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Abstract: Exosomes are nanoscale extracellular vesicles which regulate intercellular communication.
They have great potential for application in nanomedicine. However, techniques for their isolation are
limited by requirements for advanced instruments and costly reagents. In this study, we developed a
lyophilization-based method for isolating exosomes from cultured cells. The isolated exosomes were
characterized for protein content using Bradford assay, and for size distribution and shape using
scanning electron microscopy (SEM) and nanoparticles tracking analysis (NTA). In addition, CD63,
CD9, CD81, HSP70 and TSG101 were evaluated as essential exosomal surface markers using Western
blot. Drug loading and release studies were performed to confirm their drug delivery properties using
an in vitro model. Exosomes were also loaded with commercial dyes (Cy5, Eosin) for the evaluation
of their drug delivery properties. All these characterizations confirmed successful exosome isolation
with measurements of less than 150 nm, having a typical shape, and by expressing the known exosome
surface protein markers. Finally, tyrosine kinase inhibitors (dasatinib and ponatinib) were loaded
on the exosomes to evaluate their anticancer effects on leukemia cells (K562 and engineered Ba/F3-
BCR-ABL) using MTT and Annexin-PI assays. The expression of MUC1 protein on the exosomes
isolated from MCF-7 cells also indicated that their potential diagnostic properties were intact. In
conclusion, we developed a new method for exosome isolation from cultured cells. These exosomes
met all the essential requirements in terms of characterization, drug loading and release ability, and
inhibition of proliferation and apoptosis induction in Ph+ leukemia cells. Based on these results, we
are confident in presenting the lyophilization-based exosome isolation method as an alternative to
traditional techniques for exosome isolation from cultured cells.

Keywords: exosomes; nano biopolymers; lyophilization; drug delivery; Ph+ leukemia

1. Introduction

Biomimetic nanotechnology has vastly impacted biomedicine by providing a robust
scaffold for drugs, RNA interference (RNAi), protein delivery to desired tissues, and drug-
free therapies. Recently, during the COVID-19 pandemic, nanotechnology assumed a
prominent role in the development of mRNA vaccines and diagnostic kits worldwide [1–3].
Nevertheless, the translation of traditional nanomaterials to the bedside is challenged by
adverse effects, poor target recognition and high costs [4,5]. In this regard, exosomes are a
welcome option for addressing the aforementioned limitations.

Exosomes are extracellular vesicles with a size range of 30–200 nm, secreted by almost
all types of cells. They are involved in intercellular communication by having multiple
payloads of DNA, RNA, RNAi, proteins, viruses, lipids, small molecules, and soluble
factors [6,7]. These cargos are delivered from parent (donor) to recipient cells in a paracrine
manner [8]. Exosomes have inherited payload-delivery ability. This cargo delivery ability
makes them ideal candidates for drug delivery by loading the desired cargo either inside
or on their surface [9,10]. Exosomes may also be employed as diagnostic markers for
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certain diseases, i.e., neurodegenerative diseases and cancers [10,11]. The exosomes
also benefit from a natural ability to traverse all physiological barriers in the body, and,
pertinently, the blood–brain barrier (BBB), which presents a significant obstacle in the
amelioration of brain disease or resection of brain cancers [12]. Exosomes can be isolated
from all body fluids, including blood plasma, urine, cerebrospinal fluids, amniotic fluids,
pleural fluids, ascites, bronchoalveolar leverage, cell culture, etc. They are abundantly
present in all body fluids with an average of 3 × 106 particles/µL and a flotation density
of 1.10–1.18 g/mL [13]. With such higher concentration and easy accessibility to all body
organs and system, the exosome-based cell-free therapies present significant advantages
in biomedicine [14].

There are several efficient methods for the isolation of exosomes, including proto-
type ultracentrifugation, which is used in 80% of extracellular-based research, density
gradient reagents via poly-ethylene glycol (PEG), size exclusion chromatography (SEC)
and immunoprecipitation, etc. [15]. However, these methods have certain limitations,
i.e., the high cost of ultracentrifuges or commercial kits and their availability in low-
income countries. In addition, the purity, size, and concentration of isolated exosome
samples and their functionality depend on the isolation method employed [16]. Chen
et al. evaluated different methods for extracting exosomes from synovial tissue: ul-
tracentrifugation, SEC and PEG (8%). They found that the exosomes isolated through
the PEG-based technique could express calnexin as a sign of contamination with other
than exosomal proteins [17]. Similarly, the exosome payload could be influenced by the
isolation method used [18].

The Philadelphia chromosome (Ph) is the der(22) of the reciprocal translocation
t(9;22)(q34;q11), which encodes the BCR-ABL, the oncogenic driver of chronic myeloid
leukemia (CML) and 20–25% of cases of adult acute lymphatic leukemia (ALL) [19,20].
Tyrosine kinase inhibitors (TKIs) which target BCR-ABL, such as imatinib, dasatinib
and ponatinib, have resulted in durable cytogenetic and molecular remissions in most
CML patients and increased remission rates in Ph+ ALL patients [21]. However, survival
is impaired by a relapse after the initial response [22]. The relapse is due to drug
resistance which has multiple mechanisms, including drug availability in the target
leukemic cells [23].

In this study, we used the lyophilization (freeze-drying) technique to establish a
method for the isolation of exosomes, a subclass of extracellular vesicles (Figure 1). Un-
like ultracentrifuge and other reagent-based methods, lyophilization is cost-effective and
straightforward. We further employed these lyophilized exosomes to deliver tyrosine
kinase inhibitors (TKIs) to the Ph+ leukemia established cell line (K562) and BCR-ABL-
engineered murine cells (Ba/F3-P185). These exosomes could help to deliver the TKIs to
the target leukemia cells and induce apoptosis.
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copy (SEM), which revealed evenly distributed, round-shaped extracellular vesicles that 
were in the exosome size range (<200 nm) (Figures 2A,B and S1). Nanoparticle tracking 
analysis (NTA) was performed to obtain the percentage distribution of exosomes on the 
bases of diameters of 130.9 (60%) and 174.2 nm (34%) with a mean size of 138.4 ± 47.8 nm 
in the K562 cells (Figure 2C), and 125.7 ± 47.8 nm (97.4%) with a mean size of 144.3 ± 52.3 
nm in the MCF-7 cells (Figure 2D). The exosome protein levels were quantified using 
Bradford assay and found to be 46.60 ± 0.9833, 49.04 ± 0.9673, and 38.75 ± 4.57 µg as total 
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HSP70, TSG101, CD63, CD81, CD9, and Calnexin. Both adherent and suspension cell lines 
significantly expressed signature surface proteins pertinent for exosome characterization. 

Figure 1. Design of lyophilization method for isolation of exosomes from cell culture media.

2. Results
2.1. Isolation of Exosomes

Exosomes were isolated using the lyophilization method and the results were com-
pared with a commercial kit (total exosome isolation, cell culture). It was found that the
lyophilization method was not inferior to the kit method. Lyophilization could efficiently
isolate exosomes from suspension (leukemia) and adherent (breast cancer) cultured cells.

2.2. Exosome Characterization

Initially, the exosomes isolated from adherent (MCF-7) and suspension (K562) cell
lines via the lyophilization method were characterized using scanning electron microscopy
(SEM), which revealed evenly distributed, round-shaped extracellular vesicles that were
in the exosome size range (<200 nm) (Figure 2A,B and Figure S1). Nanoparticle tracking
analysis (NTA) was performed to obtain the percentage distribution of exosomes on the
bases of diameters of 130.9 (60%) and 174.2 nm (34%) with a mean size of 138.4 ± 47.8 nm in
the K562 cells (Figure 2C), and 125.7 ± 47.8 nm (97.4%) with a mean size of 144.3 ± 52.3 nm
in the MCF-7 cells (Figure 2D). The exosome protein levels were quantified using Bradford
assay and found to be 46.60 ± 0.9833, 49.04 ± 0.9673, and 38.75 ± 4.57 µg as total protein
for K562, Ba/F3, and MCF-7 cells, respectively (Figure 2E). Finally, we used Western blot
to evaluate the exosomes for their essential signature surface protein, including HSP70,
TSG101, CD63, CD81, CD9, and Calnexin. Both adherent and suspension cell lines signifi-
cantly expressed signature surface proteins pertinent for exosome characterization. The
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primary antibodies of CD63 and CD9 were specific for humans, since Ba/F3 is mouse cell
line, therefore we could not detect these markers in Ba/F3 isolated exosomes. A comparison
of lyophilization-isolated exosomes with those obtained using the commercially available
kit (total exosomes isolation, cell culture) revealed no significant difference (Figure 2).
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Figure 2. Characterization of exosomes isolated using lyophilization method from suspension and
adherent cell lines. (A) K562 and (B) MCF-7 scanning electron micrograph for exosome size and
shape. Scalebar: 200 nm. NTA analysis of exosomes isolated from (C) K562 and (D) MCF-7 cells for
size distribution (nm) and number of particles per mL. (E) Concentration of exosomes isolated from
K562, Ba/F3, and MCF-7 cells. (F) Characteristic Western blot markers of total extracellular vesicles
(EVs) and exosomes (Exo) isolated via the lyophilization (Lyo) method and the commercial exosomes
isolation reagent (total exosomes isolation, cell culture) from MCF-7, K562, and Ba/F3 cell lines. (N = 3).

2.3. Drug Loading and Release

Ponatinib (2 nM) and dasatinib (5 nM) were selected for drug-loading and release
studies on exosomes. Exosomes with various concertations of 20, 25, 30, 34, and 38 µg/mL
proteins were loaded with drugs. There was no significant difference in the drug loading
ability of the various exosome concentrations, i.e., in 20 µg and 38 µg exosomes 1.18 nM
and 1.58 nM of ponatinib was loaded, respectively (Figure 3A). However, the highest
loading concentration of dasatinib (2.35 nM) was observed in 20 µg exosomes (Figure 3B).
In vitro drug release studies have suggested that dasatinib release reaches its maximum
(19.22 optical density (OD)) after 8 h and then declines. In ponatinib-loaded exosomes, a
slight decrease was observed in the drug concentration at the 8 h timepoint compared to
4 h (16.09 vs. 16.16, respectively). However, a sharp decline in drug concentration was
observed at the 12 h time point, i.e., 18.61 and 14.22 for dasatinib and ponatinib, respectively
(Figure 3C). Drug delivery capability was also confirmed by the anticancer effect of an
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exosomes-loaded drug vs. a free drug. We observed a 70% relative anticancer effect of the
exosomes-loaded TKIs, suggesting a therapeutically active drug concentration (Figure 3D).
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Figure 3. Cargo loading and release ability of exosomes isolated using lyophilization method. (A) is
ponatinib and (B) is dasatinib (tyrosine kinase inhibitors) loaded in nM on various concentrations of
exosomes in µg/mL. (C) is the drug release under standard incubation conditions (37 ◦C, pH 7.4) and
shear force (10 g) for 12 h. The optical density (OD) value for ponatinib and dasatinib was recorded
at 285 and 233 nm, respectively. (D) shows the relative drug delivery ability to target cells, evaluated
by the anticancer effect normalized with a free drug effect. (N = 3).

2.4. Cargo Delivery to Target Cells

The exosomes were isolated from the target cells, i.e., K562 and Ba-/F3-P185, and
then loaded separately with eosin and Cy5 dyes. Fluorescence imaging demonstrated that
exosomes could efficiently deliver eosin and Cy5 to target cells (Figure 4A). In addition, the
flow cytometry data were consistent with the fluorescence imaging (Figure 4B).

2.5. Antileukemia Effect
2.5.1. Cell Proliferation

MTT assay revealed that the dasatinib anticell proliferation effect was directly propor-
tional to the exosome concentration, i.e., 0.5 mg exosomes could induce a 54% anticancer
effect, whereas 2.3 mg exosomes resulted in 89.2% growth inhibition that was equal to
the effect (88.7%) of a standard free drug (5 nM) (Figure 5A). For dasatinib, cell viability
significantly decreased with an increase in drug-loaded exosomes. Similarly, ponatinib-
loaded exosomes at a lower concentration, i.e., 0.5 mg, could induce an 87.4% anticell
proliferation effect and remained almost identical at all concentrations, even for the maxi-
mum 2.3 mg concentration of 89.4%. The free ponatinib could inhibit cell proliferation by
92.2% (Figure 5B). By utilizing 20 µg exosomes for dasatinib and ponatinib drug delivery,
we observed ~67% cell viability compared to free drugs, which was <50% for both K562
and Ba/F3-P185 cell lines (Figure 5C,D). The cell count for K562 and Ba/F3-P185 cells after
treatment with dasatinib and ponatinib-loaded exosomes is provided in Figure S4.
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Figure 4. Cargo delivery ability of exosomes in targeted K562 and Ba/F3-P185 cells. (A) shows the
fluorescence imaging of K562 and Ba/F3-P185 cells treated with eosin-loaded exosomes (Exo-Eosin)
and Cy5-loaded exosomes (Exo-Cy5). The excitation and emission wavelength of eosin are 525 and
546 nm, respectively. The excitation and emission wavelength of Cy5 are 651 and 670 nm, respectively.
(B) shows the flow cytometry data for uptake of Exo-Eosin and Exo-Cy5 in K562 and Ba/F3-P185
cells. Controls are the untreated cells.

2.5.2. Apoptosis

Drug-loaded exosome apoptosis induction was evaluated using Annexin-PI assay.
FITC detected Annexin-V signals for early apoptosis, and the Cy5 channel could detect
PI for late apoptosis during fluorescence microscopy. In flow cytometry experiments,
Annexin-V and PI were detected by the FITC and PE channels, respectively. Fluores-
cence microscopy revealed equal signal strengths for exosome-loaded drugs and free
drugs (Figures 6, S2 and S3). In addition, K562 cells treated with drug-loaded exosomes
(i.e., dasatinib, ponatinib) showed 61% apoptosis compared to treatment with free drugs
(~40%). Similarly, dasatinib-loaded exosomes could induce 37% apoptosis in Ba/F3-P185
cells compared to 92.3% with free drug treatment, as shown in Figure 7. Ponatinib-loaded
exosomes induced 65.8% apoptosis in Ba/F3-P185 cells compared to 78.9% with free drug
treatment. Interestingly, treatment with dasatinib- and ponatinib-loaded exosomes could in-
duce necrosis in Ba/F3-P185 cells of 29.4% and 14.9%, respectively. No effect was observed
in untreated controls, as shown in Figure S5.
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Figure 5. Antileukemia effect of drug-loaded exosomes. The MTT assay-based relative cell viability of
dasatinib- and ponatinib-loaded exosomes and their antileukemia effect against K562 cells at various
exosome concentrations are shown in (A,B), respectively. The probability value was highly significant
(<0.001) after 72 h of incubation. (C,D) show the viability of K562 and Ba/F3-P185 cells after 48 h of
incubation, respectively. Controls are the naïve exosomes treated cells. Exo-P, exosomes with ponatinib;
Exo-D, exosomes with ponatinib; FP, free ponatinib; and FD, free dasatinib. * is the p < 0.05. (N = 3).
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are 560 and 595 nm, respectively. DAPI was used to stain the cell nucleus. The scale bar is 75 µm.
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3. Discussion

The ultracentrifuge and reagent-based protocols for exosome isolation are well-established
and have higher efficiency. However, these methods are limited by issues relating to
costly reagents, higher freight charges, and prolonged supply times because of frequent
lockdowns during the COVID-19 pandemic. Furthermore, in addition to the affordability
issue, national and international policies regulate the use of ultracentrifuges because of
their potential applications in the enrichment of radioactive materials. Therefore, our study
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aimed to find an equally efficient alternative to the use of ultracentrifuges or reagents for
the isolation of exosomes from cultured cells.

Lyophilization (freeze-drying) is now commonly used for the prolonged storage of
enriched exosomes. However, to the best of our knowledge, its application in exosome
isolation is novel. This method is simple and comprises the same differential centrifu-
gation steps used for exosome isolation, with the exception of ultracentrifugation [24].
Interestingly, most exosome storage buffers have a recipe for maintaining their structure
and functionality. For instance, 4% trehalose or 10% w/v sorbitol and sucrose are favored
for freeze-drying of enriched exosomes pellet. Similarly, the ideal pH is 6.5–7.5, and amino
acids, glutamic acid and supplementation of 1% FBS are favored to avoid cryoshock and
maintain the structural integrity of the exosome pellet [25,26]. Likewise, for cell culture
media, Dulbecco’s Modified Eagle Medium (DMEM) is rich in glucose, having a pH of
6.8–7.4, primarily rich in L glutamate and supplemented with 10% FBS [27]. Analogous to
lyophilization-based storage media for exosome pellets, the cell culture media can protect
the exosomes. Therefore, the lyophilization-based technique is able to isolate the exosomes
by freeze-drying the aged cell culture medium. However, we still need to rely on traditional
exosome isolation techniques for washing. Indeed, no isolation method can completely
purify the exosome sample from protein contamination and render it inert to exosomal
cargo, although SEC or ultracentrifugation can partially meet the challenge [28].

A comparative study of the exosome isolation technique evaluated the efficiency,
purity and reproducibility of various commercial kits for exosome purification and their
miRNA quality in plasma and serum samples. The serum was found suitable for exosome
isolation and had a greater variety of exosomal miRNA. It was also found that every
isolation method exhibited certain limitations regarding purity, exosomal number and
cargo content [29]. In contrast, Tang et al. reported that plasma was more feasible for
exosome isolation [30]. No single method is equally efficient for all types of exosome
samples; even ultracentrifugation is limited by lower yield compared to commercial kits,
but with relatively higher purity. Similarly, Rekker et al. compared ultracentrifugation with
commercial kits and found that the isolation method could influence the miRNA payload
on exosomes [18], and the same is true for exosomal cytokines that can be used for the
diagnosis of certain diseases [31]. These studies suggest that exosome cargo detection and
isolation wholly depend upon the isolation procedure adopted. The lyophilization-based
exosome isolation method is a valid option by virtue of its simplicity and cost-effectiveness.

In our study, the exosomes were isolated using the lyophilization method and charac-
terized for size and shape using scanning electron microscopy (SEM). In addition, NTA was
used to accurately reveal the concentration and size of the exosomes within a sample. The
average size of the extracellular vesicles was around 140 nm for both the adherent and sus-
pension cell lines, which is in the range of the reported size of exosomes (30–200 nm) [32,33].
The average concentration of exosomes based on the protein was also satisfactory for down-
stream applications. The exosome surface protein markers are considered standard for their
characterization. For instance, CD9, CD63, and CD81 are endosome-specific tetraspanins.
CD9 was first identified on exosomes isolated from dendritic cells [34]. TSG101 and HSP70
are components of the endosomal sorting complexes required for the transport (ESCRT)
complex, and have an essential role in exosome generation [35]. Calnexin is an endoplasmic
reticulum marker and is mainly evaluated as a negative control for exosomes. However,
Saludas et al. reported its presence on relatively large vesicles, whereas CD63 was on
small ones [36]. Western blot testing confirmed that all these important markers, with the
exception of calnexin, were present on the surface of the isolated exosomes.

We then evaluated these isolated exosomes for drug loading and release ability by
loading them with dasatinib and ponatinib, which are used as tyrosine kinase inhibitors
for Ph+ leukemia. It was observed that the exosomes could efficiently load and deliver the
drug to target cells. Drug release studies were performed in vitro by collecting samples at
various time points. At 8 h, the drug release was optimum, whereas a decline was observed
at 12 h. In addition to antileukemic drug delivery, commercial dyes (Cy5 and eosin) were
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also successfully loaded on and delivered by exosomes to target K562 and Ba/F3-P185 cells.
Previously, Wei et al. demonstrated that the release of the drug doxorubicin by exosomes
in the tumor microenvironment (osteosarcoma) was triggered by lower pH (<6.5) [37]. This
is confirmed by our results, because K562 is a leukemia cell line and has a lower pH which
triggers the release of the drug from the exosomes.

Exosome-based specific cell targeting can be achieved actively by surface modification
through targeting ligands [38,39] or passively via parent cell affinity [40,41]. In this study,
we chose exosome cell affinity-based drug delivery by employing K562 and Ba/F3-P185
isolated exosomes for parent cell treatment [42]. The antileukemic effect was evaluated
according to cell proliferation and apoptosis induction in target cells after treatment with
dasatinib- and ponatinib-loaded exosomes. A nonsignificant difference was observed
between the various concentrations of ponatinib-loaded exosomes, suggesting that a lower
concentration of exosomes is sufficient to lower cell viability. Apoptosis data suggested
that exosomes loaded with dasatinib and ponatinib could induce around 40% higher
apoptosis in K562 cells. However, this was not the case for BCR-ABL-engineered murine
cells (Ba/F3-P185), i.e., 20% lower apoptosis was found in drug-loaded exosomes compared
to free drugs. It is well known that the response of K562 to TKIs is better than that of
Ba/F3-P185 [43].

Exosome application in nanomedicine is favored for drug delivery and diagnosis [44].
In drug delivery, we could successfully deliver cell imaging dyes (i.e., Cy5 and eosin) and
antileukemia drugs (i.e., dasatinib and ponatinib). For the diagnostic merit of this new
method, exosome surface markers, other than pivotal characterization markers, were also
evaluated. MCF-7 cells have a high expression of membrane mucin-1 (MUC1) protein [45].
These proteins are also used as exosome markers for breast cancer [46,47]. Therefore, we
checked MUC1 expression on the exosomes isolated from MCF-7 cells (Figure S6). We
could successfully detect the MUC1 expression on the exosome lysates, and this vouches
for the inertness of the lyophilization-based exosome isolation technique.

In conclusion, we have developed a novel method to isolate extracellular vesicles
(exosomes) from adherent and suspension cell cultures. The isolated extracellular vesicles
had typical exosome structures confirmed by SEM and NTA and could deliver the drug and
dye cargo to targeted cells. The antileukemia effect achieved by reducing cell proliferation
and inducing apoptosis was evaluated in the human Ph+ positive leukemia cell line (K562)
and murine-engineered myeloid cells (Ba/F3-P185). The presence of MUC1 on the MCF-7
isolated exosome surface provided additional evidence of the integrity of surface protein
after isolation by lyophilization. This novel modality provides an alternative to traditional
exosome isolation techniques with potential application in nanomedicine (drug delivery
and diagnosis).

4. Materials and Methods
4.1. Materials

All cell culture media (DMEM, RPMI 1640) and cell culture supplements were pur-
chased from Gibco Inc. (Billings, MT, USA), and cell culture plasticware was obtained from
ThermoFisher, unless otherwise mentioned. Millipore deionized water of 18.0 Ω/cm2 was
used for reagent dilution when required. MTT assay reagents (Cell Proliferation Kit I (MTT)
Cat# 11465007001) were purchased from Roche. Exosome surface marker antibodies were
obtained from Abcam (Cat# ab275018: Exosome Panel; CD9, CD63, CD81, TSG101, Hsp70,
Calnexin). Annexin-V was purchased from BD Bioscience (Cat# 556419), and propidium io-
dide (PI) was obtained from Invitrogen, ThermoFisher Scientific (Waltham, MA, USA). The
exosome isolation kit (total exosome isolation (cell culture), Cat# 4478359) was purchased
from InvitrogenTM by Thermo Fisher Scientific.

4.2. Cell Culture

Breast cancer cell lines (MCF-7), Philadelphia (+) Myeloid Leukemia cell lines (K562),
and murine pro-B cell lines (Ba/F3) were obtained from the German Collection of Microor-
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ganisms and Cell Culture (DSMZ, Braunschweig, Germany). All suspension cell (K562 and
Ba/F3) cultures were maintained in the RPMI-1640 medium, whereas MCF-7 cells were
cultured in DMEM. Both media were supplemented with 10% (v/v) fetal bovine serum
(FBS), 1% glutamate, and 1% streptomycin–penicillin solution (v/v). Ba/F3 cells were main-
tained in 10 ng/mL mIL-3 (Cell Concepts, Umkirch, Germany) supplemented medium
until modified with BCR/ABL, i.e., P185. MCF-7 was trypsinized with 0.025 trypsin-EDTA
when the confluence exceeded 90%.

4.3. Retroviral Infection

PINCO vectors were used to transfect the ecotropic Phoenix packaging cells, as men-
tioned earlier [48]. The retroviral supernatant was collected after 36 h. Ba/F3 cells were
cultured in retronectin-coated nontissue-culture 24-well plates and maintained in a medium
supplemented with mIL-3. These cells were then exposed to the collected retro-viral super-
natant for three hours at 37 ◦C. The survival of the Ba/F3 cells without mIL-3 supplemented
medium confirmed successful (BCR-ABL) P185 transduction in the target cells (Ba/F3).

4.4. Lyophilization for Exosome Isolation

All cells in the log phase with 90% confluence were incubated in culture media for
72 h, and then the aged cell culture media were collected for exosome isolation. Collected
aged media were initially centrifuged at 2000× g for 20 min at 4 ◦C. The supernatant was
then collected and centrifuged at 20,000× g for 30 min at 4 ◦C. Again, the supernatant was
collected and filtered through a 0.20 µm PES syringe filter (Thermoscientific, Waltham,
MA, USA). The filtered medium was kept at −80 ◦C until the medium was completely
frozen (~4–12 h). The samples were then placed in a lyophilizer (Labconco, Freeze Zone
2.5 C) under −50 ◦C and 0.35 mbar vacuum pressure for 24–36 h. The duration of complete
lyophilization of the sample depends on the sample volume. In this experiment, we
used a 30 mL conditioned medium. After lyophilization, the freeze-dried samples were
reconstituted in 2.0 mL PBS and then centrifuged at 18,000× g for 15 min. The residual
salts were pelleted out from the samples, and a supernatant containing exosomes was
collected. The exosome-enriched supernatant was then used for downstream experiments
and characterization.

4.5. Exosome Characterization

The following methods were used for exosome characterization.

4.5.1. Quantification

Exosomes were quantified on protein content bases using the Bradford standard
protein assay. We diluted 2.0 µL of the samples in 38 µL of deionized distilled water to
obtain a final volume of 40 µL in a 96-well plate. Then, 10 µL of the dilute samples were
placed in each well of 96-well plates, and 190 mL of 1 × Bradford assay reagent was added
(Quickstart, Bradford Protein Assay Kit 1, BioRad, Hercules, CA, USA) and incubated
for 5 min. Next, the OD value was recorded using a microplate reader (Multiscan Sky,
Thermoscientific) at 595 nm wavelength. Bovine serum albumin (Sigma-Aldrich, St. Louis,
MO, USA) 50 µg/µL was run as the standard control.

4.5.2. Electron Microscopy

The exosomes isolated using the lyophilization method were fixed in 10% formalin
solution (v/v) for 10 min and washed with PBS (3×). Then, a 10 µL drop of PBS containing
exosomes was placed on the silicon wafers and dried by overnight incubation. After gold
sputtering, the samples were analyzed under a field-emission scanning electron microscope
(Zeiss, ultra plus, Juelich, Germany) for determination of size and shape.
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4.5.3. Nanoparticle Tracking Analysis (NTA)

NTA was performed using ZetaView® (particle matrix). The exosome samples were
diluted in PBS (1:3) and then analyzed for concentration and size by capturing video for
0.5 s in 11 positions at room temperature. The maximum and minimum sizes were 1000 and
10 nm, respectively, and a 520 nm laser was chosen with minimum brightness set at 30. The
data were then analyzed using ZetaView software version 8.04.12.

4.5.4. Western Blot

Western blotting was performed as described in Sambrook’s protocols [49]. Briefly,
exosomes were treated with radioimmunoprecipitation assay (RIPA) lysis buffer at a ratio of
1:2 and incubated at 4 ◦C for one hour. The lysates were centrifuged at 18,000× g for 15 min
at 4 ◦C, and the protein supernatant was collected. Bradford assay was performed for
protein quantification, as mentioned earlier. The proteins were denatured using Laemmli
buffer at 95 ◦C for 10 min. The sample was loaded on 10% gel in a running buffer at
120 V (BioRad system). The protein-containing gels were then wet transferred onto a
nitrocellulose membrane at 350 mA for 100 min. The membranes were blocked with
5% skimmed milk in PBST (w/v) (0.1% Tween-20 in PBS (v/v)). An Abcam exosome
antibodies panel containing CD9, CD63, CD81, TSG101, Hsp70, and Calnexin was used for
the primary antibodies (Cat# ab275018: Exosome Panel), whereas secondary antihuman
mouse antibodies were used at 1:5000 dilution. For MUC1 expression, the blots were
incubated in primary MUC1 antibody (MUC1 VU4H5) at a dilution of 1:500. All antibodies
were diluted in 2% skimmed milk in PBST (w/v). After membrane blocking, samples were
washed three times with PBST before every step. After incubation with ECL for 2.0 min in
the dark at room temperature, the membranes were imaged using the BioRad Chemidoc
imaging system.

4.5.5. Drug Loading and Release Studies

For drug loading and release studies, we adopted a previously published method [38].
Briefly, dasatinib (5 nM) and ponatinib (2 nM) were selected as standard drugs for loading
on exosomes at concentrations of 20, 25, 30, 34 and 38 µg/mL. Both drugs (dasatinib and
ponatinib) were loaded separately on exosomes through the sonication method (3 cycles of
30-s pulses with 10 s of ice rest at 40% sonication power) using a probe Sonicator (Branson
150). The exosomes were rested on ice for 30 min and then incubated at 37 ◦C for one
hour. The exosomes were then purified using a commercial kit (total exosomes isolation
(cell culture), Cat# 4478359) at a 1:2 ratio and incubated overnight at 4 ◦C according to the
manufacturer’s guidelines. They were finally pelleted out using centrifugation at 10,000× g
for 1 h at 4 ◦C.

The drug-loaded exosomes were lysed using 1% triton-X solution (v/v) and incubated
overnight at room temperature in the dark. They were then centrifuged at 18,000× g for
15 min. The supernatant was collected, and the optical density (OD) value was calculated
using a spectrophotometer (DU® 730, Beckman Coulter, Brea, CA, USA) at wavelengths
of 233 nm and 285 nm for dasatinib and ponatinib, respectively. The OD values of the
drug-loaded exosome supernatants were compared with those of free drugs.

For the evaluation of the drug release ability of the exosomes, dasatinib (5 nM) and
ponatinib (2 nM) were loaded on exosomes (20 µg/mL) using the sonication method, as
mentioned earlier. The exosomes were then resuspended in PBS (pH 7.4) and incubated in
an automatic shaker at 37 ◦C with a shear force of 10 g. At time points of 1, 2, 4, 8 and 12 h,
the samples were collected, and exosomes were pelleted out and supernatant was collected.
The OD values of both drugs were measured and evaluated from supernatant.

4.5.6. Cell Counting

Cell counting was performed using the Countess II (Invitrogen) cell counting system.
Initially, a 10 µL sample was diluted in 40 µL of Trypan blue solution (Gibco) and loaded
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on the specialized disposable slide for cell Countess II. The number of live and dead cells
and their percentages were determined.

4.5.7. MTT Assays

K562 cells were cultured in 96-well plates with 10,000 cells per well in 50 µL volume.
Exosomes isolated from K562 cells were preloaded with dasatinib (5 nM) and ponatinib
(2 nM) and then added to each well at 0, 0.5, 1.0, 1.4, 1.8, and 2.3 mg so that the final
total volume in each well was 100 µL. The free drug was kept as a positive control with a
concentration of 5 nM dasatinib and 2 nM ponatinib. The samples were then incubated for
72 h under standard tissue culture incubation conditions. Similarly, Ba/F3-P185 and K562
cells were treated with 0.5 mg exosomes loaded with ponatinib (2 nM) and dasatinib (5 nM)
and the same concentration of the free drugs for 48 h. Controls are the naïve exosomes
treated cells. Next, 10 µL of MTT solution was added to each well and incubated for 4 h.
Later, 100 µL of reagent 2 was added to each well and incubated overnight. OD values were
read using a microplate reader (Multiscan Sky, Thermoscientific) at 575 nm wavelength.

4.6. Apoptosis Assays
4.6.1. Flow Cytometry

K562 and Ba/F3-P185 cells were cultured in 24-well plates with 1 × 106 cells per well.
One group of cells was treated with exosomes loaded with dasatinib (5 nM) and ponatinib
(2 nM), whereas the other group was treated with free dasatinib and ponatinib at the same
concentration that was used for loading on exosomes (5 and 2 nM, respectively) as a positive
control. Untreated cells were kept as a negative control. After 72 h of incubation, propidium
iodide (PI) and Annexin-V were added to each well and incubated for 10 min. The cells
were washed with PBS and resuspended in a resuspension buffer for flow cytometry
using a BD FACSAria III. Propidium iodide has excitation (535 nm) and emission (595 nm)
wavelengths and was detected using the PE channel. Similarly, Annexin-V has excitation
(485 nm) and emission (535 nm) wavelengths, and its fluorescence was detected using the
FITC channel. The data were analyzed using FACSDiva Version 6.1.3.

4.6.2. Bioimaging

Cells were cultured and treated for bioimaging as described in the flow cytometry
section. The cells were collected and fixed with 10% formalin (v/v) for 10 min. They were
again incubated with DAPI solution (20 µM) for 20 min at room temperature. Because the
K562 and Ba/F3-P185 cells are suspension cells, we used cytospin technology to fix the
cells on glass slides by centrifugation at 50× g for 5 min at room temperature (Cytospin
4, Thermoscientific). The cells were then imaged using the EVOS microscopy system
(EVOS, FL Auto 2 imaging system, Invitrogen, Waltham, MA, USA), using DAPI, FITC,
and Cy5 channels.

Eosin was loaded on the exosomes isolated from the target cells, i.e., the K562 and
Ba/F3-P185 cells. As mentioned earlier, 50 µL eosin was loaded on 20 µg exosomes using
the sonication method. Then, the cells were ice-rested for 30 min and incubated at 37 ◦C for
one hour. The commercial kit reagent (total exosomes isolation (cell culture), Cat# 4478359)
was added at the ratio of 1:2 (kit reagent: exosomes with eosin) to remove unloaded eosin.
After overnight incubation, the samples were centrifuged at 18,000× g for 15 min at 4 ◦C.
The pellet was resuspended in PBS and inoculated with K562 and Ba/F3-P185 cells for 12 h.
The treated cells were washed with PBS and fixed with 10% formalin, and cytospin was
used for fixation on a glass slide. The cells were finally imaged using the FITC channel of
the EVOS imaging system. Eosin excitation and emission are 525 and 546 nm, respectively.

4.7. Statistical Analysis

Data were initially recorded in MS Excel, and statistical software SPSS version 18 (IBM,
Chicago, IL, USA) was used for results analysis using the Student’s t-test. A probability
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value of <0.05 was considered significant. All experiments were run in triplicate, and data
are presented as the mean ± standard deviation (SD).

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ijms241310477/s1.
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