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Abstract

Biological nanoparticles, such as exosomes, offer an approach to drug delivery due to their innate
ability to transport biomolecules. Exosomes are derived from cells and an integral component

of cellular communication. However, the cellular cargo of human exosomes could negatively
impact their use as a safe drug carrier. Additionally, exosomes have the intrinsic yet enigmatic,
targeting characteristics of complex cellular communication. Hence, harnessing the natural
transport abilities of exosomes for drug delivery requires predictably targeting these biological
nanoparticles. This manuscript describes the use of two chemical modifications, incorporating

a neuropilin receptor agonist peptide (iIRGD) and a hypoxia-responsive lipid for targeting and
release of an encapsulated drug from bovine milk exosomes to triple-negative breast cancer cells.
Triple-negative breast cancer is a very aggressive and deadly form of malignancy with limited
treatment options. Incorporation of both the iIRGD peptide and hypoxia-responsive lipid into the
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lipid bilayer of bovine milk exosomes and encapsulation of the anticancer drug, doxorubicin,
created the peptide targeted, hypoxia-responsive bovine milk exosomes, iDHRX. Initial studies
confirmed the presence of iRGD peptide and the exosomes’ ability to target the a3 integrin,
overexpressed on triple-negative breast cancer cells’ surface. These modified exosomes were
stable under normoxic conditions but fragmented in the reducing microenvironment created by 10
mM glutathione. /n vitro cellular internalization studies in monolayer and three-dimensional (3D)
spheroids of triple-negative breast cancer cells confirmed the cell-killing ability of iDHRX. Cell
viability of 50% was reached at 10 uM iDHRX in the 3D spheroid models using four different
triple-negative breast cancer cell lines. Overall, the tumor penetrating, hypoxia-responsive
exosomes encapsulating doxorubicin would be effective in reducing triple-negative breast cancer
cells’ survival.
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Introduction:

With a 5-year overall survival rate of 90%, breast cancer appears to be a problem of the
past. 1 However, triple-negative breast cancer (TNBC) has a 77% 5-year mortality rate,
regardless of the stage.2 TNBC cells lack estrogen receptors, progesterone receptors, and
human epidermal growth factor receptor 2 (HER2) receptors, limiting current treatment
strategies’ effectiveness.3# Out of the over 1,151,000 patients in the U.S. diagnosed
annually with breast cancer, 10-15% will be TNBC.2 Further compromising the efficacy
of treatment, TNBC is often characterized by its aggressive, metastatic nature and frequent
reoccurrence.>8 Metastatic cells often have genetic abnormalities, leading to refractory
cancer.”8 Finding a strategy that is either unaffected by these changes or can account for
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them is necessary to prevent metastatic sites from growing unabated. One such approach is
targeting the unique aspects of the tumor microenvironment.

Solid tumors of TNBC have a unique cellular microenvironment that drug delivery

systems could exploit. At a diameter greater than 100-180 um, a solid tumor forms a

dense cellular environment that continues to evolve as the tumor grows.® These local
environment changes lead to unusual fluid flow within the tumor, lack of sufficient oxygen
and nutrient exchange, and compromised therapeutic efficacy of anticancer drugs beyond
the diffusion limit of the normal tissue margins.1%-11 Some of the unique characteristics

of the tumor microenvironment include densely-packed cells, abnormal angiogenesis,
increased acidity, acute hypoxia (<1% oxygen), and upregulation of several markers, such as
hypoxia-inducible factors (HIFs), carbonic anhydrases, neuropilin-1 receptor, a.,f3 integrin,
etc.12-22 Hypoxia?3 has been utilized with some success in drug delivery;24:25 however,
penetration of the carriers into solid tumors to reach the hypoxic niches is still a challenge.
Combining a hypoxia sensing strategy to release the drug payload only to the previously
inaccessible “inter-tumor” with an integrated tumor penetrating peptide, which targets
altered biomolecule expression, may provide a therapeutic drug level to the deepest recesses
of the tumor while protecting healthy host tissue. Such an elegant design is possible by using
exosomes. This biologically-driven approach will lead to decreased off-target effects and
more effective drug delivery. 26-29

Despite important pre-clinical and clinical data and a limited number of FDA-approved
nanoparticle-based products, late-stage clinical trial failures continue to plague the field.2%
Some of these issues include toxicity and immune clearance.?® Exosomes may circumvent
these hurdles due to their biological origin.39 Exosomes are nanosized (30-150 nm),
extracellular vesicles secreted from cells (Figure 1)30 for cellular communication.3132 The
innate ability to transport biomolecules for communication makes exosomes uniquely suited
as drug carriers. Exosomes provide many drug delivery options and diagnostics and can

be isolated from multiple bodily fluids across species, including bovine milk.3% However,
their cargo could communicate an unintended, even metastatic33:34 message, posing a
significant barrier for clinical translation. In contrast, the non-human exosomes are safer
and more readily available.33:3% Raw bovine milk is an attractive source of exosomes due to
availability, low immunogenicity, low aggregation and lack of human molecular cargo, and
consequently, without unintended cellular communications.30:35:36

While bovine milk exosomes may be safer and readily available, their development as

a drug delivery system is hindered by the inability of exosomes (regardless of their

source) to target and penetrate a tumor and deliver the drug payload. In the current study,
bovine milk exosomes were chemically modified to target the altered microenvironment of
TNBC, penetrate, and deliver the encapsulated chemotherapeutic drug to three-dimensional
(3D) tumor spheroids. A hypoxia-responsive lipid and a tumor penetrating peptide were
incorporated into the lipid bilayer of the exosomes. The hypoxia-responsive lipid was
designed to be reductively cleaved in the hypoxic niches of a solid tumor, allowing for a
burst release of the encapsulated drug. We incorporated the reported neuropilin-1 receptor
(NRP-1) agonist iRGD peptide on the exosomes for targeting and tumor penetration. The
TNBC cells, especially under hypoxia, overexpress NRP-1 and the a.,f3 integrin on the
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surface.24:26-28,37-44 Hence, the modified bovine milk exosomes with both the hypoxia-
responsive lipid and the iRGD tumor targeting and penetrating peptide should result in
significant cell death in an /n vitro 3D spheroid model of TNBC.

2. Materials and Methods:

Exosome isolation:

The procedure for exosome isolation was the same as previously reported.*> Raw bovine
milk was collected from the North Dakota State University Dairy Farm. We observed

that the raw milk could be stored at 4 °C for four days without impacting the isolation

of exosomes. Sequential centrifugation was used to isolate exosomes. Briefly, raw bovine
milk was initially centrifuged for 20 minutes at 3,500 g (VWR Clinical 200 Centrifuge).
To remove the white fat deposits collected on the sides of the centrifuge tubes, the milk
was passed through a cheesecloth. The milk was collected and placed into a thin wall,
Ultra-Clear tubes (Beckman Coulter), and centrifuged at 12,950 g at 4 °C for 30 minutes
(Beckman Coulter Optima XPN-80 ultracentrifuge with an S.W. 41 Ti rotor). The milk
was removed from the tubes and was again filtered through a cheesecloth to remove fat.
The filtered milk was placed in new ultracentrifuge tubes and spun at 98,500 g for 70
minutes at 4 °C. After ultra-centrifugation, three layers were evident in each tube. The
middle whey layer was collected, transferred to two new tubes, and centrifuged at 135,030
g for 105 minutes at 4 °C. Subsequently, the supernatant was removed, taking care not to
disturb the exosome pellet. The pellet was then resuspended in 1 mL of phosphate buffer
saline (PBS) (1X Dulbecco’s PBS, pH 7.4, VWR). A 0.2 um filter was pre-wet using PBS,
and the suspended exosomes were passed through the filter into an Eppendorf tube. The
first three drops of PBS were discarded, and the remaining filtrate was collected. Notably,
exosome recovery was maximized by dividing the PBS exosome suspension between two
different syringe filters. Additionally, the exosome filtrate was washed with additional
PBS, and the first three drops were collected with the previous exosome filtrate. Dynamic
light scattering (DLS) (ZS90, Malvern Panalytical) was performed to determine exosomes’
hydrodynamic diameters. The isolated exosomes were stored at —80 °C until used (see
Supporting Information, Figure S1 for a detailed exosome isolation scheme).

Exosome counting and size distribution by tunable resistive pulse sensing:

All measurements were performed using gNano Gold (Izon Science) using a nanopore size
NP150. The sample size and concentration were calibrated during each measurement using
the manufacturer’s calibration particles, carboxylated polystyrene beads (CPC100, average
diameter: 110 nm, concentration: 1.1 x 1013 particles/mL). Exosomes were diluted 100-
500 times for optimal counting using two different pressures of 4 and 8 mbar. At least 8
replicates were performed for each sample for each measurement.

Hypoxia responsive lipid synthesis:

We followed a synthetic protocol reported from our laboratory.2445 NMR (400 MHz Bruker
Avance 111 HD) and ESI TOF Mass Spectroscopy were used to confirm the hypoxia
responsive lipid structure (Figure 2, Supporting Information Figures S4 and S5).
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Hypoxia-responsive lipid incorporation into exosomes:

The hypoxia-responsive lipid was incorporated into the exosome bilayer according to our
previously reported protocol.*> Exosomes were removed from the —80 °C freezer and
thawed. A 5 mg/mL solution of the hypoxia-responsive lipid in PBS was sonicated for

30 minutes to ensure complete dissolution. Hypoxia responsive lipid (80 uL) and purified
exosomes (120 pL) were gently mixed and subsequently incubated at 37 °C for one hour.
After incubation, 100 pL PBS was added to create a homogeneous mixture. The liquid

was placed into a centrifugal filter (Nanosep Centrifugal Devices; MWCO: 100,000; Pall
Corporation) and centrifuged at 9,400 g for 10 minutes to remove any unincorporated lipid.
The liquid on top of the filter was used to resuspend any exosomes. All of the liquid
(containing the exosomes) was removed, placed in an Eppendorf tube, and stored at —80 °C
until use.

Estimation of hypoxia-responsive lipid concentration in exosomes:

The amount of hypoxia-responsive lipid incorporated into the exosomes was estimated
based on the presence of the PEG1gqg using a PEGylated Protein ELISA (Enzo Life
Sciences) according to the manufacturer’s protocol. A series of dilutions in PBS (1.75 to
225 ng/mL) was performed to establish a standard curve. The optimum mixing ratio of
hypoxia-responsive lipid to exosome for efficient incorporation was determined. Initial lipid
solutions used include 1 mg/mL and 5 mg/mL, with ratios of lipid solution to exosomes of
1:1, 1:2, 1:4, and 3:4 (by volume).

DSPE-PEGs5(qg-iRGD synthesis:

DSPE-PEGs50g0-N3 (NanOCS) was reacted with the alkyne (hexynoic acid) moiety of a
synthesized iRGD peptide using click chemistry (1:2 molar ratio peptide to polymer) (Figure
3). The copper complex was prepared by mixing copper(I1) sulfate with N,N,N",N",N” -
pentamethyl diethylenetriamine (PMDETA) for 2 hours. An ascorbic acid solution (1.4
umol) was prepared in distilled water. The reaction mixture was then stirred for 72 hours

at room temperature. Subsequently, the solution was transferred to a 3.5-5 kDa dialysis

bag and dialyzed against water for 72 hours to remove PMDETA, ascorbic acid, as well as
unreacted iRGD peptide. The product was lyophilized and analyzed by CD spectroscopy
(J-815 CD Spectrometer, Jasco) with 64 scans and at 4 °C.

DSPE-PEGs5(00-iRGD incorporation in exosomes:

Incorporation of DPSE-PEGs5qgg-iRGD in the exosomes was performed according to our
previously reported protocol.*> A 5 mg/mL solution of the DPSE-PEGsgqo-iRGD in PBS
was prepared and sonicated for 1 hour to ensure complete dissolution. DPSE-PEG5qqg-
iRGD solution (80 pL) and hypoxia-responsive exosomes (120 uL) were gently mixed and
incubated at 37 °C for one hour. After incubation, 100 uL PBS was added, and the solution
was ultrafiltered using a centrifugal filter (Nanosep Centrifugal Devices with 100,000 cut-off
membrane, Pall Corporation) at 9,400 g for 10 minutes to remove any unincorporated
peptide conjugate. The liquid on top was used to resuspend any exosomes on the filter. The
liquid was removed, placed in an Eppendorf tube, and stored at =80 °C until use.
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Encapsulation of doxorubicin in exosomes:

Doxorubicin hydrochloride (Advanced ChemBlocks) was encapsulated into either modified
or unmodified exosomes using electroporation (40 V, 125 pF, and 750 Q). After
electroporation, exosomes were placed at 37 °C for 1 hour. Hypoxia-responsive, iRGD
targeting exosomes (iHRX) were centrifuged at 9,400 g for 10 minutes in a centrifugal filter
(Nanosep Centrifugal Devices with 100,000 cut-off membranes, Pall Corporation) to remove
the free drug. Encapsulation efficiency was determined by UV-Vis Spectrophotometry
(SpectraMax M5, Molecular Devices) for doxorubicin (480 nm).

Atomic Force Microscopy (AFM):

Samples for AFM were prepared by placing 10 L of each solution (control or exosomes)
on silicon substrates (University Wafer) for 10 minutes in a sealed chamber to prevent
evaporation at room temperature. The samples were then washed with de-ionized water
(Millipore) and dried under nitrogen gas. Imaging measurements were performed using a
commercial atomic force microscope (NT-MDT NTEGRA AFM). Samples were imaged
under ambient conditions in semi-contact mode using an AFM tip with a resonant frequency
of 190 kHz (Budget sensors).

High-Resolution Transmission Electron Microscopy (HRTEM):

A drop of the sample (control or exosome containing) was placed on a 300-mesh formvar-
carbon coated copper TEM grid (Electron Microscopy Sciences, Hatfield, Pennsylvania,
USA) for 1 minute and wicked off. Phosphotungstic acid 0.1%, pH adjusted to 7-8, was
dropped onto the grid, allowed to stand for 2 minutes, and then wicked off. After the

grids were dry, images were obtained using a JEOL JEM-2100 LaBg transmission electron
microscope (JEOL USA, Peabody, Massachusetts) running at 200 kV. Magnification
reported is for images at size 3.25 x 4 inches.

Flow Cytometry analysis of CD63 in exosomes:

Freshly isolated bovine milk exosomes were suspended in 500 pL of PBS containing
anti-CD63 monoclonal antibody (1:500 dilution, CC25, Invitrogen) and allowed to rock at
room temperature for 30 minutes to facilitate interaction. Exosomes were then washed with
PBS three times to remove the unbound antibody, centrifuging at 10,000 g for 10 minutes
after each wash. Goat anti-mouse IgG antibody in PBS (1:1000 dilution, GtxMu-003-
FFITC, ImmunoReagents) was then added and allowed to rock at room temperature for
30 minutes. Subsequently, the secondary antibody was removed, and the exosomes were
again washed three times with PBS to remove the unbound secondary antibody. Exosomes
were resuspended in 500 pL of PBS, and flow cytometry was performed using BD Accuri
C6 Flow Cytometer. Twenty thousand events were captured for each sample (Supporting
Information, Figure S7).

Incubation of HRX with glutathione:

A stock solution (50 mM) of glutathione was prepared in phosphate-buffered saline (PBS,
Corning). Four glutathione (reduced free acid, EMD Millipore) solutions were prepared:
10 mM, 5 mM, 1 mM, and 50 uM. Concentrations were chosen to mimic the reducing
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environment within a tumor and that commonly found in the blood.*647 A 10% dilution of
hypoxia-responsive exosomes was added to each of the glutathione solutions. Dynamic light
scattering (DLS) was used to monitor exosomes’ size every 10 minutes for 2 hours. AFM
imaging was also performed after 10 minutes and 2 hours of incubation, as described above.

Adhesion assay with a,f3 integrin:

Cell Culture:

To monitor exosomes’ interactions, DSPE-PEGsggpo-FITC (NANOCS) was incorporated
into the exosomes’ lipid bilayer through the same method as described for DSPE-PEGs5qgg-
iRGD. Groups tested for this study included integrin-coated coverslips treated with PBS
(control), FITC tagged exosomes (control), and FITC labeled iHRX. Circular borosilicate
glass covers slips (Fisher Scientific) was corona (air plasma) (Enercon Compak 2000
Corona Treater Model LM4045-06) treated with the wand passing over both sides of

the coverslip four times. Treated coverslips were then placed in 6-well plates (Celltreat).
Untreated coverslips were used as a control. After corona treatment, 100 pL of 10 pg/mL
ayf3 integrin (carrier-free, human recombinant protein, R&D Systems) or the carrier
solution (PBS) was added to the coverslip and left at 4 °C to evaporate to dryness. After 48
hours of drying, 100 pL of treatment (buffer or exosomes) was added to the integrin-treated
slides. Coverslips were then placed at 4 °C, and the iRGD peptide was allowed to interact
with the integrin for 48 hours while the water on the slides was evaporated to dryness. Slides
were then washed with 200 pL PBS (3 times) to remove unadhered treatment (control or
exosomes). Coverslips were then read at a fluorescence excitation of 480 nm and emission
of 500-700 nm with 2 nm steps. Finally, coverslips were placed on slides for fluorescence
and brightfield imaging (Leica Fluorescence Microscope, 10X). At least three images were
obtained for each coverslip. The fluorescence intensity was quantified using Fiji software.
Briefly, the image was separated into color channels, the area selected, and the corrected
total cell fluorescence (CTCF) was determined using the internal density and the area and
mean fluorescence. A one-way ANOVA was performed to determine statistical significance.

MDA-MB-468 (triple-negative breast cancer lung metastasis, pleural effusion), MDA-
MB-231 (triple-negative breast cancer lung metastasis pleural effusion), HCC 1806 (triple-
negative, primary breast tumor) and HCC 1937 (triple-negative primary breast tumor)
(TNBC) cell lines were purchased from American Type Culture Collection (ATCC).

Cells were cultured in RPMI-1630 supplemented with 10% fetal bovine serum (Avantar
Seradign). For normoxia, a humidified incubator containing 5% carbon dioxide, 21%
oxygen, and 74% nitrogen at 37 °C was used. For hypoxia, a biospheric C21 hypoxic
chamber supplemented with 2% oxygen, 93% nitrogen, and 5% carbon dioxide was used.
Media was changed every 48 hours, and passage numbers were kept below 10 after receiving
the cells from ATCC.

Flow Cytometry of MDA-MBA-468, MDA-MB-231, HCC 1937, and HCC 1806 cell lines for

NRP1:

The cultured cells were removed from the plate and suspended in 500 pL of PBS and
recombinant anti-NRP1 primary antibody (ab81321, Abcam.) Primary antibody was allowed
to interact at room temperature for 30 minutes. Cells were then washed with PBS three times
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to remove the primary antibody via centrifuging at 1,200 g for 5 minutes. Goat anti-rabbit
IgG H&L (FITC) antibody (ab6717, Abcam) was then added and allowed to rock at room
temperature for 30 minutes. After 30 minutes, the secondary antibody was removed, and the
cells were washed three times with PBS. Cells were resuspended in 500 pL of PBS, and flow
cytometry was performed using a BD Accuri C6 Flow Cytometer. Twenty thousand events
were captured for each sample with three replicates for each cell line.

Cellular Internalization:

Ten thousand cells were seeded into Biotek 8-well glass plates. Once adhered, media was
changed to serum-free RPMI-1640. Cell nucleus stain (Invitrogen ReadyProbes NucBlue
Live Reagent) was applied for nuclear monitoring. Doxorubicin (20 uM) encapsulated in
exosomes (iDHRX or DExo) was added to well plates and imaged every 30 minutes for
24 h using the Lionheart FX (Biotek, USA) with DAPI with Texas Red filters. Texas

Red fluorescence intensity was quantified using Fiji. The image was separated into color
channels, the area selected, and the CTCF was determined using the internal density, area,
and mean fluorescence.

Cytotoxicity:

Monolayer Cultures: Ten thousand MDA-MB-231, MDA-MB-468, HCC 1806, or HCC
1937 cells were seeded into 8 wells of 96-well clear-bottom plates. The cells were incubated
24 hours to allow attachment before placing them in either a normal oxygen incubator (20%
oxygen) or a hypoxia chamber (2% oxygen) for 24 hours. Cells were then treated with either
iDHRX, exosomes, or free doxorubicin for 48 hours, the media was removed, and cells
were washed three times to remove any remaining treatment. Subsequently, 20 pL of Alamar
Blue (10X, Invitrogen) and 180 pL of fresh medium were added. The absorbance was then
measured at 570 nm, and viability was calculated using equation 1.

(02x A1) — (01 x A2)
(02 x P1)—- (01 x P2)

x 100 Equation 1

01 = molar extinction coefficient (e) of oxidized Alamar Blue at 570 nm (80,586)
02 = ¢ of oxidized Alamar Blue at 600 nm (117,216)

Al = absorbance of test wells at 570 hm

A2 = absorbance of test wells at 600 hm

P1 = absorbance of positive growth control well

P2 = absorbance of positive growth control well

Spheroid Cultures: Silicone molds were used to prepare spheroid scaffolds
(Microtissues) using 2% agarose to create the “wells,” following the manufacturer’s
protocol. Wells were seeded with 273,000 cells/190 pL to produce a spheroid with a
diameter of at least 200-300 um. The seeded scaffolds were incubated for 7 days, changing
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the RPMI-1640 with 10% FBS every 2 days. The scaffolds were then placed in either
normoxic (20% oxygen) or hypoxic (2% oxygen) conditions for 24 h before respective
treatments for 48 hours. Groups included no treatment, purified, unmodified exosomes
encapsulating doxorubicin, free doxorubicin (1.25 pM), or iDHRX (5 pM, 7 uM, and 10
uUM). After treatment, the scaffolds were washed with PBS before viability was analyzed by
Celltiter-Glo 3D cell viability assay (Promega). Luminescence (SpectraMax, M5, Molecular
Devices) was measured, and viability was calculated according to the manufacturer’s
recommendations.

Depth of penetration in spheroid cultures:

The spheroids were allowed to grow for 7 days before treatment. Treatment groups control
(no treatment), carboxyfluorescein, iHRX, free doxorubicin, or carboxyfluorescein-iDHRX.
After 7 days of growth, half of the spheroids were put in a hypoxic environment. After 24
hours, 1.25 uM free doxorubicin or 10 pM iDHRX was added. Visual comparisons were
made for treatments with 1.25 pM free doxorubicin and 10 uM iDHRX at 30 minutes,

1 hour, 2 hours, 6 hours, and 24 hours. Spheroids were then imaged using fluorescence
microscopy (20X, Leica Fluorescence Scope). A z-stack of each spheroid was constructed
(from top to bottom) using steps of 5 um. Each spheroid was visualized using both a Texas
red filter to show the accumulation of doxorubicin and a FITC filter to show the exosome
accumulation.

3. Results and Discussion:

Characterization of modified exosomes:

Exosomes were isolated from raw bovine milk. The diameter of the isolated exosomes

was determined using dynamic light scattering (DLS), atomic force microscopy (AFM),
and high-resolution transmission electron microscopy (HRTEM) (Table 1). As a rapid
validation of the reproducibility of the isolation and modification processes, DLS was used
to confirm that the size of each exosome batch was within the literature reports (30-150
nm*8). Literature suggests that long term storage at ~80°C maintains stability of bovine
milk exosomes.#® However, we did not test the stability of the isolated exosomes beyond
one week. To verify that the isolated extracellular vesicles are exosomes, flow cytometry
for CD63 (a well-documented exosomal marker30-3%) was performed (Figure S7). These
results compare CD63 stained vs unstained exosomes, indicating that the nanovesicles are
exosomes as opposed to other biological vesicles. The larger diameter for the HRX is likely
due to incorporating the hypoxia-responsive lipid and the iRGD-peptide conjugate with the
PEG groups.

An accurate evaluation of their concentration was essential before modifying the isolated
exosomes or using them for in vitro experiments with cells. Hence, exosome preparations
were quantified using a tunable resistive pulse sensing instrument, giving an average of

1.1 x 1013 exosomes/mL. Purified exosomes were first modified to release encapsulated
contents under reducing conditions. A synthesized hypoxia-responsive lipid (Figure 2) was
incorporated into the exosome bilayer. The incorporation of the orange-red lipid into the
bilayer was confirmed by UV-Vis spectroscopy. After optimization, a 100 uM solution of
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lipid (80 pL) and exosomes (120 pL approximately 1.3 x 1012 exosomes) provided the
highest lipid incorporation (9.2 uM, 32% efficiency). In addition to the hypoxia-responsive
lipid, an iRGD peptide (DSPE-PEGsqqq-iRGD; Figure 3) was incorporated. The spherical
structure and size of the exosomes were then confirmed by AFM (Figure 4A), TEM

(Table 1), and DLS (Table 1). Finally, doxorubicin, a chemotherapeutic, was encapsulated,
giving a modified exosome (iDHRX). After incorporating the hypoxia-responsive lipid,
DSPE-PEGs509-iRGD modifications, and doxorubicin encapsulation, the exosomes were at
a concentration of 5x1012 particles/mL (Figure 5B). The presence of DSPE-PEGsqq0-iRGD
on the HRX was confirmed through adhesion assay and exosome structure through AFM.
AFM can be used as a complementary tool to image a variety of biomolecules at high

lateral resolution, revealing structural details and conformational changes in real time and in
physiological conditions. Doxorubicin encapsulation and efficiency [(65 = 6)%, 90 uM] after
washing and determination through UV-Vis spectroscopy.

The reduction of the modified exosomes (iIHRX) was determined using glutathione
concentrations from 50 uM to 10 mM (Figure 6).46:47.50 Wjith 10 mM glutathione,

modified exosomes broke into fragments within 10 minutes of exposure. After 2 hours,
exosomes exposed to 5 mM glutathione were fragmented. At concentrations less than 5 mM
glutathione, HRX fragmentation was not observed (Figure 7). Notably,10 mM glutathione is
typically found within most hypoxic niches of the tumors. The 5 mM glutathione is observed
within the tumor’s exterior margins during the transition to hypoxia and is significantly
higher than other tissue within the body (1 mM to 50 pM).46:47.50 Thijs fragmentation of
exosomes at 10 mM glutathione with minimal fragmentation at 5 mM glutathione indicates
that exosomes modified with a hypoxia-responsive lipid will only break under a reducing
environment mimicking the hypoxic niches of solid tumors.

While incorporating the hypoxia-responsive lipid provides a trigger to release the exosome-
encapsulated payload, incorporation of iRGD peptide is essential for targeting, tumor
penetration, and cellular internalization. A surface-adhesion assay was developed to
confirm DSPE-PEGs50-iRGD in the modified exosomes. The iRGD peptide interacts with
ayP3 integrin and NRP-1, both upregulated on cancer cells and facilitates targeting and
penetration of the exosomes (illustrated in Figure 8).51-55 To visualize the iRGD peptide
integrated into the exosomes’ lipid bilayer, DSPE-PEGsgqqo-FITC was incorporated into
iHRX (CF-iHRX) and exosomes. The surface of the slides were coated with the a3
integrin allowing for iRGD peptide to attach to the surface. There was a significant increase
(1.5-2 fold) in fluorescence intensity in CF-iHRX compared to the unmodified exosomes
(Figure 9). These results verified that the iRGD peptide was incorporated in the exosome
bilayer.

Cellular studies:

NRP1 expression in TNBC cells: Due to the crucial requirement of NRP1 expression
for the penetration of nanoparticles, its expression in the cell lines was confirmed by flow
cytometry (Figure 10). Flow cytometry indicated that MDA-MB-231 cells had increased
NRP1 expression in hypoxic (2% Oxygen) conditions, while HCC 1937 cells showed
increased NRP1 expression in normoxic conditions. The NRP1 expression difference
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between normoxia and hypoxia on the cells implies that certain cell lines may be more
susceptible to iIHRX drug delivery.

Cellular internalization and cytotoxicity for monolayer cultures

normoxia: Internalization of iIRGD-exosomes (iDHRX) into MDA-MB-468, MDA-
MB-231, HCC 1806, and HCC 1937 TNBC cells was monitored for 24 hours (Figure 11).
iDHRX showed higher internalization after 2 hours compared to doxorubicin-encapsulated
exosomes without the iIRGD peptide (DExo) (Figure 11). Within the two hours after treating
TNBC cells with doxorubicin in any form (free, encapsulated in unmodified exosomes, or
encapsulated in modified exosomes), the intensity of DAPI began to decrease indicating
cell death. Treating both HCC 1937 and MDA-MB-468 cells with iDHRX showed a
quantifiable and significant difference in DAPI intensity, likely attributed to the multiple
uptake pathways of exosomes. For example, HCC 1937 cells have higher exosomal uptake
compared to other cell lines regardless of NRP-1 and a3 integrin expression levels in

a 2D monolayer environment.>6-58 |_abeling of the exosomes and higher magnification

of individual cells would have increased resolution and may have allowed a more direct
measurement of doxorubicin uptake, allowing a more mechanistic evaluation of cell line
specific uptake. Regardless of the mechanism, exosomes, modified and unmodified, are
being taken up by the cells and appear to be killing the cells within 2 hours, similar to free
doxorubicin (Figure 11). Additional studies, such as evaluating DNA damage, looking for
apoptotic bodies, or determining the level and function of topoisomerase 11, to measure cell
death at these early time points would assist in determining the mechanisms of cells death in
the initial stages of internalization.>6

Monolayer cytotoxicity results for the four cell lines indicated significant (p < 0.001) cell
death when treated with iDHRX compared to both unmodified exosomes and no treatment
controls (Figure 12). Doxorubicin concentrations of 0.5 UM to 20 uM in iDHRX were
tested with MDA-MB-468, HCC 1806, and HCC 1937 cells. The lowest concentration of
iDHRX to show significance amongst each cell line is reported. ECsg values (Table 2)
were calculated for each cell line based on these cytotoxicity results. As expected, HCC
1937 cells had increased ECsq values compared to other cell lines tested. ®7 The variability
of the ECsq and effectiveness of treatment is likely due to genetic variability and protein
expression on the cells. Additionally, the lack of tumor microenvironment and cellular
interactions can also affect the effectiveness of treatment, indicating a need for 3D spheroid
viability and penetration studies.

Spheroid cytotoxicity and penetration depth: A 3D spheroid cytotoxicity assay
indicated less cell death than monolayer cultures (Figure 13). For spheroids, a hypoxic
gradient begins to form at 200 um, allowing external hypoxia conditions to serve as a
control.23:58:59 Consequently, the spheroids showed similar viability in both hypoxia and
normoxia. MDA-MB cells showed more significant death at several doses compared to HCC
cells. HCC 1937 spheroids showed significant cell death at 10 pM iDHRX and 1.25 pM
doxorubicin and showed the least effective treatment compared to other cell lines. This is
likely due to the efflux pumps and doxorubicin resistance often found in the HCC 1937
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cells.5760.61 ECc values (Table 3) were calculated for spheroid cultures and indicated
equivalent to x slightly higher values to that of monolayer ECs values.

Analyses of the depth of penetration of iDHRX in the cultured spheroids were performed
by confocal fluorescence microscopy. iDHRX reached the center of the 3D spheroids within
1 hour, while free doxorubicin does not reach the same levels until at least 2 hours. By 6
hours, the penetration levels become steady, indicating an equilibrium between the interior
and exterior of the 3D spheroid has been reached for both free doxorubicin and iDHRX.
(Figure 14 and 15)

Comparative analysis of primary versus metastatic cells: A statistical analysis of
all spheroids’ iDHRX treatments was performed. At 10 pM iDHRX treatment, cell viability
was highest for HCC 1937 spheroids (58%, Figure 14) and lowest for MDA-MB-231
spheroids (14%, Figure 15). Overall, HCC 1937 cell spheroids showed increased viability
than the others, possibly due to the doxorubicin resistance for this primary tumor-derived
cell line.62 The MDA-MB-231 and MDA-MB-468 cells showed decreased cell viability,
indicating they respond better to doxorubicin and the iDHRX treatment in an /in vitro tumor
microenvironment (Figure 16).

4. Conclusion:

Bovine milk exosomes have been successfully modified for active targeting to NRP-1

and hypoxia sensitivity, and a chemotherapeutic agent was then encapsulated. The hypoxia-
responsive lipid and iRGD peptide modifications facilitated the delivery of doxorubicin to
triple-negative breast cancer cells. The modified exosomes fragment in hypoxia (2% or less
oxygen), causing the encapsulated doxorubicin to release. The iRGD peptide on the surface
allowed the exosomes to penetrate the spheroids of the breast cancer cells. The released
doxorubicin showed significant cytotoxicity in monolayer and spheroid cultures of the four
different triple-negative breast cancer cell lines.
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AFM Atomic Force Microscopy
ANOVA Analysis of Variance
CTCF corrected total cell fluorescence
DExo doxorubicin encapsulated exosomes
DLS Dynamic light scattering
Exo exosomes
FBS fetal bovine serum
FITC fluorescein isothiocyanate
GSH glutathione
HOBt hydroxybenzotriazole
HR-TEM high-resolution transmission electron microscopy
HRX hypoxia responsive exosomes
iDRHX iRGD-doxorubicin encapsulated-hypoxia responsive exosomes
iHRX iRGD-hypoxia responsive exosomes
iRGD cyclized arginine-glycine-aspartic acid peptide
NRP-1 neuropilin-1 receptor
PBS phosphate buffer saline
PDI polydispersity index
rpm revolutions per minute
Xg g forces
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Exosome secretion, structure, and uptake. Cell-secreted exosomes transport biomolecules
throughout the body to receptor cells, where uptake occurs through three main mechanisms:
fusion, receptor-ligand interaction, endocytosis. Exosome structures include lipids, proteins,

and nucleic acids from secreting cells and vary based on cellular origin.
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Figure 2.
Synthetic scheme of hypoxia-responsive lipid, POPE-Azobenzene-PEG1gg.
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Figure 3.

Synthesis of DSPE-PEGs5qgg-iRGD.
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Figure 4.
Atomic force microscopy images of unmodified exosomes and HRXs under normoxia

and hypoxia (2% Oxygen). Fragments of the HRXs with an approximate size of 25 nm
were observed in hypoxic (2% Oxygen) conditions (A) Unmodified exosomes in normoxic
conditions, showing whole spheres. (B) HRX in normoxic conditions, showing whole
spheres. (C) Unmodified exosomes in hypoxic (2% Oxygen)conditions, showing whole
spheres. (D) HRXs in hypoxic (2% Oxygen) conditions, showing fragmented pieces.
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Figure 5.
(A) AFM of iDHRX. The size range of exosomes 50 nm - 200 nm. (B) Particle counting for

raw bovine milk exosomes and iDHRX. (C) The size distribution of iDHRX using Tunable
Resistive Pulse Sensing. The mode is 149 £ 7 nm, and the mean is 167 £ 2 nm.
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50 pM GSH -
physiological
normoxia

Glutathione (GSH) levels throughout the body; 50 UM GSH is physiological normoxia, 1
mM GSH is physiological hypoxia, 5 mM GSH is moderate hypoxia, and 10 mM GSH is

high hypoxia.
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Size and shape of iHRX in the presence of glutathione. (A) Hydrodynamic diameters of
HRX from 0 — 120 min in 10 min increments with increasing amounts of glutathione. (B)
polydispersity indices of HRX from 0 — 120 min in 10 min increments with increasing
amounts of glutathione. (C) AFM images of HRX at 10 min (left) and 120 min (right).
(D) HR-TEM images of iHRX with 10 mM glutathione at 120 min. (E) HR-TEM images
of iIHRX with 50 uM glutathione at 120 min. (F) HR-TEM images of iHRX with OM
glutathione at 120 min. (G) HR-TEM images of exosomes with 10 mM glutathione at 120

min.
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Figure 8.
Mechanisms of iRGD peptide. The iRGD peptide binds to a,f3 integrin receptor.

Subsequent proteolytic cleavage allows binding to the NRP-1 receptor and penetration into
the solid tumors.41:44
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Figure 9.
Adhesion assay of a3 to iIRGD peptide. Fluorescence images for (A) a.,f3 Integrin and

PBS, (B) af3 integrin and exosomes, and (C) a3 integrin and iHRX. (D) Corrected total
fluorescence and fluorescence signal show significant differences for both methods. N =12
and P-values <0.001.
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NRP-1 Expression via Flow Cytometry
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Figure 10.

NRP1 expression as determined by flow cytometry for HCC 1937, HCC 1806, MDA-
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MB-231, and MDA-MB-468 cells in normoxia and hypoxia (2% Oxygen).
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(A) Cellular Internalization for MDA-MB-468, MDA-MB-231, HCC 1806, and HCC 1937.

(B) Quantification of internalization based on the intensity of doxorubicin. Only HCC
1937 cells show significant uptake when comparing doxorubicin, doxorubicin encapsu
exosomes (DExo) and iDHRX. N = 3, * p<0.05, ** p <0.001.
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Figure 12.

Monolayer cytotoxicity for (A) HCC 1937, (B) HCC 1806, (C) MDA-MB-468, and (D)
MDA-MB-231 cells (n = 24). * p < 0.05, ** p < 0.001. Normoxia is shown in grey and
hypoxia (2% Oxygen) depicted in blue.
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Figure 13.

Spheroid viability for HCC 1806 (green), HCC 1937 (purple), MDA-MB-468 (red), and
MDA-MB-231 (blue) triple-negative breast cancer cell lines. Each cell line was treated in a
normoxic (A) and hypoxic (2% Oxygen) (B) environment for 48 hours. N = 3 *p<0.05
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Figure 14.
Penetration of doxorubicin and iDHRX in the spheroids of HCC 1806 and HCC 1937 cell

spheroids. Doxorubicin was visualized using Texas red fluorescence filter. Exosomes were
visualized using a FITC filter. Each image is taken at the focus depth, each slice is 5 um
thick.
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Penetration of doxorubicin and iDHRX in the MDA-MB-468 and MDA-MB-231 cell
spheroids. Doxorubicin was visualized using Texas red fluorescence filter. Exosomes were
visualized using a FITC filter. Each image is taken at the focus depth, each slice is 5 um

thick.

ACS Appl Bio Mater. Author manuscript; available in PMC 2022 June 30.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Pullan et al.

Spheroid Viability Comparison for 10 uM iDHRX

100

*%

L

D
o
1

N
o
1

Viability (%)

204

Figure 16.

Spheroid cytotoxicity comparison between metastatic and primary tumor sites for iDHRX in

normoxia and hypoxia. N = 3 * p <0.05, ** p<0.001
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Table 1.

Sizes of exosomes and hypoxia-responsive exosomes (HRX) by dynamic light scattering (DLS), atomic force
microscopy (AFM), and high-resolution transmission microscopy (HRTEM).

DLS Size (nm) PDI AFM (nm) HRTEM (nm)
Isolated exosomes 52+ 15 0.26 +0.08 60+10 40 +20
HRX 119+ 24 0.23 £0.02 130+10 130+ 20
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Table 2:

Monolayer ECsg values in normoxia and hypoxia.

Cell line ECso normoxia (UM) | ECs hypoxia (uM)
MDA-MB-231 | 5.2+0.4 3.7£0.7
MDA-MB-468 | 6.1+2.2 49+03
HCC 1806 6.7+1.4 69+18
HCC 1937 9.0+17 6.3+1.8
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Table 3:

Spheroid ECsq values normoxia and hypoxia.

Cell line ECso normoxia (UM) | ECs hypoxia (uM)
MDA-MB-231 | 7.1+£3.1 82+12
MDA-MB-468 | 44+0.8 59+18
HCC 1806 6.7+2.6 6.9+0.7
HCC 1937 104+26 9.9+0.9
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