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ABSTRACT: Biological nanoparticles, such as exosoraegmapproach iRGD-DSPE- PEG (5000)

)

to drug delivery because of their innate ability to transport biomoleculefs;”f;;gh 2o " RO T
. . NS AN Fo~A o7 ) L s SN asp
Exosomes are derived from cells and an integral component of cellular & ) 3

communication. However, the cellular cargo of human exosomes could + o

negatively impact their use as a safe drug carrier. Additionally, exosomes have Doxorubicin @ Tumor-Penetrating (),
. . . q q q 9 g o~ Hypoxia-Responsive (HR),

the intrinsic yet enigmatic, targeting characteristics of complex cellular oY Chematherapeutic ()

Exosome (X)

communication. Hence, harnessing the natural transport abilities of exosomes
for drug delivery requires predictably targeting these biological nanoparticles. Oy C

This manuscript describes the use of two chemical catbains, " e om

incorporating a neuropilin receptor agonist peptide (iIRGD) and a hypoxia- pOPE,Az;:enzene,pEGm

responsive lipid for targeting and release of an encapsulated drug from bovine

milk exosomes to triple-negative breast cancer cells. Triple-negative\m&fwgw ‘OY\/\#

cancer is a very aggressive and deadly form of malignancy with limited ° 0

treatment options. Incorporation of both the iIRGD peptide and hypoxia-

responsive lipid into the lipid bilayer of bovine milk exosomes and encapsulation of the anticancer drug, doxorubicin, createc
peptide targeted, hypoxia-responsive bovine milk exosomes, iDHRX. Initial statkesticempresence of iRGD peptide and the
exosomésbility to target the, 5 integrin, overexpressed on triple-negative breast cancerfeslts These moed exosomes

were stable under normoxic conditions but fragmented in the reducing microenvironment created by 10 mM glutathione. In vi
cellular internalization studies in monolayer and three-dimensional (3D) spheroids of triple-negative breast canced cells con
the cell-killing ability of iDHRX. Cell viability of 50% was reachedMtiDBIRX in the 3D spheroid models using fouerdint
triple-negative breast cancer cell lines. Overall, the tumor penetrating, hypoxia-responsive exosomes encapsulating doxo!
would be eective in reducing triple-negative breast canceswefigal.

KEYWORDS:exosomes, doxorubicin, hypoxia-responsive, iRGD, targeted-drug delivery

1. INTRODUCTION Solid tumors of TNBC have a unique cellular microenviron-

With a 5-year overall survival rate of 90%, breast cancer app8&F8t that drug delivery systems could exploit. At a diameter
to be a problem of the pagtowever, triple-negative breast gregter than 1080 m, a solid tumor forms a dense cellular
cancer (TNBC) has a 77% 5-year mortality rate, regardless%?v'ronme”t tha.t continues to evolve as the tl_Jmor Yrows.
the stagé.TNBC cells lack estrogen receptors, progesteronEn€se local environment changes lead to unusdalow
receptors, and human epidermal growth factor receptor Within the tumor, lack of seient oxygen and nutrient
(HER2) receptors, limiting current treatment strategiesexchange, and compromised therapeutacg of anticancer

e ectivenes¥: Out of the over 1151 000 patients in the U.S.drugs beyond the dision limit of the normal tissue
diagnosed annually with breast cancet580 will be TNBE. ~ margins*** Some of the unique characteristics of the tumor
Further compromising the eacy of treatment, TNBC is often Mmicroenvironment include densely packed cells, abnormal
characterized by its aggressive, metastatic nature and frequent

reoccurrence® Metastatic cells often have genetic abnormalReceived: January 7, 2022
ities, leading to refractory cariéefinding a strategy that is Accepted: April 1, 2022
either unaected by these changes or can account for them f&blished: April 13, 2022
necessary to prevent metastatic sites from growing unabated.

One such approach is targeting the unique aspects of the tumor

microenvironment.
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Figure 1.Exosome secretion, structure, and uptake. CeII-secretg
exosomes transport biomolecules throughout the body to recept]
cells, where uptake occurs through three main mechanisms: fusi
receptor ligand interaction, endocytosis. Exosome structures includ®
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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 inaccesgitdetumot 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 o
target eects and more ective drug delivet§.”®

Despite important preclinical and clinical data and a limited
number of FDA-approved nanoparticle-based products, late-
stage clinical trial failures continue to plaguelidi€’ Some of
these issues include toxicity and immune cleat&xesomes
may circumvent these hurdles because of their biological
origin®° Exosomes are nanosized (B0 nm), extracellular
vesicles secreted from celigg@re )°° for cellular
communication=*? The innate ability to transport biomole-
cules for communication makes exosomes uniquely suited as
drug carriers. Exosomes provide many drug delivery options and
diagnostics and can be isolated from multiple boidibacross

ecies, including bovine niflidowever, their cargo could

mmunicate an unintended, even metastatimessage,
5ing a signiant barrier for clinical translation. In contrast,

nonhuman exosomes are safer and more readily
availablé>** Raw bovine milk is an attractive source of
exosomes due to availability, low immunogenicity, low

angiogenesis, increased acidity, acute hypoxia (<1% oxygeggregation, and lack of human molecular cargo and,
and upregulation of several markers, such as hypoxia-inducﬁﬂeS%gégeGntly, without utémded cellular communica-

factors (HIFs), carbonic anhydrases, neuropilin-1 receptor,

tions®

integrin, et¢? 22H23époxi§3has been utilized with some success While bovine milk exosomes may be safer and readily

in drug deliverg®

however, penetration of the carriers into available, their development as a drug delivery system is
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Figure 2.Synthetic scheme of hypoxia-responsive lipid, POPE-Azobenzgpe-PEG
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Figure 3.Synthesis of DSPE-PL£zIRGD.

hindered by the inability of exosomes (regardless of theiin wall, Ultra-Clear tubes (Beckman Coulter), and centrifuged at
source) to target and penetrate a tumor and deliver the drdg 95@ at 4 °C for 30 min (Beckman Coulter Optima XPN-80
payload. In the current study, bovine milk exosomes we racentrifuge with an S.W. 41 Ti rotor). The milk was removed from
chemically modéd to target the altered microenvironment of e tubes and was agaitered through a cheesecloth to remove fat.
TNBC, penetrate, and deliver the encapsulated Chemothélge Itered milk was placed in new ultracentrifuge tubes and spun at

. . . . 50@for 70 min at £C. After ultracentrifugation, three layers were
apeutic drug to three-dimensional (3D) tumor spheroids. vident in each tube. The middle whey layer was collected, transferred

_hypOX|a-resp_0n5|ve “.p'.d aﬂd a tumor penetrating peptide W& two new tubes, and centrifuged at 13§ 8005 min at 4C.
incorporated into the lipid bilayer of the exosomes. The hypoxiggpsequently, the supernatant was removed, taking care not to disturb
responsive lipid was designed to be reductively cleaved in the exosome pellet. The pellet was then resuspended in 1 mL of
hypoxic niches of a solid tumor, allowing for a burst release of fhgosphate ber saline (PBS) &Dulbeccts PBS, pH 7.4, VWR). A
encapsulated drug. We incorporated the reported neuropilil@2 m Iter was prewet using PBS, and the suspended exosomes were
receptor (NRP-1) agonist iRGD peptide on the exosomes f@assed through thiter into an Eppendorf tube. Thst three drops
targeting and tumor penetration. The TNBC cells, especialff PBS were discarded, and the remairfraye was collected.
under hypoxia, overexpress NRP-1 and thistegrin on the Notably, exosome recovery was maximized by dividing the PBS
surfacé*? 2837 44Hance, the modéd bovine milk exosomes €X0Some suspension between tvgmemt s_y_rlngelters. Additionally,

with both the hypoxia-responsive lipid and the iRGD tumo‘he exosométrate was washed with additional PBS, andstitaree

. . ; P drops were collected with the previous exodtrate. Dynamic light
targeting and penetrating peptide should result ircsigiiell . :
death in an in vitro 3D spheroid model of TNBC. scattering (DLS) (ZS90, Malvern Panalytical) was performed to

determine exosombgdrodynamic diameters. The isolated exosomes
were stored at80°C until used (seigure Sfor a detailed exosome
2. MATERIALS AND METHODS isolation scheme).

2.1. Exosome Isolation.The procedure for exosome isolationwas 2.2. Exosome Counting and Size Distribution by Tunable
the same as previously repottéthaw bovine milk was collected from Resistive Pulse SensingAll measurements were performed using
gNano Gold (Izon Science) using a nanopore size NP150. The sample

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)

size and concentration were calibrated during each measurement using
the manufactursrcalibration particles, carboxylated polystyrene beads
(CPC100, average diameter = 110 nm, concentrationx=10'%
particles/mL). Exosomes were diluted 500 times for optimal
counting using two dérent pressures of 4 and 8 mbar. At least 8
replicates were performed for each sample for each measurement.

DLS size HRTEM . . at -
(nm) PDI AFM (nm) (nm) 2.3. Hypoxia Responsive Lipid Synthesis.We followed a
Isolated 50+ 15 026 008 60t 10 40+ 20 synthetic protocol reported from our laboraféiNMR (400 MHz
Exosomes Bruker Avance Il HD) and ESI TOF Mass Spectroscopy were used to
HRX 119+ 24 023 0.02  13G 10 130+ 20 con rm the hypoxia responsive lipid structbigufes 254 andS5.

2.4. Hypoxia-Responsive Lipid Incorporation into Exosomes.
The hypoxia-responsive lipid was incorporated into the exosome

the North Dakota State University Dairy Farm. We observed that tHlayer according to our previously reported prétieobsomes were

raw milk could be stored at@ for 4 days without impacting the

removed from the80°C freezer and thawed. A 5 mg/mL solution of

isolation of exosomes. Sequential centrifugation was used to isoliehypoxia-responsive lipid in PBS was sonicated for 30 min to ensure
exosomes. Brig raw bovine milk was initially centrifuged for 20 min complete dissolution. Hypoxia responsive lipidL(B&nd puried

at 350@ (VWR Clinical 200 Centrifuge). To remove the white fat exosomes (120.) were gently mixed and subsequently incubated at
deposits collected on the sides of the centrifuge tubes, the milk w&°C for 1 h. After incubation, 10Q PBS was added to create a
passed through a cheesecloth. The milk was collected and placed itoogeneous mixture. The liquid was placed into a centtiérgal
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Figure 4 Atomic force microscopy images of unneddixosomes 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¢dJexasdmes in normoxic conditions, showing whole
spheres. (B) HRX in normoxic conditions, showing whole spheres. (C) @drardsomes 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. Size range of exosomes2B0 nm. (B) Particle counting for raw bovine milk exosomes and iDHRX. (C) Size
distribution of iDHRX using tunable resistive pulse sensing. The mode7sntdSand the mean is 162 nm.

manufacturés protocol. A series of dilutions in PBS (1225 ng/
B - ] mL) was performed to establish a standard curve. The optimum mixing
o ratio of hypoxia-responsive lipid to exosome &bt incorporation
pm?ﬁﬁ;':;n was determined. Initial lipid solutions used include 1 and 5 mg/mL,
. hypoxie with ratios of lipid solution to exosomes of 1:1, 1:2, 1:4, and 3:4 (by
) volume).

bl / 2.6. DSPE-PE&Gy,-iIRGD Synthesis.DSPE-PEGosN;

(NanOCS) was reacted with the alkyne (hexynoic acid) moiety of a

S M ot synthesized iRGD peptide using click chemistry (1:2 molar ratio
hypoxia SpuMesH peptide to polymer)igure 3. The copper complex was prepared by
high hypoxs normoxia mixing copper(ll) sulfate withN,N N ,N -pentamethyl diethylene-
triamine (PMDETA) for 2 h. An ascorbic acid solution (hal) was

prepared in distilled water. The reaction mixture was then stirred for 72
h at room temperature. Subsequently, the solution was transferred to a
3.5 5 kDa dialysis bag and dialyzed against water for 72 h 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 antCat 4

2.7. DSPE-PE&;,-iRGD Incorporation in Exosomeslncorpo-
ration of DPSE-PEGGIRGD in the exosomes was performed
Figure 6 Glutathione (GSH) levels throughout the body MG SH according to our previously reported profdedl5 mg/mL solution
is physiological normoxia, 1 mM GSH is physiological hypoxia, 5 mdt the DPSE-PEG,;IRGD in PBS was prepared and sonicated for 1 h
GSH is moderate hypoxia, and 10 mM GSH is high hypoxia. to ensure complete dissolution. DPSE;RERGD solution (80L)
and hypoxia-responsive exosomes (LR@vere gently mixed and

(Nanosep Centrifugal Devices; MWCO: 100 000; Pall Corporationj’cubated at 37 for 1 h. After incubation, 100PBS was added, and
and centrifuged at 94pfdr 10 min to remove any unincorporated the solution was ultiéered using a centrifugdter (Nanosep
lipid. The liquid on top of thelter was used to resuspend any Centrifugal Devices with 100 000 cmt_rembrane, Pall quporatlc_)n)
exosomes. All of the liquid (containing the exosomes) was removéd 940@for 10 min to remove any unincorporated peptide conjugate.
placed in an Eppendorf tube, and store@@tC until use. The liquid on top was used to resuspend any exosomedten.tFiee
2.5. Estimation of Hypoxia-Responsive Lipid Concentration liquid was removed, placed in an Eppendorf tube, and st@etGt
in Exosomes.The amount of hypoxia-responsive lipid incorporateduntil use.
into the exosomes was estimated based on the presence ofslhe PEG 2.8. Encapsulation of Doxorubicin in ExosomesDoxorubicin
using a PEGylated Protein ELISA (Enzo Life Sciences) according to tgdrochloride (Advanced ChemBlocks) was encapsulated into either
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Figure 7.Size and shape of iHRX in the presence of glutathione. (A) Hydrodynamic diameters of HRX(froim th 10 min increments with
increasing amounts of glutathione. (B) polydispersity indices of HRX¥&ihmOn 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 IHRX with 5M glutathione at 120 min. (F) HR-TEM images of iIHRX with 0 M glutathione at 120 min. (G) HR-TEM images of exosomes
with 10 mM glutathione at 120 min.

modi ed or unmodied exosomes using electroporation (40 VHA,25  under ambient conditions in semicontact mode using an AFM tip with a

and 750 ). After electroporation, exosomes were placetiaf@71 resonant frequency of 190 kHz (Budget sensors).

h. Hypoxia-responsive, iRGD targeting exosomes (iHRX) were 2.10. High-Resolution Transmission Electron Microscopy

centrifuged at 946Cor 10 min in a centrifugalter (Nanosep (HRTEM)A drop of the sample (control or exosome containing) was

Centrifugal Devices with 100 000 cabembranes, Pall Corporation) placed on a 300-mesh Formvar-carbon coated copper TEM grid

to remove the free drug. Encapsulatiaiemcy was determined by (Electron Microscopy Sciences, Elat, Pennsylvania, USA) for 1 min

UV vis Spectrophotometry (SpectraMax M5, Molecular Devices) f@nd wicked a Phosphotungstic acid 0.1%, pH adjusted8pwas

doxorubicin (480 nm). dropped onto the grid, allowed to stand for 2 min, and then wicked o
2.9. Atomic Force Microscopy (AFM)Samples for AFM were  After the grids were dry, images were obtained using a JEOL JEM-2100

prepared by placing 10 of each solution (control or exosomes) on LaB; transmission electron microscope (JEOL USA, Peabody,

silicon substrates (University Wafer) for 10 min in a sealed chamberMassachusetts) running at 200 kV. Magtion reported is for

prevent evaporation at room temperature. The samples were thiemages at size 3.25t in.

washed with deionized water (Millipore) and dried under nitrogen gas. 2.11. Flow Cytometry Analysis of CD63 in Exosomed:reshly

Imaging measurements were performed using a commercial atom@ated bovine milk exosomes were suspended i 530PBS

force microscope (NT-MDT NTEGRA AFM). Samples were imagedontaining anti-CD63 monoclonal antibody (1:500 dilution, CC25,
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Invitrogen) and allowed to rock at room temperature for 30 min tdemperature for 30 min. After 30 min, the secondary antibody was
facilitate interaction. Exosomes were then washed with PBS three timeraoved, and the cells were washed three times with PBS. Cells were
to remove the unbound antibody, centrifuging at 10,000 g for 10 miesuspended in 500 of PBS, andow cytometry was performed using
after each wash. Goat antimouse IgG antibody in PBS (1:1000 dilutian BD Accuri C6 Flow Cytometer. Twenty thousand events were
GtxMu-003-FFITC, ImmunoReagents) was then added and allowedc¢aptured for each sample with three replicates for each cell line.
rock at room temperature for 30 min. Subsequently, the secondary2.16. Cellular Internalization. Ten thousand cells were seeded
antibody was removed, and the exosomes were again washed timeeBiotek 8-well glass plates. Once adhered, media was changed to
times with PBS to remove the unbound secondary antibody. Exosorsesum-free RPMI-1640. Cell nucleus stain (Invitrogen ReadyProbes
were resuspended in 5Q0f PBS, andow cytometry was performed NucBlue Live Reagent) was applied for nuclear monitoring.
using BD Accuri C6 Flow Cytometer. Twenty thousand events wekgoxorubicin (20 M) encapsulated in exosomes (iDHRX or DEXxo)
captured for each sampieg(ure Sy was added to well plates and imaged every 30 min for 24 h using the
2.12. Incubation of HRX with Glutathione. A stock solution (50 Lionheart FX (Biotek, USA) with DAPI with Texas Reds. Texas
mM) of glutathione was prepared in phosphaterd saline (PBS, Red uorescence intensity was quadtiusing Fiji. The image was
Corning). Four glutathione (reduced free acid, EMD Millipore)separated into color channels, the area selected, and the CTCF was
solutions were prepared: 10 mM, 5 mM, 1 mM, and MO determined using the internal density, area, and oarascence.
Concentrations were chosen to mimic the reducing environment within2.17. Cytotoxicity. 2.17.1. Monolayer Culture$en thousand
atumor and that commonly found in the b/S8dA 10% dilution of ~ MDA-MB-231, MDA-MB-468, HCC 1806, or HCC 1937 cells were
hypoxia-responsive exosomes was added to each of the glutathigerded into 8 wells of 96-well clear-bottom plates. The cells were
solutions. Dynamic light scattering (DLS) was used to monitoincubated 24 h to allow attachment before placing them in either a
exosomeésize every 10 min for 2 h. AFM imaging was also performedormal oxygen incubator (20% oxygen) or a hypoxia chamber (2%
after 10 min and 2 h of incubation, as described above. oxygen) for 24 h. Cells were then treated with either IDHRX, exosomes,
2.13. Adhesion Assay with ,, 5 Integrin. To monitor exosomies  or free doxorubicin for 48 h, the media was removed, and cells were
interactions, DSPE-PEGFITC (NANOCS) was incorporated into  washed three times to remove any remaining treatment. Subsequently,
the exosometipid bilayer through the same method as described foR0 L of Alamar Blue (2Q Invitrogen) and 180L of fresh medium
DSPE-PEG,iRGD. Groups tested for this study included integrin-were added. The absorbance was then measured at 570 nm, and
coated coverslips treated with PBS (control), FITC tagged exosoméability was calculated usiugl
(control), and FITC labeled iHRX. Circular borosilicate glass covers -
slips (Fisher Scient) was corona (air plasma) (Enercon Compak (02 AL)S (O1x A2) .,
2000 Corona Treater Model LM4045-06) treated with the wand (02 x P1)S (O1x P2) Q)
passing over both sides of the coverslip four times. Treated coverslips
were then placed in 6-well plates (Celltreat). Untreated coverslips waybere O1 = molar extinction cagent () of oxidized Alamar Blue at
used as a control. After corona treatment, 1106 10 g/mL , 5 570 nm (80 586), O2 =of oxidized Alamar Blue at 600 nm (117 216),
integrin (carrier-free, human recombinant protein, R&D Systems) @kl = absorbance of test wells at 570 nm, A2 = absorbance of test wells at
the carrier solution (PBS) was added to the coverslip and€ftat4 600 nm, P1 = absorbance of positive growth control well, and P2 =
evaporate to dryness. After 48 h of drying,[166treatment (buer absorbance of positive growth control well.
or exosomes) was added to the integrin-treated slides. Coverslips wei17.2. Spheroid CultureSilicone molds were used to prepare
then placed atC, and the iRGD peptide was allowed to interact withspheroid scalds (Microtissues) using 2% agarose to create the
the integrin for 48 h while the water on the slides was evaporated t€ll$, following the manufactusgprotocol. Wells were seeded with
dryness. Slides were then washed witHJPBS (3 times) to remove 273 000 cells/190L to produce a spheroid with a diameter of at least
unadhered treatment (control or exosomes). Coverslips were then re2t 300 m. The seeded sadds were incubated for 7 days, changing
at a uorescence excitation of 480 nm and emission Gf@ED&mM the RPMI-1640 with 10% FBS every 2 days. Theldeavere then
with 2 nm steps. Finally, coverslips were placed on slides fBlaced in either normoxic (20% oxygen) or hypoxic (2% oxygen)
uorescence and brigid imaging (Leica Fluorescence Microscope,_conditions for 24 h before respective treatments for 48 h. Groups
10x). At least three images were obtained for each coverslip. Thecluded no treatment, pled, unmodied exosomes encapsulating
uorescence intensity was quadtiusing Fiji software. Bgiethe doxorubicin, free doxorubicin (1.28), oriDHRX (5, 7, and 10M).
image was separated into color channels, the area selected, and\figf treatment, the saids were washed with PBS before viability was
corrected total celluorescence (CTCF) was determined using theanalyzed by Celltiter-Glo 3D cell viability assay (Promega).
internal density and the area and maemrescence. A one-way Luminescence (SpectraMax, M5, Molecular Devices) was measured,
ANOVA was performed to determine statistical sgie. and viability was calculated according to the manufacturer
2.14. Cell Culture. MDA-MB-468 (triple-negative breast cancer fecommendations. o )
lung metastasis, pleuralgion), MDA-MB-231 (triple-negative breast ~ 2-18. Depth of Penetration in Spheroid Cultures. The
cancer lung metastasis pleurasien), HCC 1806 (triple-negative, spheroids were allowed to grow for 7 days before_trea_ltment. Treatment
primary breast tumor) and HCC 1937 (triple-negative primary breagfoups control (no treatment), carbaxgrescein, iHRX, free
tumor) (TNBC) cell lines were purchased from American Typedoxorubicin, or carboxyorescein-iDHRX. After 7 days of growth,
Culture Collection (ATCC). Cells were cultured in RPMI-1630 half of the spheroids were putin a hypoxic environment. After 24 h, 1.25
supplemented with 10% fetal bovine serum (Avantar Seradign). FdY! free doxorubicin or 1M iDHRX was added. Visual comparisons
normoxia, a humidkd incubator containing 5% carbon dioxide, 21%Were made for treatments with 1.Bbfree doxorubicin and 104 .
oxygen, and 74% nitrogen atGivas used. For hypoxia, a biospheric iDHRX at 30 min, 1, 2,6, and _24 h. Spheroids were then imaged using
C21 hypoxic chamber supplemented with 2% oxygen, 93% nitrogeHOrescence microscopyx20eica Fluorescence Scopejsmack of
and 5% carbon dioxide was used. Media was changed every 48 h,&@fd! spheroid was constructed (from top to bottom) using steps of 5
passage numbers were kept below 10 after receiving the cells frgfr Each spheroid was visualized using both a Texée tecshow
ATCC. the accumulation of doxorubicin and a FIlt& to show the exosome
2.15. Flow Cytometry of MDA-MBA-468, MDA-MB-231, HCC ~ accumulation.
1937, and HCC 1806 Cell Lines for NRPThe cultured cells were
removed from the plate and suspended in 500f PBS and 3. RESULTS AND DISCUSSION
recombinant anti-NRP1 primary antibody (ab81321, Abcam.) Primary . .
antibody was allowed to interact at room temperature for 30 min. Cells 3-1. Characterization of Modi ed ExosomesExosomes
were then washed with PBS three times to remove the primary antibddigre isolated from raw bovine milk. The diameter of the isolated
via centrifuging at 1,200 g for 5 min. Goat antirabbit IgG H&L (FITC)exosomes was determined using dynamic light scattering (DLS),
antibody (ab6717, Abcam) was then added and allowed to rock at ro@tomic force microscopy (AFM), and high-resolution trans-
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Figure 8.Mechanisms of iRGD peptide. The iRGD peptide binds o937, HCC 1806, MDA-MB-231, and MDA-MB-468 cells in normoxia

. sintegrin receptor. Subsequent proteolytic cleavage allows bindidigd hyPoxia (2% oxygen).
to the NRP-1 receptor and penetration into the solid tdhibrs.

A . Integrin + PBS B, v Integrin + CFExo0 G, v Integrin + CF-HRX vitro experiments with cells. Hence, exosome preparations were

quantied using a tunable resistive pulse sensing instrument,
\ giving an average of £.10*exosomes/mL. Pugd exosomes
were rst modied 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

[ RFU at 480nm/514nm con rmed by UV vis spectroscopy. After optimization, a 100
251 . B CTF of Fluorescent Images M solution of lipid (80 L) and exosomes (120L
] approximately 1,310 exosomes) provided the highest lipid
20 ‘ incorporation (9.2 M, 32% e ciency). In addition to the
o hypoxia-responsive lipid, an IRGD peptide (DSPEREG
154 iRGD;Figure 3was incorporated. The spherical structure and
2 size of the exosomes were thenrooed by AFM Eigure A),
S104 TEM (Table ), and DLS Table ). Finally, doxorubicin, a
& chemotherapeutic, was encapsulated, giving adreddisome
05 (iDHRX). After incorporating the hypoxia-responsive lipid,
DSPE-PE&3,;iRGD modications, and doxorubicin encapsu-
0.0, | lation, the exosomes were at a concentrationxofl@?2

Bound CF-Exo (Panel B)  Bound CF-HRX (Panel C) particles/mL Eigure B) The presence of DSPE-B&&
iRGD on the HRX was camed through adhesion assay and
exosome structure through AFM. AFM can be used as a
, 5 integrin and iHRX. (D) Corrected totaliorescence and complementa_ry tool to image a variety of_blomolecules at hlgh
uorescence signal show sigmit di erences for both methodié. lateral resolution, revealing structural details and conformational
=12 andP-values < 0.001. changes in real time and in physiological conditions.
Doxorubicin encapsulation andciency [(65+ 6)%, 90
M] after washing and determination through Wy
mission electron microscopy (HRTENable ). As a rapid spectroscopy.
validation of the reprodbdlity of the isolation and The reduction of the modid exosomes (IHRX) was
modi cation processes, DLS was used taroathat the size  determined using glutathione concentrations fronM5@
of each exosome batch was within the literature repo§80 10 mM (Figure §.*%*"*° With 10 mM glutathione, moeéd
nn*d). Literature suggests that long-term storag8@atC exosomes broke into fragments within 10 min of exposure. After
maintains stability of bovine milk exosditdewever, we did 2 h, exosomes exposed to 5 mM glutathione were fragmented. At
not test the stability of the isolated exosomes beyond 1 week. dancentrations less than 5 mM glutathione, HRX fragmentation
verify that the isolated extracellular vesicles are exosames, was not observedrigure J. Notably, 10 mM glutathione is
cytometry for CD63 (a well-documented exosomal ffidrker  typically found within most hypoxic niches of the tumors. The 5
was performedF{gure S} These results compare CD63 mM glutathione is observed within the tusmtterior margins
stained vs unstained exosomes, indicating that the nanovesidiging the transition to hypoxia and is sigmitly higher than
are exosomes as opposed to other biological vesicles. The langeer tissue within the body (1 mM to 581).%%4"*° This
diameter for the HRX is likely due to incorporating the hypoxidragmentation of exosomes at 10 mM glutathione with minimal
responsive lipid and the iRGD-peptide conjugate with the PEfGagmentation at 5 mM glutathione indicates that exosomes
groups. modi ed with a hypoxia-responsive lipid will only break under a
An accurate evaluation of their concentration was essentiatiucing environment mimicking the hypoxic niches of solid
before modifying the isolated exosomes or using them for famors.

Figure 9 Adhesion assay qf ;t0 IRGD peptide. Fluorescence images
for (A) , sIntegrinand PBS, (B), ;integrin and exosomes, and (C)
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Figure 12Monolayer cytotoxicity for (A) HCC 1937, (B) HCC 1806, (C) MDA-MB-468, and (D) MDA-MB-23heeld)(*p< 0.05** p<
0.001. Normoxia is shown in gray and hypoxia (2% oxygen) depicted in blue.

While incorporating the hypoxia-responsive lipid providesassay was developed to conDSPE-PE£5,5iIRGD in the
trigger to release the exosome-encapsulated payload, incorpodi ed exosomes. The IRGD peptide interacts with
ration of IRGD peptide is essential for targeting, tumomtegrin and NRP-1, both upregulated on cancer cells and
penetration, and cellular internalization. A surface-adhesifatilitates targeting and penetration of the exosomes (illustrated
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Table 2. Monolayer E{ Values in Normoxia and Hypoxia

Cell Line EGynormoxia (M) ECs, hypoxia (M) Cell Line EGy normoxia (M) ECs, hypoxia (M)
MDA-MB-231 5204 3.A 0.7 MDA-MB-231 7.% 3.1 8.2+ 1.2
MDA-MB-468 6.% 2.2 4.9 0.3 MDA-MB-468 4.4 0.8 59 1.8
HCC 1806 6. 1.4 6.9 1.8 HCC 1806 6.% 2.6 6.9 0.7
HCC 1937 9. 1.7 6.3 1.8 HCC 1937 10.4 2.6 9.9+ 0.9

inFigure §.°* >°To visualize the iRGD peptide integrated into Labeling of the exosomes and higher neagioin of individual
the exosomebpid bilayer, DSPE-PEfgFITC was incorpo-  cells would have increased resolution and may have allowed a
rated into iIHRX (CF-iHRX) and exosomes. The surface of theore direct measurement of doxorubicin uptake, allowing a
slides were coated with thge; integrin allowing for iRGD more mechanistic evaluation of cell line spegitake.
peptide to attach to the surface. There was asigihincrease  Regardless of the mechanism, exosomes, echaaid
(1.5 2fold) in uorescence intensity in CF-IHRX compared tounmodi ed, are being taken up by the cells and appear to be
the unmodied exosomes&igure 9. These results veed that killing the cells within 2 h, similar to free doxorubigau(e
the iIRGD peptide was incorporated in the exosome bilayer. 11). Additional studies, such as evaluating DNA damage,
3.2. Cellular Studies.3.2.1. NRP1 Expression in TNBC looking for apoptotic bodies, or determining the level and
CellsBecause of the crucial requirement of NRP1 expression fonction of topoisomerase Il, to measure cell death at these early
the penetration of nanoparticles, its expression in the cell lintgme points would assist in determining the mechanisms of cells
was conrmed by ow cytometryKigure 1)) Flow cytometry  death in the initial stages of internalizafion.
indicated that MDA-MB-231 cells had increased NRP1 Monolayer cytotoxicity results for the four cell lines indicated
expression in hypoxic (2% Oxygen) conditions, while HCGignicant © < 0.001) cell death when treated with iDHRX
1937 cells showed increased NRP1 expression in normogampared to both unmodd exosomes and no treatment
conditions. The NRP1 expressioeince between normoxia controls Figure 1. Doxorubicin concentrations of ONb to
and hypoxia on the cells implies that certain cell lines may B® M in iDHRX were tested with MDA-MB-468, HCC 1806,
more susceptible to iIHRX drug delivery. and HCC 1937 cells. The lowest concentration of iDHRX to
3.2.2. Cellular Internalization and Cytotoxicity for Mono- show signcance among each cell line is reporteg VvalDes
layer Cultures Normoxidnternalization of iIRGD-exosomes (Table 2 were calculated for each cell line based on these
(iDHRX) into MDA-MB-468, MDA-MB-231, HCC 1806, and cytotoxicity results. As expected, HCC 1937 cells had increased
HCC 1937 TNBC cells was monitored for 24 iyre 1). EC,,values compared to other cell lines t85ttk variability
iDHRX showed higher internalization after 2 h compared tof the EG, and e ectiveness of treatment is likely because of
doxorubicin-encapsulated exosomes without the iRGD peptigenetic variability and protein expression on the cells. Addi-
(DExo) (Figure 1). Within the 2 h after treating TNBC cells tionally, the lack of tumor microenvironment and cellular
with doxorubicin in any form (free, encapsulated in uredodi interactions can alsoeat the eectiveness of treatment,
exosomes, or encapsulated in reddéixosomes), the intensity indicating a need for 3D spheroid viability and penetration
of DAPI began to decrease indicating cell death. Treating bagtudies.
HCC 1937 and MDA-MB-468 cells with iDHRX showed a 3.2.3. Spheroid Cytotoxicity and Penetration DeptBD
quanti able and sigrnéant di erence in DAPI intensity, likely spheroid cytotoxicity assay indicated less cell death than
attributed to the multiple uptake pathways of exosomes. Foronolayer culturesFigure 1R For spheroids, a hypoxic
example, HCC 1937 cells have higher exosomal uptageadient begins to form at 20@), allowing external hypoxia

compared to other cell lines regardless of NRP-lvrﬁag\d
nt.

conditions to serve as a cortrof>° Consequently, the
spheroids showed similar viability in both hypoxia and

integrin expression levels in a 2D monolayer enviroti
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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) environmidnt ot @8 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 usi
Texas reduorescencdter. Exosomes were visualized using a RIGiCEach image is taken at the focus depth, each sliethsck.

Figure 15Penetration of doxorubicin and iDHRX in the MDA-MB-468 and MDA-MB-231 cell spheroids. Doxorubicin was visualized using Tex:
red uorescencdter. Exosomes were visualized using a R@ICEach image is taken at the focus depth, each slioettsdk.

normoxia. MDA-MB cells showed more gsigni death at  cultures and indicated equivalent tox slightly higher values to
several doses compared to HCC cells. HCC 1937 spheroitteat of monolayer Egvalues.

showed signtant cell death at 1M iDHRX and 1.25M Analyses of the depth of penetration ofiDHRX in the cultured
doxorubicin and showed the leasttve treatment compared spheroids were performed by confamakscence microscopy.

to other cell lines. This is likely due to thenepumps and  iDHRX reached the center of the 3D spheroids within 1 h, while
doxorubicin resistance often found in the HCC 1937ree doxorubicin does not reach the same levels until at least 2 h.
cells?’®%¢1 EC,, values Table 3 were calculated for spheroid By 6 h, the penetration levels become steady, indicating an
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