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ABSTRACT: Milk-derived exosomes are widely used for diagnosis, delivery,
imaging, and theranostic applications. Near-Infrared (NIR) based fluorescence
bioimaging is an attractive and safer technique that is used for clinical
applications. However, almost all NIR imaging agents tend to have poor
photostability, short half-life, nonspecific protein binding, and concentration-
dependent aggregation(s). Therefore, there is an unmet clinical need to
develop newer and safer modalities to package and deliver NIR imaging
agents. Bovine milk exosomes are natural, biocompatible, safe, and efficient
nanocarriers that facilitate the delivery of micro- and macromolecules. Herein,
we developed an exosome-based NIR dye loaded nanoimaging formulation
that offers improved solubility and photostability of NIR dye. Following the
acetic acid based extracellular vesicle (EV) treatment method, we extracted the
bovine milk exosomes from a variety of pasteurized grade milk. The EVs were
screened for their physicochemical properties such as particle size and concentration and zeta potential. The stability of these
exosomes was also determined under different conditions, including storage temperatures, pH, and salt concentrations. Next,
indocyanine green, a model NIR dye was loaded into these exosomes (Exo-Glow) via a sonication method and further assessed for
their improved fluorescence intensity and photostability using an IVIS imaging system. Initial screening suggested that size of the
selected bovine milk exosomes was ∼100−135 nm with an average particle concentration of 5.8 × 102 particles/mL. Exo-Glow
further demonstrated higher fluorescence intensity in cancer cells and tissues when compared to free dye. These results showed that
Exo-Glow has the potential to serve as a safer NIR imaging tool for cancer cells/tissues.
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■ INTRODUCTION
Near-infrared (NIR) fluorescence imaging is one of the most
innovative technologies for cells and tissue bioimaging because
it can minimize tissue background interference, allowing it to
produce more sensitive and in-depth visualization. This is due
to its wavelength range of 700−1000 nm that allows it to have
a low absorption and autofluorescence.1−3 Efficient NIR
imaging needs to have ideal chemical and photophysical
properties such as intense fluorescence, photostability, and
good aqueous solubility. However, many of the NIR dyes have
a series of limitation such as poor hydrophilicity and
photostability, low intensity, and short half-life.4 Among
several NIR dyes, indocyanine green (ICG)5 is an U.S. Food
and Drug Administration (FDA) approved tricarbocyanine
fluorescent NIR dye as an indicator of cardiac output, hepatic
function and liver blood flow, and ophthalmic angiography.6

ICG exhibits a strong imaging potential due to its high signal-
to-background ratio.7,8 ICG-based NIR fluorescent (NIRF)
imaging is an attractive and safer techniques used in various
clinical applications. However, ICG tends to have poor

photostability, short half-life, nonspecific proteins binding,
and concentration-dependent aggregation.9 Therefore, there is
an unmet clinical need to develop newer modalities to package
and deliver ICG. One potentially safe way to overcome these
issues is the use of nanocarriers to package ICG. To date a
number of nanosystems that have been developed for
encapsulating therapeutic and imaging materials such as
polymeric, iron oxide, liposomal, and others.10

Exosomes are one type of extracellular vesicles (EV) and are
composed of biomolecular lipid-bilayer nanostructures that are
released by all cells.11−13 Exosomes with an average size of 30−
150 nm can serve as transporters of a variety of molecules such
as proteins, lipids, mRNAs, and RNA.14 Exosomes can be
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released by cells, tissues, and biological fluids such as blood,
milk, and urine.12 Exosomes have the potential to be a
naturally occurring delivery system because of their long
circulating half-life, biocompatibility, as well as minimum
toxicity and tumor targeting abilities.15

There are a variety of exosomes that are extracted from
natural sources, and there’s been an increase in the study of
these as natural nanoplatforms for drug delivery and imaging
agents. One example of an exosome derived from natural
sources are milk exosomes.16,17 Bovine milk exosomes are
composed of miRNAs and other molecules of milk proteins
like casein, β-lactoglobulin, miR-101, and miR-150.18,19 Bovine
milk exosomes contain 2107 proteins20 and are involved with
vesicle fusion as well as possible intercellular signaling.21

Therefore, considering bovine milk exosomes natural, bio-
compatible, safe, and efficient nanocarriers that facilitate the
delivery of micro and macro molecules, we seek to develop an
exosome based NIR dye (ICG) loaded imaging system that
offers improved solubility, photostability, and imaging
capabilities.

■ MATERIALS AND METHODS

Chemicals, Chicken Breast, and Bovine Milk Samples
Acetic acid (A6283), sodium chloride (S7653), acetone (270725),
and ICG (1340009) were purchased from Sigma-Aldrich (St. Louis,
MO, USA). All other laboratory solvents, reagents, chemicals, and cell
culture plastics were purchased from Fisher Scientific (Pittsburgh, PA,
USA) or Sarstedt, Inc. (Newton, NC, USA). Chicken breast tissues
and various bovine milk samples used in this study were purchased
from a local HEB and Walmart grocery stores and kept at 4 °C during
usage and/or until the expiration date. Milk samples were as follows:
5 different brands (all 0%) as Horizon Organic, HEB Organics
Central Market, HEB Fat Free, Great Value Fat Free, Oak Farms
Dairy-Dairy Pure, and 4 different fat percentages (0%, 1%, 2%, and
3%) of Horizon Organic Milk.
Isolation of EVs
For the removal of milk fat globules and other debris and
contaminants, milk samples (25 mL) were centrifuged at 2000 rcf
for 20 min with a temperature of 4 °C using a Rotor S-4 x Universal-
Large with a Centrifuge 5920 R (Eppendorf AG, Germany).
Supernatant containing the defatted milk was collected for acetic
acid treatment.22

Acetic acid (AA) Treatment
The supernatant (15 mL) was warmed up at 37 °C using a hot plate
for 10 min, and acetic acid (15 mL) was slowly added while mixture
was stirring at 500 rpm. The treated sample was stirred for 5 min and
later centrifuged at 4198 rcf for 20 min at 25 °C. This centrifugation
allowed for separation of the casein (pellet) and whey (super-
natant).23 Supernatant was collected, subjected to ultracentrifugation,
washed with Phosphate-Buffered Solution (PBS), and stored at 4 °C
for further studies.24 Exosomes were lyophilized using a freeze-dryer
(Labconco, Kansas City, MI, USA) to determine the weight of the
EVs for future studies.
Particle Size, Concentration, and Zeta Potential
To measure the particle size, particle distribution, and concentration
of exosomes, 150 μL of exosomes was dispersed in 3 mL of MilliQ
ultrapure water and sonicated for 50 s using the VirSonic Ultrasonic
Cell Disrupter 100 (200 W, The VirTis Company, Gardiner, NY,
USA). Sonication allowed uniform suspension of particles in the
solution which was placed in a clear plastic cuvette (DTS0012), and
the Malvern Zetasizer Ultra instrument (Nano ZS, Malvern
Instruments, Malvern, UK) was used to measure particle size and
concentration characteristics using the dynamic light scattering (DLS)
principle.25 A total of 3 readings were collected for each sample. For
zeta potential, 50 μL of sample was mixed with 1 mL of 1× PBS and

sonicated for 50 s, this solution was further placed on a Folded
Capillary Zeta Cell (DTS 1070, Malvern Instruments, Malvern UK)
and surface charge (zeta potential) was measured using Malvern
Zetasizer Ultra instrument.
Physical Stability
To assess the physical stability of the extracted exosomes, particle size
measurements were performed using the DLS system as mentioned
above, under various physical environmental conditions such as
different pH (2, 3, 6, 7, 7.4 and 8), salinity (0.10%, 0.25%, 0.50%,
0.75%, 0.90% and 1% NaCl), and temperature (4, 25, 27, 30, 35, 37,
and 40 °C).26

ICG Loading into Exosomes
Bovine milk extracted exosomes were loaded with ICG dye through a
physical encapsulation method, sonication.27 Briefly, a master stock
solution of ICG dye was prepared at a 5 mg/mL concentration in
water. Next, from the master stock dye solution, 1 mg of dye was
loaded to 10 mg of exosomes by placing these solutions on ice and
sonicating for 30 s, 5 times with a 2 min rest between sonication
cycles. Further, the dialysis tubing method was employed to remove
free (unbound) dye. Briefly, freshly prepared 1 mL of 100 μg ICG
loaded exosomes were transferred into a dialysis tube (SnakeSkin
Dialysis Tubing, 3.5 kDa MWCO, 22 mm, Fisher Scientific, Waltham,
MA, USA) and placed in a beaker with 500 mL ultrapure Milli-Q
water. The beaker was then kept for stirring at 150 rpm at 37 °C.
Water outside the dialysis tube was replaced every 30 min until 6 h,
and the content inside the tubing was analyzed with a UV−vis
spectrophotometer (Varioskan LUX Multimode Microplate Reader)
to measure the ICG in exosomes. Results indicated that ∼92% dye
loading was obtained into the exosomes, and working dilutions/
concentrations (5, 7.5, 10, 15, and 20 μg) for ICG loaded exosomes
(ICG-EXO) for further studies were calculated accordingly.
Biochemical Characterization of ICG-EXO
The biochemical characterization of ICG-EXO was evaluated by
spectral analyses28 confirmed from its absorption profiles at different
concentrations (5−20 μg). For this, freshly prepared ICG-EXO was
analyzed in a black 96-well microplate at room temperature, and
spectra were obtained at 300−900 nm by utilizing a UV−vis
spectrophotometer (Varioskan LUX Multimode Microplate Reader,
Thermo Fisher Scientific, Waltham, MA, USA). Data were further
analyzed by using the built-in software Skanlt RE 6.02.
Fluorescence Optical Imaging
Drops (5 μL) of different dilutions (5, 7.5, 10, 15, and 20 μg) of free
ICG dye and ICG-EXO were placed on filter paper (GE Healthcare
Whatman, Diameter 125 mm Cat No. 1001−125). Upon drying, filter
papers were imaged using an IVIS Spectrum In Vivo Imaging System
(PerkinElmer, Waltham, MA, USA).29 Emission and excitation ranges
for ICG were 780−845 nm. A similar protocol was followed for ex
vivo imaging of free ICG and ICG-EXO on chicken breast at 0 and 24
h after placing the drops onto the breast tissues. Additionally, the
stability and penetration capability of ICG dye and ICG-EXO were
examined with 2% agarose solutions (for thick tissue mimicking)
mixed with different concentrations of free and exosomal dye in glass
vials.
Hemocompatibility
A hemolysis (hemocompatibility) assay was performed to determine
the biosafety profile of dye loaded bovine milk exosomes.29 For this,
human red blood cells (RBCs) were collected by centrifuging 10 mL
of single donor human whole blood (IWB1K2E10 ML, Innovative
Research, Inc., Novi, MI, USA) at 2000 rpm for 10 min. RBC pellets
were then resuspended in 10 mL of RPMI-1640 phenol red free
growth media. Next, 100 μL of RBCs was incubated with different
concentrations of free ICG dye and ICG-EXO (5, 10, 25, 50, 75, 100,
and 200 μg) for 2 h at 37 °C in 1.5 mL Eppendorf tubes, maintaining
the tubes in a standing position. After the indicated end point,
samples were centrifuged at 1000 rpm for 5 min and the RBC pellet
after centrifugation was used for observing morphological changes as
the result of the lysing phenomenon. For this, a drop of 10 μL of
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pellet was placed onto a glass slide and smeared using another spare
slide at 30° angel. Slides were then imaged with a bright-field
microscope (EVOS M7000, Invitrogen, Thermo Fisher Scientific,
MA, USA). In this experiment, sodium dodecyl sulfate (SDS) and
phosphate buffered saline (PBS) were used as positive and negative
controls, respectively.

Cellular Biocompatibility
The cellular biocompatibility of ICG loaded exosomes was
determined with the MCF-7 (breast cancer, purchased from ATCC,
Manassas, VA, USA) cell line by using a CellTiter96 Aqueous One
Solution [3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-
2-(4-sulfophenyl)-2H-tetrazolium, inner salt] MTS assay (Promega,
Madison, WI, USA)].29 Briefly, 5000 cells per well were plated in 96-
well plates and allowed to attach overnight. The next morning, cells
were exposed to various concentrations of free ICG and ICG-EXO (5,
10, 25, 50, 75, 100, and 200 μg) for another 24 h. At the end of this
time point, 20 μL/well MTS reagent was added, and plates were
incubated at 37 °C for 4 h. Further, absorbance (optical density) was
recorded at 490 nm, and data was normalized to nontreated cells used
as controls. The experiment was performed three individual times in
replicates of 6.

Cellular Binding
Two breast cancer cell lines (MCF-7 and MDA-MB 231, purchased
from ATCC, Manassas, VA, USA) were seeded at a density of 50,000
cells/chamber in 4-chamber slides and allowed to adhere overnight.
The next day, cells were treated with10 μg of either free ICG or ICG-
EXO for 3 h. Further, slides were carefully washed with 1× PBS 3
times, fixed with 4% paraformaldehyde for 20 min at room
temperature, coverslipped using the mounting medium, and stored
at 4 °C for complete drying minimum for 1 day prior to imaging.
Cells were then imaged for ICG binding using an EVOS M7000
fluorescent microscope under the CY7 channel at 200×.
In Situ Tumor Specific Binding
Immunohistochemistry (IHC) technique was utilized to analyze the
binding affinity of free ICG and ICG-EXO using breast cancer (no.
BR087e) tissue microarrays (TMAs) (US Biomax, Inc., Derwood,
MD, USA), containing normal and malignant human tissues. Briefly,

slides were deparaffinized at 64 °C on a heating plate for 2 h and in a
xylene wash for 10 min. Next, slides were rehydrated with different
concentrations of alcohol content (100% for 10 min and 90%, 70%,
50% and 30% for 5 min each) followed by antigen retrieval and
blocking. TMAs were then exposed to free ICG and ICG-EXO
overnight at a concentration of 100 μg/mL. The next day, slides were
washed with 1× TBS 3 times for 10 min each and followed by
imaging utilizing a fluorescent microscope (EVOS M7000) under
CY7 channel at 40×.
Statistical Analysis
All the data was expressed as mean ± standard error of mean (SEM).
The statistical significance among treatments was determined using
the one-way ANOVA Test (GraphPad Prism 10.1.2). A p-value < 0.05
was considered significant.

■ RESULTS

Optimization and Physicochemical Characterization of
Bovine Milk Exosomes
We screened 5 different brands of 0% (fat free) milk, namely,
Horizon Organic, HEB Organics, HEB Fat Free, Great Value,
and Dairy Pure to extract ideal exosomes to serve as carriers to
deliver NIR dye for bioimaging purposes. The 5 brands of fat-
free milk were analyzed to determine particle size distribution,
charge, and particle concentration. The particle size of
exosomes derived from Horizon, HEB Organics, HEB Milk,
Great Value, and Dairy Pure exhibited as 133.43 ± 2.8, 109.04
± 3.73, 159.86 ± 11.66, 128.49 ± 7.48, and 153.71 ± 2.61 nm,
respectively (Figure 1A). The zeta potential of exosomes
derived from Horizon and Great Value milks had an average of
∼ −14 mV, HEB Organics milk had a zeta potential of ∼ −13
mV, HEB milk had a zeta potential of ∼ −11 mV, while Dairy
Pure milk showed a zeta potential of ∼ −15 mV (Figure 1B).
Based on the exosomal particle size average (116.71 ± 3.33
nm), it was determined that Horizon milk had the smallest
range of variability and provided the most consistent values.
Regarding particle concentration, Horizon milk (4.7 × 1012

Figure 1. Physicochemical characterization of five different brand milk derived exosomes. Exosomes were extracted from five different brands of
milk with 0% fat content. (A) Particle size, (B) zeta potential, and (C) particle concentrations were measured by DLS, and measurements were
taken in triplicate. Data represents the average of three individual experiments. Error bars show SEM, n = 3.

Figure 2. Physicochemical characterization of varied fat content milk derived exosomes. Exosomes were extracted from four different degrees of fat
(0%, 1%, 2%, and whole fat) containing milk. (A) Particle size, (B) zeta potential, and (C) particle concentration as measured by DLS, and
measurements were taken in triplicate. Data represents the average of three individual experiments. Error bars show SEM, n = 3.
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particles/mL) had the highest particle concentration followed
by HEB Organics (3.6 × 1012 particles/mL), Great Value (2.5
× 1012 particles/mL), HEB Brand (2.5 × 1012 particles/mL)
milks, and the one with the lowest particle concentration was
the Dairy Pure milk (8.2 × 1012 particles/mL) (Figure 1C).
Results obtained from Figure 1 clearly indicate that Horizon

milk showed the ideal particle size and surface charge among
all tested milk brands, having the highest particle concen-
tration. Herein, to further confirm the ideal fat percentage
required to achieve the ideal exosomes to serve as carriers to
deliver NIR dye for bioimaging purposes, we chose four
different grades of fat containing milk products of Horizon
milk (0%, 1%, 2% and whole milk). The obtained particle size,
zeta potential, and particle concentration of milk exosomes are

presented in Figure 2. Fat free milk (0%) had an average
particle size of 117.8 ± 6.76 nm, 1% milk resulted in an average
particle size of 173.3 ± 7.73 nm, 2% fat milk had an average
particle size of 260.5 ± 1.84 nm, and whole milk had a particle
size average of 273.3 ± 8.12 nm. The zeta potential and
particle concentration for the fat percentages were as follows
for these samples: fat free milk (0%), ∼ −15 mV and 5.5 × 109
particles/mL; 1% milk, ∼ −14 mV and 3.3 × 109 particles/mL;
2% milk, ∼ −15 mV and 5.7 × 109 particles/mL; and whole
milk, ∼ −14 mV and 8.2 × 1009 particles/mL. These results
confirmed the selection of fat free milk for further analysis.
Physical Stability of Bovine Milk Exosomes

It is imperative to assess the stability of these exosomes or
delivery vehicles under different physical conditions before

Figure 3. Physical stability of milk exosomes. Based on size consistency, fat free Horizon milk was selected to measure the stability of vesicles under
different (A) pH, (B) NaCl salt concentrations, and (C) temperatures. The graphs represent the averages of three individual experiments. Error
bars show SEM, n = 3.

Figure 4. Characterization of ICG-EXO formulation. (A) Schematic illustration of preparation of ICG-EXO formulation. (B) ICG was loaded into
the exosomes and particle size distribution, particle concentration, and zeta potential were measured by DLS. (C) UV−vis spectra of ICG-EXO at
different concentrations. (D,E) Fluorescence intensity was measured using an IVIS imaging system. Bar graphs represent the quantitative analysis of
fluorescence signal (intensity) ROI (radiation efficiency = photons/s/cm2/sr) of free ICG and its loaded exosomes. Data represents the average of
three individual experiments. Error bars show SEM, n = 3. *p < 0.05. A formulation with a final concentration of 20 μg was prepared, and a 5 μL
drop was placed into a filter paper and imaged for fluorescence intensity.
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testing them in vitro and in vivo for biomedical applications.
The changed behavior of the exosomal nanoparticles under
certain environmental conditions were examined using the
DLS system by measuring particle size after modifying pH,
NaCl concentration (salinity), and temperature (Figure 3). In
the case of pH, there is an increase in particle size at a pH of 2;
this suggests that the exosome structure may be disassociating.
On the other hand, when the pH is 6 or higher, there is a slight
decrease in exosome size, suggesting that a high pH (6 or
above) helps to stabilize the exosomal structure (Figure 3A).
Regarding NaCl concentration, exosomal size increased after
reaching 0.75%, the greatest particle size was observed when
the NaCl concentration was at 1.00%. This shows that
increasing NaCl destabilizes the exosomes after 0.50% NaCl.
Anything below 0.50% NaCl showed a particle size similar to
that of the control group, meaning that the stability of the
nanoparticle was not affected (Figure 3B). The exosomes
showed a slight increase in particle size at 37 °C and also
showed a slight decrease at 25 °C; the other temperature
ranges showed exosomes having around the same size,
indicating that the exosomes are stable at most temperatures
(Figure 3C).
Characterization of ICG dye loaded bovine milk exosomes

A schematic representation of the preparation (Figure 4A) and
characterization (Figure 4B−E) of ICG-EXO is depicted
below. The characterization of ICG-EXO formulation was
determined by analyzing its particle size and concentration,
surface charge, spectral analysis, and fluorescence intensity by
utilizing various instruments such as a DLS instrument,
spectrophotometer, and fluorescent animal imager, respec-
tively.

DLS data revealed that ICG-EXO NPs had an average
particle size of 92.89 ± 2.1 nm, particle concentration of ∼2.67
× 1012, and zeta potential (surface charge) of −13 ± 1.8 mV
(Figure 4B). Next, UV−vis spectral analysis indicated that,
with an increase of concentration, the absorbance peaks of
ICG-EXO were enhanced. Absorbance peaks were mainly
obtained around 720 nm (Figure 4B). To determine the
fluorescence radiant efficiency of free ICG and ICG-EXO,
nanoparticles were prepared at a final concentration of 20 μg.
There was a significant difference between free dye and dye
loaded exosomes as ICG free dye (5.4 × 109 RFU) showed a
significantly lower radiance efficiency when compared with
ICG loaded exosomes (1.4 × 1010 RFU) (Figure 4C). Next,
Figure 4D demonstrates the qualitative representation of
radiant efficiencies obtained for free ICG and its loaded
exosomes.
Bovine Milk Exosomes Promote NIRF Imaging
Characteristics

For NIRF imaging experiments, ICG and ICG-EXO were
prepared at different concentrations for evaluating their
concentration dependency. The radiant efficiency of Exo-
Glow nanoformulation was measured using IVIS imaging
system at different concentrations of 5, 7.5, 10, 15, and 20 μg
by placing 5 μL drops on the filter paper (Figure 5A,B) and
chicken breast (Figure 5C,D). The filter paper measurements
were taken instantly, and results showed that the Exo-Glow
nanoformulation had a higher fluorescence than the free dyes
at all concentrations. The greatest difference was observed
when comparing the highest concentration of 20 μg where
ICG-EXO (1.4 × 1010 RFU) significantly surpassed free ICG
(5.4 × 109 RFU) dye fluorescence (Figure 5A,B). For ex vivo

Figure 5. Comparison of radiant efficiency between ICG and ICG-EXO at different concentrations. (A) Fluorescence was measured using the IVIS
imaging system at 5, 7.5, 10, 15, and 20 μg concentrations; line graphs represent the quantitative analysis of fluorescence signals/intensity ROI
(radiation efficiency = photons/s/cm2/sr). Data represents the average of three individual experiments. Error bars show SEM, n = 3. *p < 0.05. (B)
A 5 μL drop of different concentrations was placed on filter paper and imaged right away. ICG loaded exosomes exhibited higher fluorescence when
compared with free dye. (C) Fluorescence of dye and its loaded exosomes was measured using an IVIS imaging system at different concentrations.
The quantitative analysis of fluorescence signals/intensity ROI (radiation efficiency = photons/s/cm2/sr). Line graphs represent the average of
three experiments. Error bars show SEM, n = 3. *p < 0.05. (D) A 5 μL drop of various concentrations was placed on top of a chicken breast tissue
and imaged after 24 h for fluorescence measurement.
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bioimaging, the chicken breast showed a similar pattern where
Exo-Glow NPs (ICG-EXO - 2.9 × 1010 RFU) showed a higher
fluorescence when compared with free dye (ICG - 2.4 × 1010
RFU) at the highest concentration of 20 μg (Figure 5C,D)
after 24 h of treatment incubation. It was evident in both
experimental settings that fluorescence intensities were
concentration dependent.
The stability of ICG dye and ICG-EXO in tissue mimicking

conditions was evaluated (Figure 6). The data confirm a dose
dependent fluorescence potential for free dye (Figure 6A) and
formulation (Figure 6B). However, there is a clear evidence
that an improved dose dependent fluorescence glow for ICG-
EXO indicates its superior NIRF imaging capabilities.
ICG-EXO Demonstrates Cellular Compatibility

It is important to evaluate the hemocompatibility of nano-
formulations to assess their preclinical and clinical utility.
Herein, we carried out a hemolysis (blood cell toxicity) assay
for our ICG dye loaded exosomal nanoformulation at different
concentrations. Our results indicated that red blood cells,
treated with free dye and ICG-EXO, did not show any signs of
toxicity as compared with PBS as the negative control and SDS
as the positive control (Figure 7A). This information supports
the use of this NIR dye based nanoformulation for biomedical
purposes. After evaluating the hemocompatibility of ICG-EXO,
we were interested in determining the biocompatibility of
ICG-EXO with cancer cells. For this, we employed an MTS
assay, using MCF-7 breast cancer cells treated with various
concentrations of ICG and ICG-EXO ranging from 5 to 200
μg for 24 h. It was clearly apparent in the cellular viability data
that ICG-EXO was as biocompatible (minimal to no toxicity)
as free ICG with all concentrations (Figure 7B). Together,
these results indicated the safe use of ICG-EXO in preclinical
settings.
ICG-EXO Exhibits Superior Cancer Cells and Tissue
Imaging

Successful ex vivo bioimaging of ICG-EXO with chicken breast
tissues encouraged us to explore the binding and imaging
affinity of these NPs with cancer cells and tissues (Figure 8)
since ICG exhibited higher fluorescence intensity and retention
after 24 h in this tissue bioimaging.
For in vitro imaging of cancer cells, we incubated 2 breast

cancer cell lines (MCF-7 and MDA-MB 231) with a 10 μg
concentration for 24 h. Images appeared to have a significant
increase in fluorescence intensity with ICG-EXO when

compared with free ICG in both cell lines. Cells with no
treatment served as the control (Figure 8A). The quantified
fluorescence signal intensity data for both cell lines are
represented in Figure 8B where ICG-EXO was ∼5 and ∼3
times higher than free ICG in MCF-7 and MDA-MB 231 cell
lines, respectively.
Further, human breast cancer tissue microarrays were

utilized to examine in situ tissue binding and imaging efficacy
of ICG-EXO with 100 μg concentration (considering thick
tissue density in tumors) (Figure 9).
The NIR fluorescence signals of ICG and ICG-EXO are

negligible in normal breast tissues, whereas ICG-EXO
fluorescent imaging signal from tumor tissues revealed
preferential and significantly enhanced binding affinity toward
malignant breast tumor tissues (Figure 9B) when compared
with normal breast tissues (Figure 9A). This indicates that the
ICG-EXO fluorescence signal is positive for tumor tissues. At
the same time, fluorescence signals were found to be more
intense with ICG-EXO than with free ICG. In addition, most
of the tumor tissue fields are evidently labeled by ICG-EXO.
Figure 9C further demonstrates the quantified fluorescence
signal intensities of TMAs where ICG-EXO was ∼4 times
higher than free ICG in malignant tumor cores.

■ DISCUSSION
Bovine milk is an abundant source of extracellular vesicles,
including exosomes.23 Milk exosomes can be considered as an
alternative to cell-derived exosomes and can potentially serve
as a platform for more personalized drug delivery. This is due
to their cost effectiveness, enhanced biocompatibility, low
toxicity, high specificity, and stability in acidic environ-
ments.30,31 Milk derived exosomes are reported to be
intrinsically stable combating the harsh and degrading gut
environment which further enhances the exosomes’ bioavail-
ability by facilitating their absorption in systemic circulation.32

In addition, since milk is a highly consumed beverage in
humans, milk derived exosomes show the ability to bypass the
clearance from an extreme surge of the immune system.32

Many studies confirmed that bovine milk exosomes are
employed as a nanocarrier or as a potential cancer biomarker.33

Exosomes can potentially be used for delivery of agents using
loading methods as electroporation and chemical trans-
fection.31 Bovine milk-derived exosomes have also been used
to enhance the delivery of anticancer agents.14,34 There are
some studies that also explore the application of milk exosomes

Figure 6. ICG-EXO exhibits superior tissue fluorescence contrast at different concentrations. (A) Fluorescence was measured using the IVIS
imaging system at 5, 7.5, 10, 15, and 20 μg concentrations in agarose solution; line graphs represent the quantitative analysis of fluorescence
signals/intensity ROI (radiation efficiency = photons/s/cm2/sr). Data represents the average of three individual experiments. Error bars show
SEM, n = 3. *p < 0.05. (B) Visualization of different concentrations of ICG and ICG-EXO in glass vials.
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in metabolism and health, and as genomic markers.35 However,
there is a limited number of articles discussing its potential as a
dye or imaging agent carrier.
In this study, we utilized acetic acid treatment for exosome

purification, which resulted in casein aggregation and iso-
electric precipitation to facilitate efficient isolation of more
purified exosomes. The obtained results (Figures 1−3) agree
with literature that bovine milk exosome use in human
medicine is much feasible.23 The acetic acid extraction method

can be an even more useful technique for the isolation and
production of exosomes on a larger scale.24 Previous studies
have shown that lowering the pH can lead to purer and a
higher number of exosomes,36 but they also suggested the
degradation of EV-surface-marker proteins after the acid-
ification process.24 Our study showed that these exosomes
have a good physical stability at different temperatures, as well
as in high pH medium conditions (Figure 3A, B). In addition,
they were stable at low NaCl concentrations (Figure 3C).
Enhanced deep tissue penetration and low interference with

fluorescence from tissue and biological samples make NIR dyes
an excellent tool for bioimaging. Many significant efforts have
been made toward developing such imaging agents that excites
in near-infrared region including cyanine, squaraine, xanthenes
and many others which often are linked with photobleaching
and stability, solubility and aggregation issues.5 Despite all
these efforts, ICG is the only FDA approved NIR agent that is
available for clinical use; however, ICG has also been reported
to have rapid hepatic clearance, poor photostability, and
concentration dependent aggregation.37 In addition, ICG
internalization is not organ/cancer specific.38,39 Herein, this
study aims at resolving these issues and obstacles associated
with the use of NIR agents by developing and characterizing
extracellular vesicle-based natural nanosystems to load and
deliver NIR dye.
There are a variety of techniques to encapsulate the dyes/

imaging agents into the exosomes.40−42 In this study, the

Figure 7. Cellular compatibility of ICG-EXO. (A) Human red blood
cells were treated with a concentration of 200 μg of free ICG and
ICG-EXO for 2 h. Microscopic images were captured to visualize
hemolysis (hemocompatibility). PBS and SDS were used as negative
and positive controls, respectively. Images are representative of
triplicates. Images were taken at 200×. (B) Cell viability was
measured with an MTS cell proliferation assay, using MCF-7 breast
cancer cells after 24 h of treatment with different concentrations of
ICG-EXO and its control free ICG. Absorbance was taken at 490 nm
after incubating cells for 4 h with MTS reagent to determine cellular
biocompatibility. Data was normalized to nontreated cells which
served as controls in this experiment. Error bars show SEM, n = 3. *p
< 0.05.

Figure 8. ICG-EXO exhibits superior breast cancer cell binding. (A)
MCF-7 and MDA-MB-231 breast cancer cell lines were treated with
ICG-EXO and its free dye control for 24 h with 10 μg concentration.
Cells were then fixed and imaged with a fluorescent microscope.
Images were taken at 200×. (B) Bar graphs represent the average
quantification of three individual experiments as CTCF values
(corrected total cell fluorescence). Error bars show SEM, n = 3. *p
< 0.05.
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sonication procedure was employed because it can maintain
the integrity of the exosome nanoparticle/lipid structure and
can further improve the stability (Figure 4). The developed
ICG-EXO formulation exhibited superior NIRF imaging
characteristics on tissue paper, chicken tissue, and 2% agarose
solution (Figures 4−6). In addition, ICG-EXO formulation is
biocompatible, showing no effect on red blood cell
morphology and no significant influence on cell viability of
MCF-7 cells (Figure 7).
Various reports have suggested that milk exosomes can be

useful nanocarriers due to their structure and origin.43,44 This
is also due to its composition of mRNAs, miRNA, and
proteins.45,46 ICG has been widely utilized for tumor labeling,
visualization, and targeting.47−50 Our study results confirm that
milk exosomes not only are able to carry ICG (ICG-EXO) but
also exhibit intense detection or glow of cancer cells (Figure 8)
and tumor cell specific labeling of breast cancer tissues (Figure
9). However, further studies are warranted to fully establish
this Exo-Glow platform for its imaging applicability in
biomedical settings.

■ CONCLUSION
This study developed a fast and effective procedure for the
milk exosome based ICG probe ICG-EXO. The developed
ICG-EXO has the potential to improve solubility, photo-
stability, and biocompatibility. The utility of ICG-EXO for
effective NIR fluorescence cell and tissue imaging is confirmed.
These promising results suggest the ability of ICG-EXO as a
safer NIR imaging tool for cancer cells/tissues and pave the
ways for its implications in tumor visualization.
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