injected
intradermally in the clipped intrascapular region (Figure 2).
All sites were covered with a non-occlusive dressing for 4 hr.
The sites were evaluated for edema, erythema, and eschar
formation at 4, 24, 48, and 72 hr. Tables 2 and 3 demonstrate
the scoring system and the primary or cumulative irritation
index for the rabbits.

Statistical analysis

Quantitative data are represented as means + standard
deviation (SD), while qualitative data are expressed
as frequency and percentage. Statistical analysis was
performed using GraphPad Prism 9 (GraphPad, USA) and
SPSS 16 (IBM Corporation, USA). Group comparisons
were performed using independent T-tests, paired t-tests,
and Wilcoxon tests, as appropriate. One-way ANOVA was
applied for multiple group comparisons. A P-value of <0.05
was considered statistically significant.

Results
Effect of hypoxic and normoxic conditions on the stemness
potential of AM-MSCs

Figure 3 shows the expressions of CD105, CD73, CD90,
CD34, CD45, CD29, and CD14 molecular markers in AM-
MSCs propagated under normoxic (A-F) and hypoxic (a-f)
conditions using flow cytometry. There are no significant
differences in the expressions of positive biomarkers
(CD105, CD73, CD90, and CD29) and CD45, and CD14

548

The first 3 guinea pigs The second 3 guinea pigs

Al Bl

AJ B3

Sites Injection solutions
AL AL AZ 0.1 ml of intradermal injections of AM-MSCs-
derived exesomes under normoxic conditions
El. B2, B3 0.1 ml of intradermal injections of AM-MECs-
derived exosomes under hypoxic conditions
€1,C2.C3 (.1 ml of intradermal injoctions normal saline
D1, D2 D3 No injeclions

Figure 2. Intradermal injection sites and the corresponding solutions
administered to guinea pigs at each site

Table 4. Magnusson and Kligman grading system

Patch test reaction Grading scale
No visible change 0
Discrete or patchy erythema 1
Moderate and confluent erythema 2
Intense erythema and/or swelling 3

as negative molecular markers between the two groups
(Figure 3, P>0.05). The expression of CD34 biomarkers
under hypoxia was significantly decreased compared to the
normoxic condition (0.013% vs. 0.483%, P<0.05).

Morphological characterization of AM-MSCs-exosomes
using SEM

Figure 4 demonstrates the size, surface topography, and
surface shape of AM-MSCs-Exosomes under normoxic

Iran ] Basic Med Sci, 2026, Vol. 29, No. 4
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Figure 3. Expressions of CD14 (A, a), CD45 (B, b), CD34 (C, ¢), CD73 (D, d), CD90 (E, e), CD105 (F, f), and CD29 (G, g) molecular markers between both

the normoxic (A-F) and hypoxic (a-f) conditions

(A-D) and hypoxic (a-d) conditions. Additionally, the
histograms showing the size and distribution of exosomes
under normoxic (D) and hypoxic (d) conditions are
demonstrated in Figure 4. The exosomes extracted from both
conditions maintained their typical round morphology. AM-
MSCs-Exo in the hypoxic group exhibited a homogeneous
appearance with an average size of 145 + 15 nm. However,
those from the normoxic group had an average size of 180

oo Eme =
ey A (———

LN

+ 79 nm (P<0.05, Figure 4). The normoxic group exhibited
a significantly greater distribution size of AM-MSCs-Exo
compared to the hypoxic group (P<0.05, Figure 4).

Dispersion and aggregation of AM-MSCs-exosomes using
TEM

Structural characteristics, dispersion, and aggregation
of AM-MSCs-Exosomes in the normoxic (A, C) and

Figure 4. Morphological characterization of AM-MSCs-Exosomes in the normoxic (A-D) and hypoxic (a-d) conditions using SEM at magnifications of 500

nm, 5 pm, and 20 pm
Red arrows indicate exosomes, while white arrows probably represent ectosomes.
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Frequency

100 200 300 400 500 800
Diameter(nm)

Frequency

50 100

150 200 250 300 360 400
Diameter(nm)

Figure 5. Structural characteristics and dispersion histograms of AM-MSCs-Exosomes under normoxic (A, C) and hypoxic (B, D) conditions, as observed

by TEM at a magnification of 50 nm.

hypoxic (B, D) groups are shown in Figure 5. Exosomes
appeared as hollow spheres (white arrows, Figures 5A and
5B) surrounded by a lipid layer. The distribution size and
aggregation of AM-MSCs-derived exosomes in normoxia
were significantly greater than those in the hypoxic group
(P<0.05, Figure 5).

Chemical features of AM-MSCs-exosomes using FTIR
Chemical composition and functional groups of AM-
MSCs-Exosomes under hypoxic and normoxic conditions
are shown in Figure 6. Additionally, Table 5 describes the
peaks, wavelengths, and their interpretations, particularly
the functional groups related to the extracted exosomes.
FTIR analysis of the extracted exosomes revealed the
presence of multiple compounds, including proteins

(indicated by amide I and II peaks), lipids (aliphatic C-H
peaks), glycoproteins or phospholipids (C-O or P-O peaks),
and nucleic acids (P-O peak). Notably, the peak intensity
in exosomes derived from hypoxic conditions showed a
significant increase compared to those from normoxic
conditions (P<0.05, Figure 6). The variations in intensity
of protein- and lipid-related peaks may indicate changes
in their respective ratios. Additionally, changes in the
peaks associated with protein secondary structure at 1646
and 1654 cm™ positions may reflect structural alterations
resulting from hypoxia.

Dimension and behavior of colloidal particles using DLS
Figure 7 demonstrates the size and behavior of colloidal
particles under hypoxic and normoxic conditions. The
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Figure 6. FTIR analysis of AM-MSCs-Exosomes under normoxia (A), hypoxia (B), and their comparison (C).
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Table 5. Ionic interactions and relevant functional groups using FTIR analysis
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Wavelength (cm™)

Bond

Functional groups

3413 O-H stretching bond and N-H stretching bond Alcohols, Amines, and Amides

2930 C-H asymmetric stretching bond Methylene groups (CH>) in aliphatic chains
2360 C=0=C asymmetric stretching bond CO2

1646 C=0 stretching bond Amide I in Proteins

1544 N-H Bending bond and C-N stretching bond Amide IT in Proteins

1446 C-H Bending bond Methylene (CH:) and Methyl (CHs) groups
1404 COO- symmetric stretching bond Carboxylates

1122 C-O stretching bond or P-O stretching bond Alcohols, Ethers, Esters, or Phosphates
623 C-H out-of-plane bending bond Aromatic cycles

525 C-X stretching bond or S-S stretching bond Halides or disulfide bonding

average size of AM-MSCs-Exo in the normoxic group
was 185.7 + 23 nm (P1=0.756), while it was 145.4 + 36 nm
(PI=0.420) in the hypoxic group (P<0.05). The lower PI in
the hypoxic condition indicates a more uniform distribution
compared to the normoxic group, indicating that hypoxia-
activated AM-MSCs-Exosomes are more dimensionally
consistent than those in the normoxic group. These results
also support the results of SEM and TEM analyses. Figures
4 and 5). The distribution and average particle size of AM-
MSCs-Exosomes in the normoxic group were significantly
higher than those observed under hypoxic conditions
(P<0.05). Figure 7 (C, D) also demonstrates the fluctuation
under scattered light (in terms of time) in the hypoxic and
normoxic conditions. The normoxic group exhibited greater

fluctuations compared to the hypoxic group, indicating an
increase in particle size over time (P<0.05).

Zeta potential and stability of AM-MSCs-exosomes

Figure 7 demonstrates the surface charge and stability of
exosomes in the normoxic and hypoxic groups. There was
a significant difference in the zeta potential and stability
of AM-MSCs-Exosomes between the two groups (P<0.05,
Figure 7E). The zeta potential of AM-MSCs-Exosomes in
the normoxic condition was -12.57 + 0.5 mV, compared to
-2.37 £ 0.73 mV in the hypoxic group. Figure 7E; P<0.05).
Fluctuation-delay time analyses. Figure 7C, D) indicate that
exosomes under hypoxia remained stable over time without
noticeable agglomeration, whereas normoxic exosomes
displayed increasing fluctuations over time, suggesting
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Figure 7. Size distribution and dynamic behavior of colloidal particles in the normoxic (A) and hypoxic (B) groups. Light scattering fluctuation of AM-
MSCs-Exosomes under scattered light in the normoxic (C) and hypoxic (D) conditions
Zeta potential analysis of AM-MSCs-derived exosomes in different experimental groups (E). *P-value<0.05.
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Table 6. Microbiological quality analysis of rabbit AM-MSCs-Exosomes in various culture conditions

Description Limits Hypoxic group Normoxic group
Average TAMC (CFU/g) NA <10 <10
Average TYMC (CFU/g) NA <10 <10

E. coli Absence Absence Absence

S. aureus Absence Absence Absence

P. aeruginosa Absence Absence Absence
Salmonella sp. Absence Absence Absence

C. albicans Absence Absence Absence
Clostridia sp. Absence Absence Absence
Bile-tolerant gram-negative bacteria Absence Absence Absence

TAMC: Total aerobic microbial count; TYMC: Total combined yeasts and molds; CFU: Colony-forming unit

progressive agglomeration (Note: the continuous straight
line in the hypoxia group (7D) and the oscillating uneven
line in the normoxia group (7C), P<0.05). These findings
were also supported by TEM and DLS analyses, which
confirmed the structural integrity and consistency of
exosomes under both conditions.

Total protein concentration

The average total protein concentration of AM-MSCs-
Exo was 4.109 mg/ml in the normoxic group, compared to
5.003 mg/ml under hypoxia, a 1.22-fold increase in protein
concentration due to hypoxia (P<0.01). This suggests that
inducing a hypoxia for AM-MSCs enhances total protein
concentration.

Biocompatibility
Microbiological quality of AM-MSCs-Exosomes

Table 6 presents the results of microbiological analyses
of AM-MSCs-Exosomes in the hypoxic and normoxic
groups. There was no contamination (TAMC, TYMC,
Gram-negative and positive bacteria, yeast, molds, etc.) in
the extractions under hypoxia and normoxia.

Cytotoxicity of exosomes in the hypoxic and normoxic
conditions

MTT confirmed the cytocompatibility of AM-MSCs-
Exosomes in the hypoxic and normoxic groups on the
L-929 fibroblast cell line, indicating their biocompatibility
according to ISO 10993-5 (Table 7). L-929 fibroblast cells in
the control group showed a baseline viability of 100 + 12.3%.
The addition of exosomes at a higher concentration (20ug/
ml) to the culture medium significantly increased the survival
rate in both hypoxic and normoxic groups, reaching 134.72 +
7.8% and 119.7 + 8.4, respectively (P<0.05). Between the two
groups and various concentrations, the highest viability rate
was observed in the hypoxic group at 20ug/ml (P<0.05, Table
7). In contrast, no significant difference in cell viability was
demonstrated between lower exosome concentrations and
the control group (P>0.05, Table 7).

In vivo irritation of exosomes from the normoxia-and
hypoxia-activated AM-MSCs

Injection of exosomes from the normoxic-and hypoxic-
activated AM-MSCs caused no edema, erythema, or eschar
formation in male New Zealand rabbits; the total score was

Table 7. Optical densities (A) and cytocompatibility (B) of AM-MSCs-derived exosomes on the L-929 cell line under normoxic and hypoxic conditions at

different concentrations (20, 15, 10, and 5 ug/ml) using the MTT assay

(A)
Absorbance (Optical densities)
Hypoxic condition Normoxic condition
i Control
Repetition 20 15 10 5 20 15 10 5
1 0.7095 0.926 0.786 0.625 0.65 0.796 0.62 0.5 0.49
2 0.78 0.981 0.923 0.814 0.725 0.952 0.745 0.52 0.5
3 0.923 0.961 0.818 0.712 0.564 0.8 0.635 0.564 0.52
(B)
Viability rate (%)
Hypoxic condition (ug/ml) Normoxic condition (pg/ml)
Control
20 15 10 20 15 10 5
100+12.34 134.72+7.8% 118.06+9.8¢ 101.06+5* 97.09+4.6* 119.748.4¢ 104.96+4.1* 101.41+6.2% 94.94+8F

Different superscript letters (A-E) indicate statistically significant differences between groups (P<0.05).
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Table 8. In vivo irritation results of exosomes under normoxic and hypoxic conditions following injection into male New Zealand rabbits

Skin reactions Times Normoxic conditions Hypoxic conditions
4hr 0 0
24 hr 0 0
Erythema
48 hr 0 0
72 hr 0 0
4hr 0 0
24 hr 0 0
Edema
48 hr 0 0
72 hr 0 0
4hr 0 0
24 hr 0 0
Eschar formation
48 hr 0 0
72 hr 0 0

Table 9. Sensitization analyses of exosomes from normoxia-and hypoxia-
activated AM-MSCs in the guinea pigs

Normoxic conditions Hypoxic conditions

Erythema 0 Erythema 0
Edema 0 Edema 0
Total 0 Total 0

zero for both groups. Table 8 indicates that AM-MSCs-
Exosomes under normoxic and hypoxic conditions don’t
induce skin reactions after 4, 24, 48, and 72 hr.

In vivo sensitization of exosomes in the hypoxic and
normoxic conditions

According to the Magnusson and Kligman grading
system, no edema, swelling, or erythema was observed after
intradermal exosome injection under hypoxic and normoxic
conditions (Table 9). Sensitization analysis demonstrates
that exosomes from the normoxic-and hypoxic-activated
AM-MSCs do not cause skin reactions in male Albino
guinea pigs after three weeks.

Discussion

This study demonstrates that hypoxic preconditioning
exerts significantly positive effects on the characteristics and
quality of AM-MSC-derived exosomes. Specifically, hypoxia
enhanced the morphological characteristics, structural
properties, chemical features, and biological capacities
of exosomes. These improvements suggest that hypoxic
preconditioning can potentiate the therapeutic efficacy of
exosomes in various medical fields, particularly regenerative
medicine, immunomodulation, and targeted drug delivery.
In the study, the average exosome size decreased to 145.4
+ 36 nm, accompanied by a uniform distribution (PI =
0.42) under hypoxic conditions. In contrast, the normoxic
conditions produced larger exosomes, averaging 185.7+23
nm with a broader distribution (PI = 0.756). Additionally,
the Zeta potential of AM-MSCs-Exo was -12.57 £ 0.5
mV under normoxia, while it was -2.37 + 0.73 mV in
hypoxic conditions. We demonstrated that the exosomes

Iran J Basic Med Sci, 2026, Vol. 29, No. 4

from hypoxia-treated cells exhibited greater uniformity,
dispersion, and stability than those from the normoxic
group, resulting in reduced fluctuation under scattered
light over time. These findings are consistent with several
studies that have confirmed hypoxia improves the size
and surface topography of exosomes (32). However, some
researchers have noted that hypoxia improves the quality
of exosomes without affecting their size (41, 42). These
variations may be due to differences in cell sources, isolation
and processing methods, analytical accuracy, duration of
hypoxia, oxygen concentration, and timing of exosome
collection post-treatment. Our results demonstrate that
AM-MSCs-Exosomes cultured under hypoxic conditions
exhibit greater temporal stability compared to normoxic
exosomes. While the hypoxic exosomes displayed a lower
zeta potential, this did not correlate with reduced stability,
highlighting that zeta potential alone does not fully account
for colloidal stability; as long as the repulsion is sufficient
to maintain a potential energy barrier, the colloid remains
stable (43, 44). The fluctuation-delay time analyses clearly
show increased aggregation in the normoxic group,
whereas hypoxic exosomes maintained consistent particle
distribution over time. The precise mechanisms underlying
the enhanced stability of hypoxic exosomes were not directly
investigated in this study. Although factors such as Van
der Waals forces, steric stabilization, or other interparticle
interactions may contribute to colloidal stability (44),
these remain hypotheses requiring further experimental
validation. Future studies employing targeted biophysical
measurements of interparticle forces could clarify the
contributions of these mechanisms. Overall, these findings
indicate that hypoxic culture conditions may improve the
stability of AM-MSCs-Exosomes, reducing the propensity
for agglomeration, and suggest a potential role for hypoxia
in modulating the physicochemical properties of exosomes.
This finding is consistent with prior reports demonstrating
that hypoxia influences the physicochemical characteristics
of colloidal systems, primarily through modifications in
exosomal membrane composition and cargo (32, 45, 46).
In the study, the chemical composition of AM-MSCs-Exo
was evaluated through FTIR analyses. The intensities of peaks
representing proteins, lipids, phospholipids, glycoproteins,
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and nucleic acids were increased in the hypoxic group,
which means the concentration of these compounds can
be increased under hypoxic conditions. The BCA assay
confirmed the higher concentration of proteins for the
hypoxic group. These results are consistent with previous
studies. FTIR was suggested as a useful tool for the chemical
evaluation of extracted exosomes, so that carbohydrates,
phospholipids, DNA and RNA, proteins, and lipids were
detected from the same spectral peaks as our results (47).
The research on the extracted exosomes from cancerous
and healthy sources demonstrated different intensities of
peaks between experimental groups (48). Several studies
confirmed that the different isolation methods resulted
in the alteration of the intensity of peaks related to lipids,
carbohydrates, proteins, and nucleic acids (49, 50).These
studies clarified that low concentrations of exosomes from
both normoxic and hypoxic groups reduced cell viability,
likely due to insufficient bioactive cargo, heterogeneity, lack
of threshold activation, impurities, and possible alteration
of exosome characteristics under hypoxia. Several plausible,
non-exclusive mechanisms may explain this phenomenon.
First, the biological effects of exosomes are dose-dependent.
Protective or proliferative effects of vesicles are typically
observed only when their concentration exceeds a defined
threshold, indicating a dose-dependent biological response.
Whereas lower exosome concentration may fail to activate
critical survival cascades such as PI3K/Akt or MAPK and,
in some contexts, may even expose pro-apoptotic signals.
Second, the inherent heterogeneity of exosomes and their
diverse Dbioactive cargo, including microRNAs, RNAs,
proteins, lipids, and cytokines, means that their biological
impact is highly context-dependent. Some cell-derived
nanovesicles have demonstrated pro-apoptotic effects,
particularly at lower doses, leading to growth inhibition
or programmed cell death. This quality highlights the
complexity of exosome-mediated signaling and its potential
therapeutic implications. Third, insufficient therapeutic
cargo or the presence of impurities in low-dose preparations
may induce cellular stress upon uptake, contributing to
reduced viability. At low concentrations, this uptake may
still occur, but without delivering enough beneficial cargo.
This can lead to metabolic burden or oxidative stress,
especially in sensitive cells, resulting in decreased viability.
Finally, under hypoxic conditions, cells are already stressed
due to oxygen deprivation, and low exosome concentrations
may be inadequate to counteract this damage. Similarly, in
normoxia, low-dose exosomes might not provide additional
survival signals and may even disrupt baseline homeostasis
(51-55). Additionally, we demonstrated a significant
decrease in CD34 expression under hypoxia compared with
normoxia (0.013% vs. 0.483%). This reduction may be due
to several interconnected mechanisms. Generally, hypoxia
triggers cellular stress responses, including the activation
of hypoxia-inducible factor 1-alpha (HIF-1a), which can
reprogram gene expression and either suppress or activate
the transcription of surface molecular markers. However,
the magnitude and severity of these effects are modulated
by various factors, including the severity of hypoxia
(5%, 7%, 1% or <1% O, concentration), the duration of
exposure (short-term or long-term), the type of hypoxia
(continuous or intermittent), culture conditions, and the
specific cell type or its differentiation stage. Collectively,
these variables influence the structural, morphological,
and functional characteristics of the cells. We explained
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it in the discussion (56-58). In the present study, the total
protein concentration in exosomes derived from AM-MSCs
under hypoxic conditions was 1.22-fold higher than that of
the normoxic group. This finding is supported by several
studies that have investigated protein levels in exosomes
under hypoxic conditions, demonstrating that hypoxia
increases protein concentration (59-61). de Jong et al. (62)
demonstrated that hypoxic conditions modify the protein
and RNA cargo of exosomes, thereby influencing their
biological functions. It is well established that the hypoxia-
inducednup-regulation of exosomal proteins affects cancer
diagnosis (63) and treatment (64), and wound healing (65,
66). Mo et al. (63) reported that hypoxic exosomes possess
an effective biomarker due to their protein content. Deep et
al. in 2020 (64) suggested that the hypoxic exosomes affect
the control of prostate cancer cell metastasis. Moreover, the
elevated protein content of exosomes derived from hypoxia-
treated cells is involved in multiple signaling pathways of
extracellular matrix regeneration (65) and angiogenesis
(66), highlighting their promising therapeutic potential
in tissue repair and wound healing. Induction of stress
in various cell lines (such as adipose-derived MSCs (60),
endothelial cells (62), macrophages (59), and glioma cells
(40) through hypoxia alters the protein concentrations,
resulting in changes in their biological functions. AM-
MSCs-Exo produced under hypoxic conditions show
improved physicochemical properties and biocompatibility.
The higher protein concentration in the hypoxic group,
along with its stability and the absence of sensitization and
irritation, indicates its potential for therapeutic applications.

Iimitations and Future Directions

Despite the promising findings about the effect of
hypoxia on the morphological characteristics, structural
properties, chemical features, biological capacities, and
biocompatibility of exosomes derived from AM-MSCs,
several limitations should be acknowledged in this study.
First, this study primarily focused on the physicochemical
and biocompatibility of exosomes derived from AM-MSCs
in vitro conditions, without exploring their functional
validation or therapeutic efficacy in disease-specific
models. Therefore, the therapeutic efficacy of hypoxia-
derived AM-MSCs-Exo in vivo (both in preclinical models
and clinical trials) remains to be validated. Second, while
hypoxic conditions improved both the quality and quantity
of exosomes, the molecular mechanisms and signaling
pathways responsible for these improvements have not
been investigated and warrant comprehensive investigation.
Additionally, we evaluated only two oxygen concentrations
(1% and 22%), leaving open the possibility that other
oxygen tensions (different oxygen concentrations), or
exposure durations, or multiple hypoxia applications
(continuous or intermittent) could yield different or
potentially superior outcomes. Other limitations include
the sample size and donor variability, as well as the long-
term stability of AM-MSCs-Exo, which may influence
reproducibility and translational applicability. Moreover,
the absence of functional assays, including those evaluating
immunomodulatory, angiogenesis, anti-inflammatory,
anti-tumor, anti-apoptotic, cargo delivery, or regenerative
activities, restricts the interpretation of therapeutic potential
beyond physicochemical properties. Future studies should
include in vivo validation of therapeutic effects in relevant
disease models, molecular pathways in exosome biogenesis,
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comparative analysis across different hypoxic levels and
durations, functional assays, and standardization protocols
for production and scalability of clinical-grade exosomes.
Addressing these aspects will strengthen the translational
relevance of hypoxia-conditioned AM-MSCs-derived
exosomes and support their development as advanced cell-
free therapeutics. To overcome these limitations, future
studies should be designed to validate the therapeutic effects
of exosomes in vivo in relevant disease models, identify
molecular pathways of exosome biogenesis, investigate
different levels and duration of oxygen concentration,
perform functional assays of produced exosomes, and
standardize the exosome production protocol and scalability
at the clinical level. Addressing these gaps will be critical for
advancing AM-MSCs-Exo as a next-generation, cell-free
therapeutic platform.”

Conclusion

Hypoxic preconditioning enhances the yield and
physicochemical stability of AM-MSC-derived exosomes,
due to their unique composition and functional properties.
Hypoxia improves the size, uniformity, morphology,
size distribution, stability, and protein concentration of
exosomes. Therefore, hypoxia can be used as an effective
approach to enhance the quality of AM-MSCs and extracted
exosomes for therapeutic applications.

It is recommended that future studies be designed to
investigate the effect of long-term hypoxia and different
oxygen concentrations on the quality of cell derivatives, as
well as the molecular mechanisms and signaling pathways
involved in exosome biogenesis. Additionally, conducting
comprehensive functional assays, such as assessments of
immunomodulatory, anti-inflammatory, anti-tumor, anti-
apoptotic, angiogenic, cargo delivery, and tissue regenerative
capacities, is essential to determine the therapeutic potential
of exosomes. Furthermore, the standardization of exosome
production, critically, and the scalability of clinical-grade
exosome manufacturing play a critical role in enhancing
their translational and therapeutic applicability. Addressing
these aspects could pave the way for the development of
hypoxia-conditioned AM-MSC-derived exosomes as a
next-generation, cell-free therapeutic platform.
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