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Exosome-based regenerative therapies are potentially easier to manufacture and safer to apply compared to cell-
based therapies. However, many questions remain about how to bio-manufacture reproducible and potent
exosomes using animal-free reagents. Here we evaluate the hypothesis that designer biomaterial substrates can
be used to alter the potency of exosomes secreted by human induced pluripotent stem cells (iPSCs). Two animal-
free designer matrices were fabricated based on recombinant elastin-like polypeptides (ELPs): one including a
cell-adhesive RGD ligand and a second with a non-adhesive RDG peptide. While iPSCs cultured on these two
substrates and Matrigel-coated controls had similar levels of proliferation, the RDG-ELP substrate significantly
increased protein expression of stemness markers OCT4 and SOX2 and suppressed spontaneous differentiation
compared to those on RGD-ELP. The pro-survival potency of iPSC-derived exosomes was evaluated using three
distinct stress tests: serum starvation in murine fibroblasts, hypoxia in human endothelial cells, and hyper-
osmolarity in canine kidney cells. In all three cases, exosomes produced by iPSCs grown on RDG-ELP substrates
had similar pro-survival effects to those produced using iPSCs grown on Matrigel, while use of RGD-ELP sub-
strates led to significantly reduced exosome potency. These data demonstrate that recombinant substrates can be
designed for the robust bio-manufacturing of iPSC-derived, pro-survival exosomes.

1. Introduction

Stem cells are considered an important cell source for regenerative
medicine and have been explored for a wide array of potential thera-
peutic uses, including treatment of myocardial infarction, retinal dis-
eases, spinal cord injury, wounds, and stroke [1-3]. Human induced
pluripotent stem cells (iPSCs), first described in 2007 [4], closely
resemble embryonic stem cells (ESCs) [5,6] while overcoming two

important obstacles associated with ESCs: immune rejection after
transplantation and ethical concerns regarding the use of human em-
bryos [4,7]. Mounting evidence suggests that much of the regenerative
capacity of iPSCs lies in their paracrine secretion of extracellular vesicles
including exosomes, an extracellular vesicle with an endosomal origin
[8,9]. Delivery of iPSC-secreted exosomes, which are typically 30-150
nm in diameter, has emerged as a promising approach to achieve a
cell-free alternative to stem cell therapy [10-12]. In some instances,
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stem cell-derived exosome treatment has shown an identical or
improved outcome compared to cell-based therapy [13,14]. In general,
cell-free therapies are thought to be easier to bio-manufacture and safer
for clinical translation compared to cellular therapies [11], which
require strict storage and shipping protocols to maintain cell viability
and stringent cell characterization methods to avoid potential teratoma
formation [15,16].

To accelerate clinical translation of potential exosome therapies,
protocols must be developed to ensure the robust bio-manufacturing of
potent exosomes without the use of animal-derived reagents, as these
materials suffer from variation between batches and potential contam-
ination with animal proteins or pathogens, all of which can lead to un-
expected outcomes [17,18]. To this end, we herein evaluate the use of
animal-free, designer biomaterials as substrates for iPSC-derived exo-
some manufacturing. Several biomaterial strategies, including micro-
grooved culture substrates and combinatorial biopolymer mixtures,
have been reported to alter the phenotype of iPSC-derived cells through
cell-substrate interactions [19,20]. Thus, we hypothesized that designer
biomaterial substrates with different levels of cell-substrate adhesion
would alter the potency of human iPSC-derived exosomes. While exo-
somes are reported to carry a broad range of bioactive cargo molecules
and hence can result in diverse physiological effects [21,22], for the
purposes of this manuscript we will define “exosome potency” as the
ability of exosomes to protect treated cells from death induced by
external stressors.

Matrigel is widely used as a scaffold material to maintain stemness in
iPSC cultures [23,24], and iPSCs cultured on Matrigel are able to secrete
potent exosomes [25,26]. However, the derivation of Matrigel from
murine Engelbreth-Holm-Swarm sarcoma cells makes this material un-
suitable for clinical applications. Furthermore, Matrigel consists of an
irreproducible, complex mixture of biopolymers, with greater than 45%
batch-to-batch variability [27,28]. In contrast, elastin-like polypeptides
(ELPs), which are recombinant engineered proteins with repetitive
amino acid sequences based on human elastin, have exact chemical
structures that are precisely dictated by the engineered genetic template
[29]. ELPs are a broad class of compatible materials that have been
explored in a number of different biomedical applications [30-32].

ELPs are frequently designed to include a cell-adhesive peptide
motif, often arginine, glycine, aspartic acid (RGD), to promote binding
of cell-surface integrin receptors [33,34]. Integrin heterodimers
comprising sub-units a5, a6, av, p1, and B5 are all abundantly expressed
by human iPSCs and are known receptors for the RGD ligand [35,36].
Alternatively, non-cell-adhesive variants of ELP are created by simply
scrambling the amino acid sequence of the cell-adhesive ligand (RDG)
while maintaining the rest of the amino acid sequence intact [37]. We
hypothesized that these two substrates (ELP harboring the RGD vs. the
RDG peptide) would alter iPSC phenotype, and potentially exosome
potency, since binding of integrins is known to induce a vast number of
structural and signaling changes within cells [38]. By comparing the
potency of exosomes produced using these different substrates, we
sought to identify a reproducible, animal-free substrate that enables
bio-manufacturing of exosomes with similar potency to those produced
using Matrigel.

2. Materials and methods
2.1. Protein synthesis and purification

According to a previously published procedure [39,40], BL21(DE3)
pLysS Escherichia coli E. col) (Life Technologies), having pET15b plas-
mids harboring recombinant genes encoding ELPs under control of the
T7 promoter, were used to express RGD-ELP and RDG-ELP. Terrific
Broth was used to grow the E. coli to an optical density (ODggg) of 0.8,
and the expression of ELP was induced by adding 1 mM isopropyl
fB-p-1-thiogalactopyranoside. Following 7 h, the E. coli were collected by
centrifugation, resuspended in TEN buffer (pH 8.0, 10 mM Tris, 100 mM
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NaCl and 1 mM ethylenediaminetetraacetic acid (EDTA)), and lysed by
three freeze-thaw cycles. One mM phenylmethanesulfonyl fluoride
protease inhibitor and DNAse I were added to the lysates. Inverse tem-
perature cycling and dialysis against deionized water were carried out
for purification and desalination of ELPs, respectively. After lyophili-
zation, the ELP appears as a white solid, and protein purity was
confirmed by Western blot (Fig. S1A). Purified protein was solubilized in
Dulbecco’s phosphate buffered saline (DPBS) overnight at 4 °C prior to
use. The ELPs have a repeating elastin-like VPGxG sequence, where x is I
(isoleucine) in 80% of the repeats, and x is K (lysine) in 20% of the re-
peats. Fifteen VPGXG repeats were included in a single ‘“elastin-like
domain,” and four elastin-like domains were interspersed with four
fibronectin-derived domains in the full-length ELP. This resulted is a
total of 60 VPGxG repeats in each ELP protein. The transition temper-
ature was 32 °C, and plate coatings were performed below the transition
temperature [41]. The tag region was not removed for our cell experi-
ments. The two engineered proteins, RDG-ELP and RGD-ELP, were
identical in their amino acid content; they simply vary in the order of the
two amino acids D and G. Due to this identical amino acid content, the
two polymers had identical molecular weight, identical isoelectric point,
identical lower critical solution temperature (LCST) behavior, and
identical surface coverage properties. Thus, changes in cell behavior on
these two substrates can be directly attributed to altered integrin
engagement with the RGD ligand [42,43].

2.2. Substrate preparation

Adsorbed substrates (RDG-ELP and RGD-ELP) were prepared on
tissue culture plates by dissolving lyophilized protein in DPBS at 1 mg/
ml, pipetting these solutions on top of the surfaces, and incubating the
samples overnight at 4 °C. Control surfaces were prepared using
Matrigel (6 pg/cm?, BD Biosciences) for 30 min at 37 °C or tissue culture
plates without Matrigel coatings. All surfaces were washed thrice with
DPBS at room temperature. The amount of adsorbed protein was
quantified using a bicinchoninic acid assay (BCA) according to the
manufacturer’s recommended protocol (Pierce, Rockford, IL, USA).
Simultaneously, a set of standard solutions containing known concen-
trations of the protein of interest were prepared in DPBS (0, 7.5, 15, 30,
60, and 120 pg/ml) and mixed with an equal volume of BCA working
reagent. All reaction plates were sealed and incubated for 1 h at 60 °C.
The solutions were then equilibrated at room temperature for ~20 min,
and absorbance readings were taken at 562 nm (Fig. S1B).

2.3. Culture of iPSCs

Human iPSC lines (SCVI480, 511.3, and IBMS-iPSC-001-02) were
obtained from the Stanford Cardiovascular Institute iPSC Biobank (kind
gift from Prof. Joseph C. Wu) [44], Prof. Theo Palmer at the Stanford
Neurosurgery Department [45], and the Human Disease iPS Cells Ser-
vice Consortium (Taiwan) [46], respectively. Pluripotency of the iPSCs
was previously confirmed by the expression of pluripotency genes and
also validated by teratoma formation in NOD-SCID mice [44-46]. The
iPSCs were maintained under feeder-free conditions in defined E8 me-
dium (Life Technologies) on tissue culture plates and passaged every 3-4
days in 5% CO3/5% 02/90% N, environment at 37 °C. Cultures were
plated on freshly prepared substrates for all experiments to standardize
the procedure.

2.4. Polyethylene glycol (PEG) enrichment of exosomes

Exosomes were purified following a previously reported protocol
[47]. Briefly, vesicle-containing medium from cell cultures was centri-
fuged at 300 xg for 10 min followed by 2000 x g for another 10 min and
10,000 xg for 30 min at 4 °C to remove large apoptotic bodies and
cellular debris. After centrifugation, stock solutions of 40 wt% PEG
(8000 MW) and 0.5 M NacCl (Sigma-Aldrich) were added to the solution
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to achieve a final concentration of 10 wt% PEG and 50 mM NacCl,
respectively. Samples were mixed thoroughly by inversion and incu-
bated at 4 °C for at least 14 h. The next day, samples were centrifuged at
10,000 xg for 60 min at 4 °C. Conical tubes were then decanted and
allowed to drain for 5 min, tapping occasionally to remove excess PEG.
The resulting pellet was re-suspended in 1 ml DPBS and centrifuged at
110,000 xg for 2 h to wash and re-pellet the vesicles. Obtained exosome
samples were stored at —80 °C until use.

2.5. Exosome characterization

Total protein from the exosome pellet was extracted in Radio-
Immune Precipitation Assay (RIPA) lysis buffer (Thermo Fisher Scien-
tific), and protein concentrations were determined with the BCA Protein
Assay Kit according to manufacturer’s protocol. Samples with equal
protein concentrations (20 pg/ml) were boiled at 95 °C for 5 min and
loaded onto sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE) (12% separating gel and 5% stacking gel), then transferred
to a polyvinylidene difluoride (PVDF) membrane (Thermo). The mem-
branes were blocked with 5% nonfat dry milk and incubated with the
primary antibodies overnight at 4 °C (Alix antibody, 1/500, ab117600;
anti-HSP70 antibody,1/500, ab181606; anti-CD63 antibody, 1/500,
ab134045; anti-CD81 antibody, 1/500, ab155760; TSG101 antibody, 1/
500, ab125011; Calnexin antibody, 1/1000, ab22595, Abcam). The
membranes were rinsed and incubated with secondary antibodies for 1 h
with anti-rabbit, peroxidase-conjugated IgG secondary antibodies
(#711-035-152, Jackson ImmunoResearch) diluted to 1/10,000 in TBST
(Tris-buffered saline, 0.1% Tween 20). Protein-antibody complexes
were visualized by chemiluminescence with the SuperSignal West Pico
Chemiluminescent Substrates (Pierce) using a ChemiDoc MP gel imag-
ing system (Bio-Rad). Densitometry analysis of the protein expression
was normalized to expression of the loading controls glyceraldehyde-3-
phosphate dehydrogenase (GAPDH, 1/10,000, ab8245, Abcam) or
tubulin (1/20,000, sc-32293, Santa Cruz Biotechnology) and performed
using ImageJ. The particle size of the exosomes was measured with
transmission electron microscopy (Hitachi HT7800) and NanoSight
analysis (NanoSight NS300).

2.6. Western blot analysis and immunofluorescence of iPSCs

Equal amounts of protein (30 pg) in SDS-PAGE sample buffer were
sonicated and subjected to electrophoresis on 12% SDS-polyacrylamide
gels. After transfer to PVDF membranes, proteins were incubated with
primary antibodies (OCT4, 1/1000, ab19857; SOX2, 1/1000, ab97959;
NANOG, 1/1000, ab21624; SOX17, 1/1000, ab155402; PAX6, 1/1000,
ab5790; Brachyury, 1/1000, ab20680, Abcam). The membranes were
prepared and analyzed with secondary antibodies as described above.
Densitometry analysis of the protein expression was normalized to
expression of the loading controls GAPDH (1/10,000, ab8245, Abcam)
or tubulin (1/20,000, sc-32293, Santa Cruz Biotechnology) and per-
formed using ImageJ. A minimum of three experimental repeats were
used to perform the statistical analyses.

To perform immunostaining, samples were washed in PBST and
blocked with 2% bovine serum albumin (BSA) for 30 min at room
temperature. Samples were then incubated overnight at 4 °C with pri-
mary antibodies against OCT4 (1/1000), YAP (1/200, #14074, Cell
Signaling), phospho-YAP (1/200, ab172374, Abcam) for iPSCs or
cleaved Caspase-3 (1/400, D175, Cell Signaling) for the recipient cells
treated with iPSC-derived exosomes. Samples were subsequently stained
with fluorescently labeled secondary antibodies with AF 546 goat anti-
rabbit secondary antibodies (1/500, Life Technologies) overnight at
4 °C. Addition of phalloidin-633 (actin stain, 1/250), and 4,6-diamidino-
2-phenylindole (DAPI) (nuclear stain, January 2000 dilution in PBST, 2
h) were performed on the next day. Samples were washed and mounted
for visualization on a Leica confocal microscope (DMI4000 B). The mean
fluorescence intensity (MFI) was determined as the mean of the regions
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of interest (ROIs) in ImageJ software. MFI of target proteins was
normalized to MFI of DAPI as an internal control to account for sample
to sample variations. A minimum of three experimental repeats were
used to calculate the averages and to perform the statistical analyses.

2.7. Reverse transcription PCR (RT-PCR)

Total RNA was isolated using a TRIzol® Reagent (Ambion) and
phenol-chloroform extraction with a Phase Lock Gel (5 PRIME) ac-
cording to the manufacturer’s protocol. The amount of the total RNA
from each sample was quantified using a Nanodrop1000 spectropho-
tometer (Thermo Fisher Scientific). Reverse transcription of isolated
RNA was then performed using a T100 Thermal Cycler (Bio-Rad) ac-
cording to the manufacturer’s protocol. Using serial dilutions of cDNA,
gPCR was performed for several stem cell lineage genes including
SOX16 (Endoderm), PAX6 (Ectoderm), and HAND1 (Mesoderm). All the
expression values were normalized to the GAPDH housekeeping gene.
See Supplemental Table S1 for primer sequences.

2.8. Validation of exosome uptake

Mouse NIH 3T3 cells, human umbilical vein endothelial cells
(HUVECs) and Madin-Darby Canine Kidney (MDCK) cells were cultured
and maintained following the supplier’s protocols. A cell seeding con-
centration of 4000 cells/cm? was used for all analyses. Exosomes were
labeled with PKH-67 (Sigma-Aldrich) to determine cellular uptake. In
accordance with the manufacturer’s protocol, exosomes diluted in 1 ml
Diluent C and 4 pl PKH26 dye diluted in 1 ml Diluent C were incubated
together. After 4 min, 2 ml 0.5% BSA in DPBS was added to bind excess
dye. The labeled exosomes were washed in DPBS at 100,000 g for 1 h.
Afterward, the labeled exosomes (5 pg/ml) were incubated with cells for
24 h. After incubation, cells were washed twice with DPBS, fixed in 4%
paraformaldehyde for 10 min, and washed again. Images were captured
with a DMI4000 B confocal microscope (Leica).

2.9. Cell proliferation assay

To measure cell proliferation, the lysed cell samples (5 pl) were ali-
quoted into black 384-well plates, mixed with 20 pl of Tris-EDTA (TE)
buffer, and incubated with 30 pl of Quant-iT PicoGreen dsDNA assay
reagent (Life Technologies) working solution, diluted in 1x TE buffer
(1:200) according to the manufacturer’s instructions, incubated for 5
min protected from light at room temperature. Fluorescence signal
(excitation 485 nm, emission 520 nm) was detected using a fluorescence
plate reader (Multimode Microplate Reader, Model M2, Molecular
Dynamics).

2.10. Mouse NIH 3T3 cell serum starvation test

NIH 3T3 fibroblast cells (ATCC) were cultured in high glucose Dul-
becco’s modified Eagle’s medium (DMEM) (Gibco, USA) supplemented
with 10% Fetal Bovine Serum (FBS), 100 U/ml penicillin, and 100 mg/
ml streptomycin and maintained in a humidified atmosphere and 5%
CO2 at 37 °C. Medium was renewed every 2-3 days until 3T3 fibroblasts
reached 80-90% confluence. At this point, cell passage was conducted
and culture medium without FBS was used to induce cell starvation, and
cells were treated with iPSC-derived exosomes (5 pg/ml or 0.5 pg/ml),
DPBS only as negative control, or standard medium containing FBS
(10%) as a positive control (never exposed to serum starvation). After
48 h, cell viability and spreading area were measured using PicoGreen
and CellTracker™ Red CMTPX (C34552, Invitrogen), respectively.
Briefly, cell spreading area were detected using automatic edge detec-
tion (ImageJ) with 100x magnification based on at least 10 full images
in each group in three independent experiments (Aex = 580 nm, Aeyy =
650 nm for TRITC/CellTracker™ visualization).
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2.11. HUVEC hypoxia test

HUVECs (PromoCell) were maintained in HUVEC growth medium
(EGM-2 Bullet Kit, Lonza). Fresh medium was changed every three days.
Cells were washed twice with DPBS and detached with 0.25% trypsin
and EDTA (Sigma-Aldrich) for passage. Passages between 3 and 5 were
used in our experiments. Once HUVEC reached about 80% confluence,
cultures were serum-starved thereafter and exposed to a hypoxic envi-
ronment of 0% Oy at 37 °C. Following this, HUVECs were also treated
with either iPSC-derived exosomes (5 pg/ml or 0.5 pg/ml), or DPBS as
negative control. Standard maintenance medium with 95% air and 5%
CO, was a positive control. After a further 48 h of exosome treatment,
HUVEC morphology was imaged by phase contrast microscopy (Zeiss,
Axiovert 200 M), and DNA content was quantified using PicoGreen assay
as described above.

2.12. MDCK cell hyperosmolarity test

Type II MDCK cells were grown to subconfluence, rinsed twice with
DMEM, and switched to hypertonic medium without FBS to induce
hyperosmolarity stress. Hypertonic medium was made by addition of
NaCl to a final total concentration of 600 mOsm/L. After initiating
hyperosmolarity stress, cells were treated with iPSC-derived exosomes
(5 pg/ml or 0.5 pg/ml), DPBS only as negative control, or standard
DMEM plus 10% FBS as a positive control. After 48 h, LIVE/DEAD
viability/cytotoxicity assay was performed according to the manufac-
turer’s protocol (Molecular Probes). Labeled cells were imaged using a
confocal microscope (Leica), and at least three fields of view were
imaged for each sample.

2.13. Caspase-3/7 assay

For detection of apoptotic cells, Caspase-3/7 assay was performed
using an Apo-ONE™ Homogeneous Caspase-3/7 assay kit (Promega)
according to the manufacturer’s recommendations. After undergoing
the stress of serum starvation, hypoxia, or hyperosmolarity for 24 h, cells
were collected and then stored at 4 °C in lysis buffer (pH 7.4, 150 mM
NaCl, 20 mM Tris HCl, 0.5% Triton X-100) prior to analysis.

2.14. RNA purification from exosomes

Exosome RNA was isolated using a procedure described in the
exoEasy Handbook (QIAGEN). Briefly, purified exosomes were bound
on the exoEasy membrane affinity column, the vesicles were lysed by
adding QIAzol to the spin column and further collected by centrifugation
(exoRNeasy, QIAGEN). Following chloroform extraction, samples were
thoroughly mixed and centrifuged to separate organic and aqueous
phases. The aqueous phase was recovered and mixed with ethanol. The
sample-ethanol mixture was added to a RNeasy MinElute spin column
and centrifuged. The column was washed once with buffer RWT and
then twice with buffer RPE followed by elution of RNA in water. The
RNA concentration, purity, and integrity were assessed using the RNA
Nano 6000 Assay Kit of the Agilent Bioanalyzer 2100 System (Agilent
Technologies, CA, USA).

2.15. Small RNA library construction and sequencing

Prior to sequencing experiments, RNA concentration, purity, and
integrity were assessed using the RNA Nano 6000 Assay Kit of the Agi-
lent Bioanalyzer 2100 System (Agilent Technologies, CA, USA). [llumina
sequencing libraries were prepared using the NEXTflex™ small RNA-seq
kit v3 Guide (Bioo Scientific, 5132-05), according to the manufacturer’s
instructions. For each library, 60 ng of purified Exosome RNA were
ligated to 3’ and 5’ adaptors and then reverse transcribed to cDNA using
adaptor-specific primers. After purification and PCR amplification using
universal and specific barcode primers, the miRNA library was resolved
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and recovered from the 6% TBE-PAGE gel based on the corresponding
size for miRNA distribution. The yield and size distribution of the small
RNA libraries were assessed using the Agilent 2100 Bioanalyzer instru-
ment with the High-Sensitivity DNA Assay (Agilent Technologies). Equal
concentration of each library was sequenced on a NextSeq 500 (Illu-
mina) platform.

2.16. Sequencing data analysis and bioinformatics analysis

Upon completion, sequencing data were assessed for quality and
trimmed of the primer-adaptor sequences by the Partek® Flow®
Genomic Analysis Software (Partek), followed by alignment to the
human reference genome (hg38) (by bowtie 2). After annotation of
known miRNA based on miRBase, the number of reads for each miRNA
was normalized to reads per million (RPM) and quantified across all
samples. The statistical package of Partek® Flow® Genomic Analysis
Software was used to yield differential expression, volcano plot, and
hierarchical clustering analyses. miRNA target prediction was compiled
by the microRNA Target Filter analysis module of Ingenuity Pathway
Analysis (IPA, QIAGEN), while target pathway annotations were done
by the Core Analysis of IPA.

2.17. Statistics and data analysis

All experiments were performed at least three times. All data are
presented as mean =+ standard deviation. ANOVA with post hoc Bonfer-
roni test is utilized to identify statistically significant differences using
SPSS software (version 17.0 for Windows; SPSS Inc, Chicago, Illinois,
USA). Differences are considered statistically significant when p < 0.05.
For Figs. 7-10, due to the large number of statistically significant data
points, the statistical significance on the graphs are depicted relative to
the control condition of no exosome treatment only. For completeness,
all other p value results are shown in Supplemental Table S2.

3. Results and discussion
3.1. Human iPSC proliferation and morphology on engineered substrates

Recombinant ELPs containing either the RGD or RDG peptide se-
quences were expressed in Escherichia coli and confirmed by Western
blot as described above (Fig. S1A,B). ELP was adsorbed onto tissue
culture polystyrene by incubation overnight at 4 °C, while Matrigel
substrates were prepared by incubation for 30 min at 37 °C. Similar to
previous reports, this protocol consistently resulted in 2.0-4.0 pg/cm? of
ELP coating for both the RGD and RDG variants across days 1-3 of
culture and 5.0-8.0 pg/cm? of Matrigel (Fig. S1C). Cultures were plated
on freshly prepared substrates for all experiments to standardize the
procedure. The morphology of human iPSCs from two different cell lines
(iPSC SCVI480 and iPSC 511.3) (Fig. 1A and B) consistently demon-
strated greater cell spreading on Matrigel, slightly less spreading on ELP
substrates containing the RGD peptide (i.e. RGD-ELP), and dramatically
less spreading on ELP substrates with the scrambled RDG peptide
(Fig. 1C). RDG-elastin contains a scrambled amino acid sequence in
which the aspartate and glycine residues in the minimally active tri-
peptide were reversed, but was otherwise identical. This change in
amino acid sequence was previously reported to prevent integrin-
mediated cell spreading in ELP materials [48,49]. Colonies on the
non-integrin-engaging, RDG substrate (i.e. RDG-ELP) were more
compact and rounded, while those grown on Matrigel and RGD-ELP
substrates had a flatter appearance on day 3. Together, these results
suggest that the RGD-ELP and Matrigel substrates result in a more spread
morphology due to interactions with integrins known to be present on
iPSCs. Interestingly, the DNA content of both stem cell lines was sta-
tistically similar at day 3 across all three culture substrates (Fig. 1D),
suggesting that proliferation capacity was not affected by the observed
changes in morphology.
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Fig. 1. Two iPSC cell-lines cultured on Matrigel, RDG-ELP, and RGD-ELP substrates are presented. (A and B) The cell morphology as determined by phase contrast
microscopy, (C) cell coverage area, and (D) DNA content of two iPSCs cell lines (iPSC SCVI480 and iPSC 511.3) grown on different coatings at day 3. All data

presented as meanztstandard deviation; ***p < 0.001.

3.2. iPSC phenotype is influenced by engineered ELP substrates

Before confirming that iPSCs were capable of producing exosomes on
the engineered ELP substrates, we sought to evaluate any potential
changes in iPSC phenotype that might arise in response to RGD-ELP vs.
RDG-ELP. The expression of the stemness markers OCT4, SOX2, and
NANOG were examined by Western blot analysis. Cells grown on RGD-
ELP had significantly lower levels of OCT4 expression (normalized to the
loading control GAPDH) compared to cells grown on RDG-ELP or
Matrigel (all p < 0.001, Fig. 2A and B). Similarly, the stemness markers
SOX2 and NANOG were expressed at lower levels by cells grown on
RGD-ELP than on RDG-ELP or Matrigel (all p < 0.001; normalized to the
loading control Tubulin to avoid molecular weight overlap between
SOX2/NANOG and GAPDH, Fig. 2A, B and Fig. S2, respectively). These
results were further confirmed through the MFI of immunostaining for
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OCT4 for both cell lines iPSC SCVI480 and 511.3 (Fig. 2C-F and Fig. S3).
Quantification showed that OCT4 expression (normalized to a DAPI
nuclear stain) was significantly decreased for iPSCs cultured on RGD-
ELP compared to cells on RDG-ELP or Matrigel (all p < 0.001, Fig. 2D,
F and Fig. S3B). Previous reports have used Matrigel at a diluted con-
centration, similar to that used here, to form coatings that maintain the
pluripotent, proliferative phenotype of stem cells [50,51]. When used
undiluted, Matrigel is reported to promote stem cell differentiation,
suggesting that an increased density of cell-adhesive ligands may initiate
differentiation [52-54]. Thus, we hypothesize that perhaps the high
concentration of cell-adhesive RGD ligands within the RGD-ELP sub-
strate may be responsible for the onset of spontaneous differentiation
compared to cells on diluted Matrigel or the RDG-ELP substrate.

We also examined how these three coating substrates affected the
gene expression levels of several markers of stemness (OCT4 and
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Fig. 2. Protein expression of stemness markers on ELP substrates. (A) Western blot of OCT4 and SOX2 for iPSCs grown on Matrigel, RDG-ELP, or RGD-ELP. (B)
Western blot quantification of OCT4/GAPDH and SOX2/tubulin protein levels. (C-E) Immunocytochemistry for OCT4 (yellow), nuclei (DAPI stain, blue), and actin
(phalloidin stain, green) of iPSC SCVI480 (C, D) and iPSC 511.3 (E, F) cultured on different substrates. Scale bar = 25 pm. (E, F) Quantification of OCT4 immu-
nocytochemistry is reported relative to DAPI using mean fluorescence intensity (MFI) for iPSC SCVI480 (E) and iPSC 511.3 (F). All data presented as mean+standard
deviation; ***p < 0.001. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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NANOG) and differentiation (SOX17, PAX6, and HAND1 as markers of
endoderm, ectoderm, and mesoderm differentiation, respectively, Fig. 3
and Fig. S4). Cells grown on all substrates expressed high levels of mRNA
for the stemness markers OCT4 and NANOG, with no statistically sig-
nificant differences. Thus, while protein-level data suggest subtle yet
statistically significant changes in cell stemness on different substrates
(Fig. 2 and Fig. S3), all cultures could still be classified as pluripotent
stem cells through mRNA-level analysis (Fig. 3A, B and Fig. S4). These
data are consistent with the use of an E8 culture medium, which was
formulated to maintain pluripotency [55].

The differences between levels of protein translation (Fig. 2, S2, and
S3) and mRNA transcription (Fig. 3 and S4) for the stemness markers
could be due to the complexity of post-transcriptional processes of gene
expression regulation, especially during dynamic transitions. The asso-
ciation between the concentration of coding transcripts and protein
levels is dependent on several factors including the local availability of
resources for protein expression and post-transcriptional processes [56].
Large deviations from the ideal 1:1 correlation between mRNA and
protein levels are commonly observed during highly dynamic cellular
phases, including differentiation and stress responses [57].

Interestingly, although all markers of differentiation (SOX17, PAX6,
and HAND1) were expressed several orders of magnitude lower than the
stemness markers (OCT4 and NANOG), there were statistically signifi-
cant changes between the different substrates. Cells grown on RGD-ELP
had significantly higher mRNA levels for all three differentiation
markers compared to cells grown on RDG-ELP or Matrigel (p < 0.001 for
all comparisons, Fig. 3C-E and Fig. S4C-E). Significantly increased
SOX17, PAX6, and Brachyury protein expression, markers of endoderm,
ectoderm, and mesoderm differentiation, respectively [58,59], on
RGD-ELP substrates was also confirmed through Western blot (p < 0.01
compared to RDG-ELP or Matrigel, Fig. S5). Taken together, these data
reinforce the notion that subtle phenotypic differences exist when iPSCs
are cultured on RDG-ELP vs. RGD-ELP substrates that suppress sponta-
neous differentiation.

Matrix adhesion-dependent cell proliferation and differentiation is
associated with the Hippo signaling cascade, which includes the action
of Yes-associated protein (YAP) [60,61]. YAP activity is known to
regulate proliferation and differentiation in several stem and progenitor
cell types [62,63]. YAP activity can be regulated through the overall
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level of protein expression [64,65] and/or by changes in phosphoryla-
tion that result in subcellular localization [66,67]. Thus, we were
interested to see if YAP protein levels or YAP subcellular localization
were altered for iPSCs grown on these different ELP substrates, including
RDG-ELP, RGD-ELP, or non-ELP-coated controls (tissue culture plastic
only). Through immunocytochemistry staining, we observed that YAP
protein was primarily found in the cytoplasm for iPSCs cultured on all
three substrates and was not localized to their nuclei (Fig. 4 and Fig. S6).
Interestingly, quantification of total YAP immunofluorescence and
Western blotting found significantly lower levels of YAP expression for
cells grown on RGD-ELP compared to RDG-ELP or non-coated controls
(Fig. 4C and Fig. S6C, p < 0.001). Across all substrates, YAP was
observed to be located in the cytosol rather than the cell nuclei (Fig. 4B
and Fig. S6B). The ratio of phosphorylated YAP to total YAP was not
significantly different (ANOVA, p = 0.513), which means the activated
form of phosphorylated YAP in the RGD-ELP group had substantially
lower levels than the other two groups (Fig. 4D). Interestingly, expres-
sion of the integrin sub-unit p1 (ITGP1) was significantly increased on
the RGD-ELP culture group compared to RDG-ELP and control cultures
(p =0.003 and p < 0.001, respectively) (Fig. 4E). This integrin sub-unit
is well known as a receptor for the RGD tripeptide present in the
RGD-ELP substrate [40,68]. These data suggest there may be a feedback
mechanism on the RGD-ELP substrate, whereby integrin engagement
with the RGD peptide leads to further increased expression of the
integrin sub-unit p1.

3.3. Collection and verification of iPSC-derived exosomes

Exosomes were collected from human iPSC-conditioned superna-
tants of cultures grown on Matrigel or ELP substrates containing the
RGD or RDG peptides. Exosomes were purified by PEG precipitation and
ultra-centrifugation [47]. The procedure for PEG precipitation is simple,
fast, and scalable; it does not deform exosomes, and provides a low-cost
procedure for isolation [69,70]. The main drawback of PEG precipita-
tion is possible contamination with other protein complexes [71];
however, impurities can be limited by subsequent centrifugation [72].
NanoSight particle-tracking analysis and transmission electron micro-
scopy confirmed exosome production (Fig. 5A and B). All exosome
samples were of similar size and within the typical size range reported
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Fig. 3. QRT-PCR analysis of mRNA expression for iPSCs (SCVI480) grown on various substrates. Quantitative analysis of stemness markers (A) OCT4 and (B) NANOG
and lineage markers of (C) endoderm (SOX17), (D) ectoderm (PAX6), and (E) mesoderm (HAND1) for cells grown on different substrates in E8 culture medium for 3

days. Relative expression levels were normalized against GAPDH. ***p < 0.001.
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Fig. 4. YAP expression and quantification in iPSCs on various substrates. (A-B) Immunofluorescence of YAP in iPSCs (SCVI480) grown for three days on RDG-ELP,
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and quantification (E) for phosphorylated YAP (p-YAP), total YAP, and integrin sub-unit p1 (ITGf1). ***p < 0.001; **p < 0.01.
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for exosomes (30-150 nm in diameter), with mean diameters of 81.3 +
5.0, 88.0 + 4.3 nm, and 82.2 + 4.7 nm for those produced on Matrigel
(Fig. 5A and B), RDG-ELP (Fig. S7A), and RGD-ELP (Fig. S7B), respec-
tively [73,74]. Western blot analysis demonstrated that exosomes pro-
duced by cells on all three substrates were positive for proteins
commonly used as exosome markers: Alix, heat shock protein (HSP70),
CD63, CD81, and tumor susceptibility gene 101 protein (TSG101),
which is part of the endosomal sorting complex required for transport
[75], and negative for calnexin, consistent with previous literature [76,
771. As expected, all proteins, including calnexin, were detected from
the full cell lysate as a positive control. Quantification and normaliza-
tion to GAPDH as a housekeeping gene confirmed that the loading
protein content was similar across all three substrates (Fig. 5C).

substrate groups and a cell lysate control.

3.4. In vitro analysis of exosome potency

The ability of the iPSC-produced exosomes to be taken up by other
cells was confirmed using confocal microscopy. Three types of cells
(mouse fibroblasts (NIH 3T3 line), human umbilical vein endothelial
cells (HUVEC), and Madin-Darby canine kidney (MDCK) cells) were
treated with iPSC-derived exosomes labeled using PKH-67 (green). After
2 h of treatment, exosomes were observed to be localized within the
treated cells (Fig. 6 and Fig. S8).

After binding to cells, exosome contents are internalized by recipient
cells, which can result in the transfer of bioactive molecules that exert
functional effects including pro-survival activity [78,79]. To charac-
terize potential differences in pro-survival potency for exosomes pro-
duced on different substrates, we tested these iPSC-derived exosomes in
three different cell survival challenge assays. First, we tested exosome
potency on murine fibroblasts in a serum starvation challenge. When
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Fig. 6. Exosomes derived from iPSCs (SCVI480) localize with multiple cell
types. (A-C) Representative fluorescent micrographs of PKH67 labeled exo-
somes (green) with mouse NIH 3T3 fibroblasts, HUVEC, and MDCK cells after
treatment in vitro for 2 h (Scale bar is 25 pm). (For interpretation of the ref-
erences to colour in this figure legend, the reader is referred to the Web version
of this article.)

deprived of serum rich in essential growth factors [80], NIH 3T3 cells
arrest in a nondividing, quiescent state, which eventually leads to
starvation-induced cell death [81]. While healthy fibroblasts typically
exhibit a spindle-like, elongated morphology, after 48 h of serum star-
vation NIH 3T3 fibroblasts exhibited a rounded cell morphology (Fig. 7
and Fig. S9). Treatment with exosomes (5 pg/ml) produced by iPSCs
cultured on RDG-ELP or Matrigel substrates significantly improved
serum-starved fibroblast spreading (as observed by fluorescent Cell-
Tracker, p < 0.001). In contrast, treatment with exosomes produced by
iPSCs cultured on RGD-ELP did not statistically improve serum-starved
fibroblast morphology (p = 0.326).

We also quantified total levels of fibroblast DNA as a higher
throughput assay of serum starvation effects using different iPSC cell
line-derived exosomes including SCVI480, 511.3, and IBMS-iPSC-001-
02 (Fig. S10). Even at this relatively early timepoint of 48 h, statisti-
cally significant differences in DNA were observed for fibroblasts with
and without 5 pg/ml exosome treatment, although differences between
exosomes from iPSCs grown on different substrates were not as
apparent. Exosomes from all different iPSC cell lines were found to be
protective, and the exosome effect appeared to be dose-dependent, as a
dosage of 0.5 pg/ml produced fewer protective effects than a dosage of 5
pg/ml (Fig. S10B).

As a second test of exosome potency, we explored the effects of
hypoxia (0% O3) on HUVECs. After 48 h of hypoxia, DNA content was
about 50% of that of cells grown in normoxia, suggesting a decrease in
cell proliferation and an increase in cell death, which was confirmed by
bright field microscopy (Fig. 8A). Exosomes are known to be capable of
improving endothelial cell proliferation and survival [82,83]. HUVEC
were treated with either 5 or 0.5 pg/ml of exosomes produced from
three iPSC cell lines grown on RDG-ELP, RGD-ELP, or Matrigel (Fig. 8
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Fig. 8. HUVEC hypoxia challenge. (A-D) Representative phase contrast mi-
crographs of HUVEC following 48 h hypoxia with or without iPSC-derived
(SCVI480) exosome treatment. Less cells are noted in images without exo-
some treatment. (E) PicoGreen assay to quantify HUVEC DNA upon treatment
with 5 pg/ml or 0.5 pg/ml of exosomes prepared from iPSCs cultured on RDG-
ELP, RGD-ELP, or Matrigel substrates. Data presented relative to a normoxic
HUVEC control. *p < 0.05, ***p < 0.001. Scale bar = 10 pm.

and Fig. S11). Similar to the trends observed for the fibroblast serum
starvation assay, the greatest amount of HUVEC rescue was observed
upon treatment with 5 pg/ml of exosomes from RDG-ELP, which had
DNA levels of 94 + 9% of normoxia controls (Fig. 8E). While exosome
treatment at the lower dosage of 0.5 pg/ml was able to statistically
improve HUVEC DNA levels for exomes prepared on RDG-ELP or
Matrigel substrates (p < 0.05 for both), exosomes prepared from
RGD-ELP substrates approached significance (p 0.058) for the
SCVI480 cell line (Fig. 8E).

As a third test of exosome potency, MDCK cells were subjected to
hyperosmolarity. Hyperosmolarity, or hypertonicity, is known to induce
cell death and apoptosis [84,85]. As a more sensitive read-out of cellular
health, we employed a commercial Live/Dead assay to fluorescently
label cells with compromised cell membrane. After 48 h in 600 mOsm/L
medium conditions (Fig. 9 and Fig. S12), consistent with the exosome
potency trends observed in the previous two cellular challenge assays,
exosomes produced on RDG-ELP or Matrigel substrates resulted in sig-
nificant improvement in Live/Dead ratios (p < 0.001 for both substrates
for exosomes produced by SCVI480 and IBMS-iPSC-001-02, Fig. 9E and
S12E). Exosomes produced on RGD-ELP substrates were not statistically
effective (p = 0.432, Fig. 9E for SCVI480, and p = 0.398, Fig. S12E for
IBMS-iPSC-001-02). MDCKs exhibited only a mild decrease in total DNA

Fig. 7. NIH 3T3 fibroblast serum starvation chal-
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Fig. 9. MDCK hyperosmolarity challenge. (A-D) Representative Live/Dead (green/red) confocal images and (E) quantification of MDCKs exposed to 600 mOsm/L for
48 h with or without treatment of 5 ug/ml exosomes produced on various substrates from SCVI480 iPSCs. (F) PicoGreen DNA quantification of MDCK cells exposed to
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version of this article.)

content (Fig. 9F), as measured by PicoGreen assay (90 + 3% compared
to normal medium conditions) using the exosomes that were produced
from iPSC SCVI480. Nonetheless, statistically significant improvements
in total DNA were observed upon treatment with 5 or 0.5 pg/ml of
exosomes produced from SCVI480 on RDG-ELP substrates (p < 0.001
and p < 0.05, respectively) as well as with exosomes produced by the
other two tested iPSC cell lines (Fig. S13).

Apoptosis is a common mechanism of cell death in response to serum
starvation, hypoxia, and hyperosmolarity. Stem cell-derived exosomes
have been reported to play an inhibitory role in cell apoptosis both in
vitro and in vivo [86,87]. Thus, we sought to directly examine if our
iPSC-derived exosomes were altering apoptotic pathways during the
three challenge assays described above. By immunocytochemistry,
survival-challenged cells treated with 5 pg/ml of RDG-ELP-prepared
exosomes had less appearance of caspase-3 than the cells exposed to the
survival challenge alone (Fig. 10A, B, C). Similar observations were
made for serum-starved fibroblasts, hypoxia-challenged HUVEC, and
hypertonicity-challenged MDCK, all of which were challenged for 24 h
prior to assessment. Longer challenge timepoints were not used to pre-
vent loss of cells and hence loss of statistical sensitivity. To quantify
caspase 3/7 activity, the Apo-ONE Homogeneous Caspase 3/7 assay was
used. For all three challenge assays, 24 h of exposure to the survival
challenge significantly increased caspase 3/7 activity (p < 0.001 for all
three assays, Fig. 10D, E, F and Fig. S14). For all three cell challenges,
standard medium was used as a positive control (never exposed to the
cell challenges) and similar trends were observed, with exosomes pro-
duced on RDG-ELP or on Matrigel substrates all resulting in a significant
reduction in caspase 3/7 activity (Fig. 10D, E, F and Fig. S14). In
contrast, exosomes produced on RGD-ELP substrates had a less signifi-
cant effect on caspase 3/7.

Exosomes can transmit molecular cargo between cells, with accu-
mulating evidence suggesting that exosomal microRNAs play a leading
mechanistic role in the therapeutic effects of exosomes. Hierarchical
clustering (Euclidean distance) of the differentially expressed miRNAs of
exosomes from iPSCs cultured on RDG-ELP, RGD-ELP, or Matrigel were
illustrated in a heatmap representation (Fig. 11A). Exosomal miRNAs
from iPSCs grown on RDG-ELP participated in several molecular
signaling pathways, including p53 most prominently and several
apoptosis signaling pathways (Fig. 11B, Fig. S15, Supplemental
Table S3). Specifically, we identified five iPSC-derived exosomal miR-
NAs that were differentially expressed by cells on the RDG-ELP

substrates and are known to be involved in the regulation of apoptotic
pathways (Supplemental Table S3), suggesting that these miRNAs may
be at least partially responsible for the observed effects on in vitro cul-
tures. Interestingly, the level of miR-378a-3p, which targets CASP9 and
is known to inhibit apoptosis [88], was found at significantly higher
levels in exosomes derived from iPSCs cultured on RDG-ELP compared
to RGD-ELP (counts per million: RDG-ELP 8754 + 614 vs. RGD-ELP
2689 + 215, p = 0.032). These data are consistent with our observa-
tions of lower apoptotic activation, as measured by caspase3/7 activity,
for in vitro cultures that were treated with RDG-ELP-produced exosomes
compared to exosomes produced on RGD-ELP substrates (Fig. 10D-F
and Fig. S14). Taken together, these data strongly suggest that hiPSCs
cultured on less adherent, protein-engineered substrates express higher
levels of miRNAs that can downregulate apoptotic genes and subse-
quently induce an anti-apoptotic and pro-survival effect on challenged in
vitro cell cultures. Future mechanistic work will be required to identify
the most causative miRNA for altered apoptotic regulation in this sys-
tem, as well as to test for other potential effects such as alteration of cell
proliferation.

In summary, the three challenge assays described above confirm our
original hypothesis, that iPSC-derived exosome potency can be altered
by the underlying culture substrate used when producing exosomes. In
general, all three challenge assays had similar trends in exosome po-
tency, with iPSCs cultured on the strongly cell-adhesive RGD-ELP sub-
strates producing the least potent exosomes (Figs. 7-10). In contrast,
iPSCs grown on RDG-ELP substrates produced exosomes with similar
levels of potency as iPSCs grown on diluted Matrigel (Figs. 7-10). These
data further demonstrate that the potency of these iPSC-derived exo-
somes have potential effects across a range of mammalian cell types
exposed to a variety of challenging survival conditions. We further note
that these data correlate with subtle changes in iPSC phenotype between
cells grown on RDG-ELP vs. RGD-ELP substrates. iPSCs grown on RDG-
ELP substrates appear to have a more rounded and less adherent
morphology (Fig. 1) with higher overall YAP expression (Fig. 5), and
they more robustly express protein markers of stemness (Fig. 3) and
prevent aberrant gene expression of differentiation markers (Fig. 4).
Thus, these results merit the further study of RDG-ELP substrates as a
reproducible, animal-free culture surface for the biofabrication of potent
iPSC-derived exosomes. Future work will require identification of the
miRNA target and validation of these observations using in vivo pre-
clinical models to verify potential clinical relevance.
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Fig. 10. Apoptotic rescue for three different cell challenge assays using exosomes from SCVI480 iPSCs. Evaluation of caspase activity by immunostaining for cleaved
caspase-3 (A-C) and quantification with Apo-ONE® Homogeneous Caspase-3/7 assay (D-F) for NIH 3T3 fibroblasts exposed to serum starvation, HUVEC exposed to

hypoxia, and MDCK exposed to hypertonic medium for 24 h, respectively. Scale bar =

4. Conclusion

Exosomes have great future potential as cell-free therapies for
regenerative medicine. To assist with the future scalable manufacturing
of exosome therapies, reproducible and cell-free production protocols
are required. Here we demonstrate that animal-free designer substrates
can be developed using recombinant protein engineering methods to
enable the production of iPSC-derived exosomes. In particular, ELP can
be physically adsorbed to traditional tissue culture surfaces to create
substrates for iPSC-derived exosome production. Molecular-level design
choices for the ELP substrate, specifically the presence or absence of an
integrin-adhesive RGD ligand, resulted in subtle differences in iPSC
phenotype, which correlated with altered exosome potency. The RDG-
ELP substrate significantly increased protein expression of the stemness
markers OCT4 and SOX2 in two different iPSC lines compared to the
RGD-ELP substrate. Exosomes produced by iPSCs grown on RGD-ELP
substrates had reduced potency across three different mammalian cell
challenge assays: serum starvation of murine fibroblasts, hypoxia of
human endothelial cells, and hyperosmolarity of canine kidney cells. In
contrast, exosomes produced on the RDG-ELP substrates had similar pro-
survival effects to those produced using Matrigel across all three assays.
Together, these data demonstrate that animal-free substrates can be
designed for the robust bio-manufacturing of iPSC-derived, pro-survival

10

50 pm *p < 0.05; **p < 0.01; ***p < 0.001.
exosomes.
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