
Safety and biodistribution of
exosomes derived from human
induced pluripotent stem cells

Zhewei Gu1, Zhiyu Yin1, Pengbo Song1, Ying Wu1, Ying He1,
Maoshu Zhu1, Zhengxin Wu1, Sicheng Zhao1, Hongri Huang3,
Huihuang Wang3, Cailing Tong2* and Zhongquan Qi1*
1Medical College, Guangxi University, Nanning, China, 2Biotechcomer Co., Ltd., Xiamen, China,
3GuangXi TaiMeiRenSheng Biotechnology Co., LTD., Nanning, China

As a new cell-free therapy, exosomes have provided new ideas for the

treatment of various diseases. Human induced pluripotent stem cells

(hiPSCs) cannot be used in clinical trials because of tumorigenicity, but the

exosomes derived from hiPSCs may combine the advantages of iPSC

pluripotency and the nanoscale size of exosomes while avoiding

tumorigenicity. Currently, the safety and biodistribution of hiPSC-exosomes

in vivo are unclear. Here, we investigated the effects of hiPSC-exosomes on

hemolysis, DNA damage, and cytotoxicity through cell experiments. We also

explored the safety of vein injection of hiPSC-exosomes in rabbits and rats.

Differences in organ distribution after nasal administration were compared in

normal and Parkinson’s disease model mice. This studymay provide support for

clinical therapy and research of intravenous and nasal administration of hiPSC-

exosomes.
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Introduction

When induced pluripotent stem cells (iPSCs) were first established (Takahashi

and Yamanaka, 2006), they were a promising cell treatment method in regenerative

medicine because of their pluripotency and therapeutic potential for various human

diseases. iPSC therapy is currently one of the best options to slow or even stop the

progression of Parkinson’s disease (Doi et al., 2020; Schweitzer et al., 2020; Song et al.,

2020) because iPSCs selectively differentiate into dopaminergic neurons and have a

reduced risk of immune rejection (Deuse et al., 2019; Stoddard-Bennett and Reijo

Pera, 2019). Organoids and models derived from iPSCs have provided new ideas for

disease treatments and drug screening, and a culture protocol capable of efficiently

generating small human brain organoids was optimized to establish subcortical

projections in the mouse brain (Dong et al., 2021). The property of differentiation

into the three germ layers allows engineering functional tissues (Rao et al., 2018).

However, their tumorigenicity is a great challenge in clinical research (Blum and

Benvenisty, 2009; Itakura et al., 2017; Liu et al., 2021).
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Exosomes can be used as a novel cell-free therapy to

resolve issues in cell therapy. The nanoscale particle size of

exosomes gives them the ability to cross the blood-brain

barrier. Exosomes derived from mesenchymal stem cells

pass through the blood-brain barrier and migrate to an

injured spinal cord area when administered intranasally

(Guo et al., 2019). The combined pluripotency of iPSCs

and advantages of exosomes may facilitate development of

disease therapies. Adamiak et al. (2018) reported that, among

282 miRNAs detected in iPSCs, 199 miRNAs were also present

in iPSC-extracellular vesicles (EVs), indicating that these

regulatory transcripts were efficiently transferred from

iPSCs to EVs. As a subset of EVs (Kalluri and LeBleu,

2020), iPSC-exosomes may inherit features that exert

therapeutic effects on some diseases. To date, there has

been no successful strategy that can repair a brain or

neural injury and exosomes derived from human induced

pluripotent stem cells may be a promising approach (Ghosh

et al., 2020).

iPSC-exosomes have specific therapeutic effects on

cardiovascular, skin, and eye diseases. Exosomes derived

from iPSCs deliver cytoprotective signals to cardiomyocytes

to efficiently rescue ischemic cardiomyocytes under

conditions such as myocardial ischemia/reperfusion (Wang

et al., 2015). iPSC-exosomes may promote the migration of

fibroblasts in vitro and in vivo, and provide a possible

treatment for diabetic ulcers (Kobayashi et al., 2018). A

corneal epithelial defect model showed that both iPSC- and

MSC-exosomes accelerate healing of corneal epithelial defects

and the effect of iPSC-exosomes is much stronger than that of

MSC-exosomes (Wang et al., 2020). For a promising

treatment method, it is crucial to establish the relevant

safety evaluation system to facilitate clinical research

advances. To accomplish such evaluation, we examined

hemolysis, DNA damage, and cytotoxicity of hiPSC-

exosomes at the cellular level, their effects on tissues,

organs, immunity, and the blood system at the animal

level, and their biodistribution.

Materials and methods

Statement of ethics and animal treatment

This study was approved by the Animal Studies Committee

of Guangxi University (Nanning, China). Animal experiments

were carried out in accordance with the committee guidelines.

New Zealand rabbits, Sprague-Dawley (SD) rats, and C57 mice

purchased from Changsha Tianqing Biotechnology Co., Ltd.

(Changsha, China) were fed ad libitum for 1 week for

acclimation. Animals were kept in a clean room under stable

temperature (22–26°C), humidity (50%–70%), and illumination

(12-h light/dark cycle) with water and food freely available.

Cell culture

hiPSCs purchased from iCell Bioscience Inc., (Shanghai,

China) were maintained in mTeSR1 (STEMCELL, #85850)

serum-free maintenance medium on Matrigel (Corning,

354277)-coated culture flasks. The medium was replaced with

fresh maintenance medium in accordance with cell growth. The

culture supernatant was collected for exosome extraction. Mouse

macrophage-like cell line RAW264.7 purchased from

Biotechcomer Co., Ltd. (Xiamen, China) was maintained in

Dulbecco’s modified Eagle’s medium (Gibco, 11965092)

containing 10% fetal bovine serum.

hiPSC identification

Human Embryonic Stem Cell Marker Panel (Hicks et al.,

2020; Roth et al., 2020; Bomba et al., 2021; Osnato et al., 2021)

(Abcam, ab238602) was used to analyze pluripotency protein

markers by immunofluorescence. A Trilineage Differentiation

Kit (Ward et al., 2017) (STEMCELL, #05230) was used to induce

differentiation into the three germ layers. Human three Germ

Layer 3-Color Immunocytochemistry Kit (Han et al., 2020)

(R&D, SC022) was used to identify specific protein markers of

the three germ layers. A Giemsa Stain solution (Solarbio, G1015)

was used to analyze the karyotype. Fluorescence images were

obtained under an LSM900 laser scanning confocal microscope

(Zeiss, Germany).

Purification of hiPSC-exosomes

Culture supernatants were stored at 4°C, filtered through a

0.45-μm membrane filter (Millipore, United States), and then

concentrated with a 100-kDamolecular weight cutoff hollowfiber

membrane. After centrifuging at 2,000 × g for 20 min to remove

dead cells, the supernatant was centrifuged at 10,000 × g for

30 min to remove cell debris. The supernatant was filtered

through a 0.22-μm membrane filter (Millipore) and the final

supernatant was subjected to ultracentrifugation (Beckman,

United States) at 100,000 × g for 90 min. All centrifugation

steps were at 4°C. The exosome precipitate was resuspended

in cold PBS or physiological saline. Exosomes in PBS or

physiological saline were filtered again through a 0.22-µm

membrane filter. Purified exosomes were stored at −80°C for

long-term use or 4°C for short-term use (Cheng et al., 2019; Wu

et al., 2021).

Characterization of hiPSC-exosomes

The protein concentration of hiPSC-exosomes was

determined using a BCA protein quantitation kit (Zoman
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Biotechnology, ZD301). An HT7700 transmission electron

microscope (Hitachi, Japan) was used to determine the

morphology and size of hiPSC-exosomes. The particle size

distribution of hiPSC-exosomes was measured by nanoparticle

tracking analysis (Particle Metrix zataview, Germany). Marker

proteins of hiPSC-exosomes were detected by western blotting

using anti-CD9 (Yang et al., 2022) (Affinity, DF6565), anti-

TSG101 (Qi et al., 2022) (Proteintech, 67381-1-Ig), and

negative protein marker anti-Calnexin (Sun et al., 2021a)

(Proteintech, 66903-1-Ig) antibodies. hiPSC-exosome-specific

protein markers CD63 (BD, 556019) and CD81 (BD, 551108)

were detected by a Flow NanoAnalyzer (Nanofcm, China).

Labeling hiPSC-exosomeswith PKH26 dye

A PKH26 stock solution (Merck, MINI26) was prepared at

20 μM and mixed at an equal volume with an exosome solution

for a final concentration of 10 μM PKH26. After incubation for

1 h at room temperature. the mixture was ultracentrifuged at

100,000 × g for 70 min at 4°C to remove excess dye. The

precipitate was resuspended in cold PBS(Franzen et al., 2014;

Pužar Dominkuš et al., 2018).

Hemolysis

Twenty milliliters of blood was collected from a New Zealand

rabbit, gently stirred to remove fibrin, and then thoroughly

mixed with 100 ml physiological saline. After centrifugation at

500 × g for 15 min, the supernatant was discarded. The

precipitated red blood cells were washed three times with

physiological saline until the supernatant was clear. The red

blood cell samples were diluted with physiological saline to

prepare a 2% suspension and divided into three groups as

follows. Negative control group:100 μl suspension with 100 μl

physiological saline; Exosome group: 100 μl suspension with

20 μg hiPSC-exosomes in 100 μl physiological saline (final

concentration: 100 μg/ml); Positive group: 100 μl suspension

with 100 μl distilled water. All experiments were conducted in

a 96-well plate. Samples were incubated at 37°C for 3 h and then

absorbance was measured at 540 nm in a microplate reader

(Tecan, Switzerland).

DNA damage assay

Leukocytes were isolated from blood using lymphocyte

separation medium (Solarbio, P8900) and incubated in a 6-

well plate at 37°C for 24 h. Camptothecin (Aladdin, C111281-

20mg; 50 μM) was used as a positive control, PBS as a negative

control, and 200 μg hiPSC-exosomes (final concentration:

100 μg/ml) as the experimental group. Treated cells were

collected and an OxiSelect™ Comet Assay kit (Cell Biolabs

STA-350) was used to perform the alkaline comet assay

(Singh et al., 1988). The condition for single cell

electrophoresis was 1 V/cm (width of electrophoresis tank),

electrophoresis time was 20 min, and 300 mA lateral flow

electrophoresis was adjusted. Vista Green DNA Dye was used

to detect comet its entirety under a fluorescence microscope

(Mshot, China). Comet length was analyzed by open comet

software (Gyori et al., 2014).

Cellular uptake and cytotoxicity assays

RAW264.7 cells were seeded in a 6-well plate to prepare for

hiPSC-exosome uptake. After washing with PBS, cells were

treated with PKH26-labeled hiPSC-exosomes at 37°C for 3 h

in serum-free medium (Somiya et al., 2018; Guan et al., 2022).

Then, the cells were washed with cold PBS twice and fixed with

4% paraformaldehyde. After mounting on coverslips with anti-

fluorescence quenching mounting medium containing DAPI

(Solarbio, S2110), the sample was observed under a laser

scanning confocal microscope (Olympus, Japan).

RAW264.7 cells were seeded in a 96-well plate (2 × 104 cells/

well) and treated with up to 200 μg/ml hiPSC-exosomes at 37°C

for 24 h. Cell viability was then measured by Cell Counting Kit-8

(Solarbio, CA1210) in accordance with the manufacturer’s

instructions.

Muscle stimulation

Eight healthy New Zealand rabbits weighing approximately

2 kg were selected (equal number of males and females). Negative

control group: 200 μl PBS; Exosome groups: 100 and 200 μg

hiPSC-exosomes diluted with 200 μl PBS (final concentrations:

500 and 1,000 μg/ml, respectively). Left and right legs were used

as experimental and negative control groups, respectively.

Animals were acclimated for 1 week before injection. For

injection, the needle was inserted vertically into the quadricep

muscle in the front of the thigh halfway between the knee and hip

joint.

At 48 h after injection, we observed whether the injection site

had changed (Sun et al., 2016). After sacrifice by an air injection,

two pieces of tissue parallel and perpendicular to the quadricep

muscle were collected to perform pathological analysis.

Vascular stimulation

Eight healthy New Zealand rabbits weighing approximately

2 kg were selected for the experiment (equal number of males and

females). Marginal ear vein administration was performed after

1 week of acclimation. Then, 100 and 200 μg hiPSC-exosomes
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diluted with 200 μl PBS (final concentrations: 500 and 1,000 μg/

ml, respectively) were applied to the experimental group, and the

negative control received 200 μl PBS. hiPSC-exosomes were

injected via the left ear marginal vein, and the right ear was

injected with the same amount of PBS as the control. Rabbits

were injected at the same time for three consecutive days and the

location of each injection point was continuously close to the

proximal end of the ear. We observed whether blood vessels and

surrounding tissues had changed and recorded rectal

temperature. Animals were sacrificed at 48 h after the last

injection. Surrounding tissues were collected, fixed with 10%

formaldehyde solution, and the degree of vascular irritation was

evaluated by visual observation and pathological sections.

Hematology assay

SD rats weighing 250–350 g were selected (15 males and

15 females). A total of 30 rats were divided into five groups with

an equal number of males and females in each group. Group

1 rats were subjected to tail vein injection of 200 μl PBS as the

negative control for the tail vein group. Group 2 rats were

subjected to tail vein injection of 100 μg hiPSC-exosomes

diluted with 200 μl PBS (final concentration: 500 μg/ml).

Group 3 rats were subjected to tail vein injection of 200 μg

hiPSC-exosomes diluted with 200 μl PBS (final concentration:

1,000 μg/ml). Group 4 rats were subjected to nasal

administration of 20 μl PBS in left and right nostrils as the

negative control for the nasal administration group. Group

5 rats were subjected to nasal administration of 3 × 109

hiPSC-exosomes diluted with 20 μl PBS in left and right

nostrils. At days 1, 6, 13, and 20 after administration, 1 ml

blood was collected for routine blood examinations using an

automatic blood cell analyzer (Mindray, China) and blood

biochemistry using an automatic blood biochemical analyzer

(Urit, China). Changes in cellular and humoral immunities

were analyzed by an Acoustic Focusing Flow Cytometer

(Invitrogen, United States) and microplate reader (Tecan).

The antibodies used for flow cytometry were anti-CD3

(Invitrogen, 11-0030-82) (Steines et al., 2021), anti-CD4

(Invitrogen, 17-0040-80), anti-CD8 (Invitrogen, 12-0084-82)

(Aiello et al., 2017). ELISA kits (Elabscience, IgA E-EL-R3015,

IgM E-EL-R3016, and IgG E-EL-R0518c) (He et al., 2019) were

used to detect immunoglobulins.

Parkinson’s disease model

Twelve-week-old C57 male mice were selected for model

establishment. Mice were anesthetized with a 2,2,2-

tribromoethanol solution before injection with 6-

hydroxydopamine (3.3 μg/μl) using a stereotaxic apparatus.

Injections were performed at the following two coordinates:

anteroposterior (AP), 0.3 mm; mediolateral (ML), −2.2 mm;

dorsoventral (DV), −3 mm; AP, 1.1 mm; ML, −1.7 mm;

DV, −2.9 mm. The 6-hydroxydopamine solution (2 μl) was

injected at each point and the needle was left in place for

5 min to promote drug absorption and prevent reflux. Then,

20,000 IU penicillin was injected for the first 3 days after the

operation to prevent surgical infection. One week after surgery,

mice received an i.p. injection of apomorphine (0.5 mg/kg). After

5 min of acclimatization, rotational data were continuously

recorded for 30 min and the number of revolutions of more

than seven circles per minute was considered to be successful

model establishment (Pan et al., 2015; Niu et al., 2018; Chen et al.,

2020). Additionally, western blotting (Tyrosine Hydroxylase,

Abcam, ab75875) (Henriques et al., 2020), HE staining,

immunohistochemistry (Tyrosine Hydroxylase, Abcam,

ab137869) (Sun et al., 2021b), and Nissl staining were used to

verify the reliability of the model.

Biodistribution of hiPSC-exosomes

Nasal administration of hiPSC-exosomes labeled with

PKH26 (excitation: 551 nm; emission: 567 nm) was performed

for mouse organ imaging (PerkinElmer, United States; IVIS

Lumina LT Series III). The Parkinson’s mouse model

established by 6-hydroxydopamine was used as the

experimental group and normal mice were the control

group. The dose administered to mice was about one-tenth of

the number of particles administered to rats in accordance with

body weight. A total of 3 × 108 hiPSC-exosomes in 20 μl was

administered nasally to each mouse. Mice were deprived of water

and food for 12 h before imaging and sacrificed at specific time

points for organ fluorescence intensity imaging (Yi et al., 2020).

Fluorescence values of each organ were used for analysis.

Statistical analysis

Statistical analysis was performed using GraphPad Prism

v.8.3 for Windows. Intergroup differences were analyzed by the

t-test for two groups or one-way ANOVA for more than two

groups. Data are presented as the mean ± SEM.

Results

Typical features of hiPSCs

To determine whether the cell line had the features of

hiPSCs, we assessed the morphological appearance,

karyotype, pluripotency markers, and differentiation of the

three germ layers. The cells showed colony formation in

serum-free medium under trophoblast-free growth
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conditions (Figure 1A). There were 22 pairs of autosomes and

one pair of XY sex chromosomes, which demonstrated a

normal karyotype (Figure 1B). Immunofluorescence

demonstrated that the cells expressed pluripotency markers

Oct4, Tra-1-60, Nanog, and Sox2 (Figure 1C). They had the

ability to differentiate into the three germs layers, including

endoderm, mesoderm, and ectoderm, as evidenced by

expressing Otx2 and Sox1 in endoderm, Brachyury and

Hand1 in mesoderm, and Sox17 and Gata-4 in ectoderm

(Figure 1D). These findings indicated that the cell line had

the characteristics of hiPSCs and could be used in subsequent

experiments.

Characterization of hiPSC-exosomes

To evaluate the characteristics, exosomes was isolated from

serum-free medium of hiPSCs though ultracentrifugation.

Exosomes derived from hiPSCs were cup-shaped under a

transmission electron microscope (Figure 2A). The mean

diameter of 143.5 nm was observed by nanoparticle tracking

analysis (Figure 2B). Typical protein markers CD9 and

TSG101 were detected, whereas Calnexin was not detected by

western blotting (Figure 2C). Other specific protein markers were

detected by a Flow NanoAnalyzer, a novel detection method for

hiPSC-exosomes (Figure 2D). These results confirmed the

FIGURE 1
Characterization of hiPSCs. (A) Normal monoclonal morphology of hiPSCs in serum-free medium assessed by optical microscopy. Scale bar
represents 20 μm. (B) Normal chromosomes revealed by karyotype analysis of hiPSCs. (C) Immunofluorescence images of pluripotency markers
(Oct4, Tra-1-60, Nanog, and SOX2) in hiPSCs. Scale bar represents 50 μm. (D) Immunofluorescence images of germ layer markers after hiPSC
differentiation. Scale bar represents 50 μm.

Frontiers in Bioengineering and Biotechnology frontiersin.org05

Gu et al. 10.3389/fbioe.2022.949724

https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2022.949724


characteristics of hiPSC-exosomes, indicating that the exosomes had

been successfully purified and could be used for subsequent cell and

animal experiments.

Hemolytic effect of hiPSC-exosomes

Because hemoglobin released by hemolysis can affect blood

vessels and body systems, we first evaluated the safety of hiPSC-

exosomes at the cell membrane. The influence of hiPSC-exosomes

on the cell membrane was determined by a red blood cell hemolysis

assay. After 3 h of incubation with hiPSC-exosomes, no hemolysis

was observed in a red blood cell suspension (Figure 3A). The

absorbance of the hiPSC-exosome group was similar to that of

the control and showed significant difference from the positive

group. Taken together, these finding indicated that hiPSC-exosomes

had no effect on hemolysis.

Assessment of DNA damage caused by
hiPSC-exosomes

Next, we performed a comet assay to evaluate the effect of

hiPSC-exosomes on DNA. The degree of DNA damage was

determined by the length of the comet tail. White blood cells were

treated with PBS, hiPSC-exosomes, and CPT and then subjected

to single cell electrophoresis. A DNA dye was used to detect the

whole comet. Compared with the positive group, PBS and hiPSC-

exosome groups did not clearly display the comet tail. Thus, there

was no significant effect of hiPSC-exosomes in causing DNA

damage (Figures 3B,C).

Cellular uptake and cytotoxicity of hiPSC-
exosomes

We assessed cellular uptake and cytotoxicity to determine the

effects of hiPSC-exosomes on cells. Macrophages have ability to

phagocytose exosomes (Parada et al., 2021). Mouse macrophage-

like cell line RAW264.7 was treated with PKH26-labeled hiPSC-

exosomes. Confocal microscopy showed that PKH26-labeled

hiPSC-exosomes were phagocytized by RAW264.7 cells

(Figure 3D).

RAW264.7 cells were treated with various protein

concentrations of hiPSC-exosomes for 24 h. Cell Counting

Kit-8 was then used to evaluate cytotoxicity. The cell viability

curve showed that the growth status of macrophages was

unchanged by hiPSC-exosomes at all concentrations

FIGURE 2
Characterization of exosomes derived from hiPSCs. (A) Cup-shaped structure of hiPSC-exosomes under a transmission electron microscope.
(B) Particle size distributionmap of hiPSC-exosomes generated by nanoparticle tracking analysis. (C) Specific proteinmarkers (CD9 and TSG101) and
negative protein marker (Calnexin) in hiPSC-exosomes detected by western blotting. (D) Isotype control IgG and specificmarkers (CD63, and CD81)
in hiPSC-exosomes detected by a Flow NanoAnalyzer.
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(Figure 3E). The viability of RAW264.7 cells remained at near

100%, even with the highest concentration of 200 μg/ml. These

data suggested that the hiPSC-exosomes had no cytotoxicity in

vitro.

The evaluation of hiPSC-exosomes at the cellular level

indicated that the hiPSC-exosomes had no adverse effects on

cell membranes, DNA, or cell proliferation.

Muscle stimulation

To further investigate the safety of hiPSC-exosomes at the

animal level, we explored three injection methods to evaluate

the influence on various tissues, organs, and systems. We first

evaluated the effect of hiPSC-exosomes on muscle tissues by

intramuscular injection. Intramuscular injection into

quadriceps was performed after the rabbits were acclimated

for 1 week. After injection, there was no edema or congestion

at the injection sites in hiPSC-exosome and control groups.

Samples were collected from the quadricep femoris after

sacrificing the rabbits.

By visual observation and analysis of pathological sections,

muscle tissues showed well-defined muscle fiber bundles with a

normal form. Muscle cells in the cut surface of muscle tissue were

slender and cylindrical multinucleated with different lengths.

The nucleus was located near the sarcolemma around the cell, the

nucleus was oval, and the nucleolus was obvious. The muscle

fibers in the muscle bundles were closely arranged and most of

them had an angular appearance without degeneration, necrosis,

or inflammatory cell infiltration in hiPSC-exosome groups and

showed no significant differences comparing with the control.

Taken together, these results showed that i.m. injection of hiPSC-

exosomes was safe and hiPSC-exosomes did not stimulate muscle

tissues (Figure 4B).

Vascular stimulation

To determine the effect of hiPSC-exosomes on blood

vessels, we performed ear vein injections in New Zealand

rabbits. During the administration, ear veins of the rabbits

were clear and there was no vascular hemorrhage, congestion,

edema, inflammation, tissue necrosis, or other phenomena. At

48 h after the last administration, vascular tissue was collected

for sectioning.

H&E staining showed that the morphology of subcutaneous

tissue was normal in control and hiPSC-exosome groups.

Vascular endothelial cells of the ear vein were arranged

normally, skin tissue of the auricle showed slight

hyperkeratosis of the epidermis, and no obvious abnormality

FIGURE 3
Safety evaluation of hiPSC-exosomes at the cellular level. (A) Absorbance values of various groups of erythrocyte suspensions at 540 nm. N =
4 per group (ns, no statistical difference; ****p < 0.0001). (B) Fluorescence image of DNA after alkaline comet electrophoresis of leukocytes in PBS,
hiPSC-exosomes, and the 50 μMcamptothecin group. (C) Tail length analysis of comets in the three groups.N = 5 per group (*p < 0.05). (D) PKH26-
labeled hiPSC-exosome uptake by RAW264.7 cells under laser scanning confocal microscopy. (E) Viability of RAW264.7 cells treated with up to
200 μg/ml hiPSC-exosomes. N = 4 per group. Data are expressed as the mean ± SEM.
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was observed in the dermis. There was no inflammatory cell

infiltration in blood vessels, thickening of the blood vessel wall, or

obvious necrosis, degeneration, and inflammation around the

wall change (Figure 4C). Similarly, there was no significant

difference in the rectal temperature of the rabbits over time in

hiPSC-exosome groups compared with the control group

(Supplementary Table S1). These results suggested that the

injections of hiPSC-exosomes did not affect body temperature

and had no stimulatory or adverse effects on vessels.

Therefore, we further evaluated other safety through

intravenous injection.

Safety evaluation of hiPSC-exosomes in
terms of hemocyte parameters

To confirm whether blood and immunity were influenced

by hiPSC-exosomes, we performed hiPSC-exosome

administration in rats. Administration of hiPSC-exosomes

was divided into three groups including tail vein injection of

two protein concentrations and nasal administration (n.a.).

The two control groups were administered PBS via the tail

vein (C1) or nasal cavity (C2). At various days after

administrations, blood was collected for analysis.

The blood was collected from rats for assessment by a

hematology analyzer. On day 1 (Figure 5), there was a

statistically significant difference in HCT and PLT between

C2 and nasal administration groups. On day 6, there was a

statistically significant difference in Gran between C2 and

nasal administration groups as well as HGB on day 20

(Supplementary Figure S1). RBC showed no significant

differences between the groups at the four time points. The

number of WBCs and Lymph showed some differences among

the groups, but there was no significant difference. There were

no significant differences in Lymph% or MPV at each time

point. Gran%, Mon, and Mon% showed no significant

different at each time. The trend at other times was similar

with no significant difference (Supplementary Figure S1).

Changes in routine blood indexes were all within the

reference ranges of healthy rat indexes.

FIGURE 4
Muscle and vascular stimulation by hiPSC-exosomes. (A) Experimental design for injection of hiPSC-exosomes into muscle and vascular
stimulation. (B) HE staining of muscle in cross-sections and longitudinal sections from control and experimental groups. N = 4 per group. (C) HE-
stained sections of marginal ear veins in control and experimental groups. N = 4 per group.
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Thus, we considered that different injection routes may influence

some routine blood indexes, but all of themwere within the reference

range, indicating that tail vein injection and nasal administration of

hiPSC-exosomes have no effect on blood cells.

Safety evaluation of hiPSC-exosomes in
the rat liver and kidneys

Next, rat serum was collected to evaluate liver and kidney

functions by blood biochemical indexes. Liver and kidney

function indicators showed changes in all groups at each time

point (Figures 6A–F). ALT content showed significant

difference on days 13 and 20 between C2 and n.a. groups.

The urea content showed a significant difference on day

1 between C2 and n.a. groups and on day 6 between 200 μg

and C1, 100 μg, n.a. groups. ALB and TP contents showed

significant differences between C2 and n.a. groups on day 1.

There were no significant differences in AST and CHOL. All

values evaluated were within the reference ranges. These

results suggested that hiPSC-exosomes had no negative

effect on the liver and kidney functions of rats.

FIGURE 5
Routine blood analyses of SD rats on day 1. (A)White blood cell count. (B) Red blood cell count. (C)Hematocrit (*p < 0.05). (D)Hemoglobin. (E)
Lymphocyte count. (F)% Lymphocytes. (G) Platelet count (**p < 0.01). (H)Mean platelet volume. (I)Neutrophil count. (J)%Neutrophils. (K)Monocyte
count. (L)%Monocytes.N=4 per group. Data are expressed themean± SEM. (C1, Control 1; C2, Control 2). Reference ranges:WBCs. 2.9–15.3 × 109/
L; RBCs, 5.60–7.89 × 1012/L; HCT 36%–46%; HGB, 120–150 g/L; Lymph, 2.6–13.5 × 109/L; Lymph%, 63.7%–90.1%; PLT, 100–1,610 × 109/L;
MPV, 3.8–6.2 fL; Gran. 0.4–3.2 × 109/L; Gran% 7.3%–30.1%; Mon, 0–0.5 × 109/L; Mon%, 1.5%–4.5%.
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FIGURE 6
Blood biochemical indexes and pathological changes in rat organs. (A) Alanine aminotransferase (*p < 0.05). (B) Aspartate aminotransferase. (C)
Total cholesterol. (D) Urea (*p < 0.05). (E) Albumin (*p < 0.05). (F) Total protein (*p < 0.05).N = 4 per group. Data are expressed the mean ± SEM. (C1,
Control 1; C2, Control 2). Reference ranges: ALT, 38.84–85.56 IU/L; AST, 75.79–237.34 IU/L; CHOL, 1.05–2.61 mmol/L; Urea, 2.15–8.31 mmol/L;
ALB, 30.89–45.08 g/L; TP, 52.41–85.53 g/L. (G) HE-stained pathological sections of major organs in the Control 1 group on days 1 and 20. (H)
HE-stained pathological sections of major organs in the 200 μg hiPSC-exosome group on days 1 and 20.
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Pathological observation of hiPSC-
exosomes in various rat organs

Next, we prepared HE-stained pathological sections from

rats on days 1 and 20 to investigate whether rat organs had been

influenced by the injections (Figures 6G,H). Visual observation

and pathological analysis demonstrated no pathological

abnormalities or inflammatory cells infiltrates in sections of

the heart, liver, spleen, lungs, kidneys, or brain.

Safety evaluation of hiPSC-exosomes in
terms of humoral and cellular immunities
in rats

Effects on humoral and cellular immunities in rats were

investigated by ELISAs and flow cytometry. On day 1, IgA

contents were different between C2 and nasal administration

groups. IgM showed significant differences on day 1 between

100 μg, 200 μg, and C1 groups as well as C2 and n.a. groups on

day 6. IgG content showed more obvious differences on days

1 and 13 (Figure 7A).

Flow cytometry was used to measure the ratios of T-cell subsets

(Figures 7B,C). The ratio of CD4+ T-cells showed a difference on day

6 between C1 and n.a. groups. The ratio of CD8+ T-cells between

C1 and 200 μg groups showed a difference on day 6.

These data suggested that the influence of hiPSC-exosomes

on humoral and cellular immunities reflected by

immunoglobulins and T-cell subsets was slight and no

obvious trend of negative effects was observed.

Taken together, these findings provided evidence that both

administration routes of hiPSC-exosomes were safe in terms of

blood components, liver and kidney functions, and organs, and had

no adverse trend in humoral and cellular immunities of rats.

FIGURE 7
Effects of hiPSC-exosomes on humoral and cellular immunities. (A)Changes of IgA, IgM, and IgG contents in the four groups of rats on days 1, 6,
and 13.N= 4 per group (*p < 0.05; **p < 0.01). (B) Representative histograms of tail vein and nasal administration of hiPSC-exosome groups and their
control groups in flow cytometry. (C) Analysis of changes in the ratios of CD4+ and CD8+ T-cells on days 1, 6, and 13.N= 4 per group (*p < 0.05). Data
are expressed as the mean ± SEM.
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Biodistribution of hiPSC-exosomes in a
mouse model of Parkinson’s disease

Next, we evaluated the biodistribution of hiPSC-exosomes in

a Parkinson’s disease model in mice. Parkinson’s disease model

mice dosed after apomorphine verified for successful model

establishment.

HE pathological sections, immunohistochemistry, and Nissl

staining also demonstrated the reliability of the model

(Figure 8A). There were differences in the contents of tyrosine

hydroxylase in left and right brain hemispheres of control and

Parkinson’s disease model mice (Figure 8B). Immediately after

sacrificing the mice, organs were harvested for fluorescence

imaging.

Fluorescence images showed that labeled hiPSC-exosomes

were mainly in the liver, kidneys, brain, and lungs (Figures

8C,D). The tendency of the exosome distribution was

essentially consistent with a previous study (Wiklander

et al., 2015). The differences between control and

Parkinson’s disease model mice were mostly in the brain

and liver. Control mice had the highest average

fluorescence in the brain, whereas the Parkinson’s disease

model mice had the highest average fluorescence in the liver.

The average florescence of the PD group was mainly higher

than that of the control group. The exosome residence time in

both groups was >48 h. Therefore, the labeled hiPSC-

exosomes had a different organ biodistribution between

control and Parkinson’s disease model mice.

Discussion

As a new regenerative medicine and drug delivery system,

exosomes have received much attention in recent years.

hiPSC-exosomes from pluripotent stem cells may inherit

their advantages, which may enable more treatment

FIGURE 8
Parkinson’s mouse model test and in vivo organ imaging. (A)HE staining, IHC of tyrosine hydroxylase, and Nissl-stained sections of control and
PD groups. (B) Contents of tyrosine hydroxylase in left and right brain hemispheres of PD and control mice measured by western blotting. (C)
Representative fluorescence images of organs in control and PD groups. (D) Fluorescent intensity of major organs at 1, 12, 24, and 48 h. N = 3 per
group. Data are expressed as the mean ± SEM.
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approaches for diseases (Jung et al., 2017; Wang, 2021; Zhou

et al., 2021). Exosomes derived from hiPSCs have the potential

to treat skin and eye diseases, and especially cardiovascular

diseases (Germena and Hinkel, 2021). With the wide

applications of hiPSC-exosomes, the establishment of a

safety evaluation system is urgent and important to boost

the progress of research and clinical trials.

To this end, we evaluated hiPSC-exosomes at the cell level

by their influence on the cell membrane, DNA, and cell

proliferation as well as the animal leave by their influence

on muscle, vessels, the blood system, and humoral and cellular

immunities.

First, we identified the characteristics of hiPSCs and their

exosomes to ensure the accuracy of experiments. Because

exosomes have the same topology as cells (Kalluri and

LeBleu, 2020), exosomes pass through the cell membrane

by exocytosis and not through channels. Accordingly, the

interaction occurs first at the cell membrane. We used red

blood cell suspension from rabbits to determine whether

exosomes rupture the cell membrane and cause hemolysis.

Our results indicated that hiPSC-exosomes did not affect the

cell membrane. These results are consistent with a previous

study on the hemolytic effect of exosomes derived from

mesenchymal stem cells (Sun et al., 2016), which indicated

they have the same safety profile in terms of hemolytic

effects.

Exosomes enriched with miRNA, RNA, and DNA enter cells

and interact with intracellular RNA and DNA (Pegtel and Gould,

2019). To investigate the influence of hiPSC-exosomes on DNA

in cells, we performed an alkaline comet experiment. The

findings showed that hiPSC-exosomes did not cause DNA

damage in cells. A previous study found that EVs from

various sources have different effects of DNA (Maji et al.,

2017). Our results demonstrated the safety of hiPSC-exosomes

in terms of DNA integrity.

Additionally, we assessed their influence on cell

proliferation, one of the most important functions of a

cell. We first confirmed that the mouse macrophage-like

cell line had ability to phagocytose exosomes and the

results were consistent with a related study (Xie et al.,

2018). Then, we analyzed cell proliferation using Cell

Counting Kit-8. The results showed that hiPSC-exosomes

slightly promoted cell proliferation. This result is similar to

previous findings of EVs (Somiya et al., 2018) which proved

their safety in terms of normal cell proliferation. Taken

together, we established relevant safety evaluations at the

cell level and confirmed that hiPSC-exosomes had no adverse

cellular effects.

Exosomes also have close contact with tissues, organs, and

systems. For proper evaluation, appropriate methods should

be chosen to deliver exosomes in vivo. Unlike i.p. injection,

i.m. and i.v. injections better describe the effect around the

injection site. We chose the quadriceps and ear veins to

identify the feasibility of injection methods and effects on

the surrounding tissue. The results indicated that both

injection approaches were safe and did not cause lesions or

inflammatory cell infiltration. Therefore, intramuscular and

intravenous injections of hiPSC-exosomes are appropriate for

research.

Because the blood system, organs, and humoral and

cellular immunities are potential targets of exosomes, we

carried out routine blood examinations, blood

biochemistry, ELISAs, and flow cytometry for evaluation.

Our results demonstrated that i.v. injection and nasal

administration did not have adverse effect on blood

components, liver and kidney functions, or organs. Some

routine blood examinations and blood biochemical

indicators showed significant differences at some time

points, but all were within the reference ranges of a healthy

rat. There were some differences in the relevant indexes of

humoral and cellular immunities for both administration

routes. We considered that, as a product of human cells,

hiPSC-exosomes may be taken up by rat immune cells

(Wan et al., 2020) and induce a response by immune cells,

which influenced the immune status.

Nasal administration is a novel route of administration,

especially for nanoscale particles that may avoid first-pass

metabolism and gastrointestinal degradation (Cunha et al.,

2017). Our results showed that nasal administration was

feasible in most situations with little differences that may

cause an immune cell response. A previous study reported

that nasal administration might cause an immunoglobulin

response (Prado et al., 2008; Jiang et al., 2022), and we also

found that nasal administration of hiPSC-exosomes caused a

slight immunoglobulin response.

Furthermore, we investigated the distribution characteristics

of nasal administration in vivo. hiPSC-exosomes had a different

biodistribution between control and Parkinson’s disease model

mice. The average fluorescence of Parkinson’s disease model

mice was overall higher than that in the control group. The

largest difference in distribution was found in the brain and liver.

A previous study showed that intranasal administration of

exosomes leads to a more widespread biodistribution, and in

particular, demonstrated enhanced brain accumulation over a

long period (Betzer et al., 2017). Our results are consistent with

previous studies with hiPSC-exosomes in the control group

showing stronger accumulation in the brain. The difference in

organs with the highest fluorescence intensity may be caused by

modeling. Our data showed that the residence time of hiPSC-

exosomes in the body was >48 h, which may facilitate

determining when to perform nasal administration.

In conclusion, the safety of intravenous administration of

hiPSC-exosomes has been proven at the cell level. Nasal

administration as a novel approach to efficiently accumulate

exosomes in the brain may be more easily accepted in the clinic.

The suitable administration route needs to be determined in
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accordance with the experimental requirements. The

distribution, in vivo effects, and pharmacokinetics of hiPSC-

exosomes still require be further study.
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