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Abstract: Exosomes, nanoscale vesicles derived from human cells, offer great promise for targeted
drug delivery. However, their inherent diversity and genetic modifications present challenges
in terms of ensuring quality in clinical use. To explore solutions, we employed advanced gene
fusion and transfection techniques in human 293T cells to generate two distinct sets of genetically
engineered samples. We used dual-omics analysis, combining transcriptomics and proteomics, to
comprehensively assess exosome quality by comparing with controls. Transcriptomic profiling
showed increased levels of engineering scaffolds in the modified groups, confirming the success of
genetic manipulation. Through transcriptomic analysis, we identified 15 RNA species, including
2008 miRNAs and 13,897 mRNAs, loaded onto exosomes, with no significant differences in miRNA or
mRNA levels between the control and engineered exosomes. Proteomics analysis identified changes
introduced through genetic engineering and over 1330 endogenous exosome-associated proteins,
indicating the complex nature of the samples. Further pathway analysis showed enrichment in a
small subset of cellular signaling pathways, aiding in our understanding of the potential biological
impacts on recipient cells. Detection of over 100 cow proteins highlighted the effectiveness of LC-
MS for identifying potential contaminants. Our findings establish a dual-omics framework for the
quality control of engineered exosome products, facilitating their clinical translation and therapeutic
applications in nanomedicine.
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1. Introduction

In recent years, the field of nanomedicine has witnessed a remarkable surge in the use
of human cell-derived extracellular vesicles, particularly exosomes [1–4]. These nano-scale,
lipid-encapsulated vesicles (30~150 nm) have emerged as an innovative platform for drug
delivery across a wide range of human diseases, including myocardial infarction [5,6],
stroke [7,8], infection and inflammation [9–11], hereditary disorders [12], cancer [13], and
neurological conditions [14,15]. As natural carriers, exosomes possess unique properties:
they are completely biocompatible, capable of penetrating tissues, and can be programmed
for precise tissue targeting and drug loading—a significant departure from conventional
nanomaterials like silver or gold particles, polymers, and liposomes [16,17]. The registration
of over 260 clinical trials on ClinicalTrials.org as of March 2024 underscores the prominence
of exosome-focused therapies in nanomedicine [4,18].

However, the transition of exosomes to clinical applications faces formidable chal-
lenges, particularly in quality assurance [19,20]. Synthesized and released from endocytic
pathways, exosomes exhibit variability in composition, size, and cargo, making it chal-
lenging to standardize production processes and maintain consistent quality [21,22]. This
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variability is further compounded by the diversity of source cells as well as the genetic
manipulations required for tissue-specific targeting or therapeutic loading [23]. Despite
the widespread use of techniques such as reverse transcription-coupled polymerase chain
reaction (RT-PCR), Western blot analysis, enzyme-linked immunosorbent assay, antibody
array technology [24], and chips-based assays [25] in exosome research, these methodolo-
gies often prove laborious and low-throughput, failing to meet the demands for efficiently
analyzing RNA and protein cargos simultaneously and effectively [26].

To address these challenges, we explore the potential of dual-omics—integrating tran-
scriptomics and proteomics—as a comprehensive quality control measure for genetically
engineered exosomes. Leveraging a genetic platform for surface modification of exosomes
in human 293T cells, we utilize both endogenous and exogenous exosome-targeting scaf-
folds to create two sets of engineered exosomes [27,28]. Dual-omics analysis of these
genetically modified exosomes as well as non-modified controls not only detected specific
changes induced by genetic engineering, but also generated a profile of endogenous car-
gos and identified potential contaminants. Furthermore, pathway analysis conducted on
key functional cargos such as miRNA and proteins showed a significant enrichment in a
small subset of cellular signaling pathways, aiding in our understanding of the potential
biological impacts that these exosomes may have on recipient cells. Our findings highlight
the invaluable role of high-throughput methods in conducting thorough quality control
assessments for genetically engineered exosomes.

2. Materials and Methods
2.1. Materials and Reagents

High glucose Dulbecco’s modified Eagle’s medium (DMEM) and OptiMEM were
purchased from Gibco (Billings, MT, USA). UltraCULTURE serum-free medium, now
discontinued, was purchased from Lonza (Hayward, CA, USA). Fetal bovine serum (FBS)
was purchased from HyClone Laboratories (Logan, UT, USA). Penicillin–streptomycin and
penicillin–streptomycin + L-Glutamine were purchased from Gibco (Billings, MT, USA).
Polyethylenimine (PEI, Product No. 18978) was purchased from Millipore Sigma (St. Louis,
MO, USA). ExoQuick-TC was purchased from System Biosciences (SBI, Palo Alto, CA, USA).
Lentivectors expressing either neuron-targeting NCAM (XStamp™-NCAM) or exosome
marker (XPack™) were purchased from System Biosciences (Palo Alto, CA, USA).

2.2. Expression Vectors for Genetic Engineering of Exosomes

Construction and validation of vectors for an exosome surface display system using
either endogenous human tetraspanins (CD9-GFP, CD63-GFP, CD81-GFP) or exogenous
vesicular stomatitis viral glycoprotein (VSVG-GFP) were previously reported [27,28]. Hu-
man CD47, CD47-Ecto, Transferrin fusion gene sequences were synthesized and subcloned
into pcDNA3.1-C-GFP vectors by a service from Genscript (Piscataway, NJ, USA), resulting
in CD47-GFP, CD47-Ecto-tVSVG-GFP, and hTransferrin-tVSVG-GFP expression vectors.
Similarly, the murine truncated NCAM sequences from the XStampTM-NCAM lentivector
were used to assemble mNCAM-tVSVG-GFP and subsequently cloned in the lentivector
CDH510B-1 from System Biosciences.

2.3. Human Cell Culture and Transfection

Human kidney 293T cells were cultured in DMEM medium supplemented with 10% FBS
and 1% penicillin–streptomycin. Opti-MEM preparation contained 1% penicillin–streptomycin.
UltraCULTURE preparations contained 1% penicillin–streptomycin + L-Glutamine. Cell
transfections were conducted in 35 mm, 4-chamber glass-bottom plates. Plasmid DNA
(1 µg/µL) and transfection reagent polyethylenimine (1 µg/µL) were prepared in Opti-MEM
at a 1:5:100 ratio, incubated for 20 min, and introduced to the cell culture medium.
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2.4. Molecular Tracking and Confocal Microscopy

Cultured 293T cells were imaged and captured using a Leica TCS SP8 confocal system.
Each fluorescent and transmitted light image was captured using the same field at the 24,
48, and 72 h (h) post-transfection marks to monitor protein localization. All transfection
and confocal imaging experiments were repeated at least once to ensure consistent results.
Image adjustments (such as zoom, brightness, and contrast) were consistent across samples
and applied to the whole frame of the image using Leica Application Suite X version
3.5.7.23225 software. Each selected image is representative of the whole cell population.

2.5. Exosome Preparation

Exosomes were isolated through a combination of centrifugation, ultrafiltration, and
precipitation [12,29]. Briefly, 293T cells were transfected with DNA plasmid and cultured
for 24 h, after which the medium was swapped to UltraCULTRE serum-free or Opti-
MEM reduced serum medium. Opti-MEM was used for proteomics experiments due to
discontinuation of UltraCULTRE by the manufacturer. After culturing for additional 48 h,
the conditioned medium was collected, centrifuged at 1500× g for 10 min, and filtered
through a 0.22 µm syringe filter. The medium was then mixed with ExoQuick-TC at a
concentration of 1 mL ExoQuick-TC per 4 mL culture medium and incubated at 4 ◦C
overnight. The solution was then centrifuged at 3000× g for 90 min, and the supernatant
was discarded. The resulting pellet was re-suspended in phosphate buffer solution (PBS)
and stored at −20 ◦C for further study.

2.6. Nanoparticle Tracking Analysis (NTA)

NTA analysis was performed in an aqueous environment, as reported previously [9].
Exosome samples were diluted 20-fold in PBS for NTA analysis. The size distribution and
concentration of isolated exosomes were measured using a NanoSight LM10 instrument
with 405 nm and 60 mV laser sources. The data were analyzed using NTA software (NTA
version 2.3 build 0033, Malvern Instruments Ltd., Malvern, UK), which included size
distributions that were calculated and graphed. NTA analysis was carried out using a
service provided by Particle Characterization Laboratories, Inc. (Novato, CA, USA).

2.7. Slot Blot Analysis

The investigation of various exosome markers was conducted through a slot blot
immunological analysis employing pre-manufactured antibody arrays from SBI (Palo
Alto, CA, USA). Each blot, containing 12 pre-printed slots, featured 8 antibodies targeting
exosome markers (CD63, CD81, ALIX, FLOT1, ICAM1, EpCAM, ANXA5, TSG101) along
with cytosolic GM130. About 50 µg of exosome proteins were employed in each assay,
adhering to the immuno-binding and detection protocol outlined in the provided user
manual. The image was recorded on Image Lab version 6.1 using a Bio-Rad Gel Doc XR+
Imaging system with an exposure time of 1.0 s.

2.8. Next-Generation Sequencing (NGS)

Exosomes isolated from conditioned medium from both the control and differently engi-
neered samples were processed for NGS analysis using SBI’s transcriptomics services [30,31].
The Illumina NextSeq platform was used for NGS, and the identification of nucleobase quality
was performed using Phred quality scoring under Sanger/Illumina 1.9 encoding. RNA data
was then mapped to the GRCh38 human reference genome. Data were returned from SBI in
the form of raw FastQ files as well as Excel files containing counts, RNA id, RNA type, and
chromosomal locations for each mapped RNA.

2.9. Liquid Chromatography–Mass Spectrometry (LC-MS)

Exosomes isolated from conditioned medium from both control and differently engi-
neered samples were processed for LC-MS analysis by SBI’s proteomics service [32]. Briefly,
10 µg of exosome protein from each sample was subjected to electrophoresis using sodium
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dodecyl-sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and in-gel digestion with
trypsin using a ProGest robot (DigiLab, Hopkinton, MA, USA). Half of the digested sample
was processed by the nano LC-MS/MS with a Waters NanoAcquity Ultra-Performance
Liquid Chromatography (UPLC) system interfaced to a ThermoFisher Q Exactive. Peptides
were loaded on a trapping column and subsequently eluted using a reverse-phase gradient.
The mass spectrometer was operated in a data-dependent mode and the Orbitrap operated
at 60,000 full width at half maximum (FWHM) and 17,500 FWHM for MS and tandem
mass spectrometry (MS-MS), respectively. The fifteen most abundant ions were selected
for MS-MS.

2.10. Dual-Omics Analysis and Protein Contaminant Detection

Nonhuman RNA mapping for the detection of VSVG and GFP sequences was per-
formed using Geneious Prime 2023.0.4. All Truseq, Nextera, and PhiX 3’ adapters were
trimmed using the BBDuk data-quality trimming, filtering, and masking plugin. The
adapters were trimmed using a k-mer length of 27 and a maximum of 1 substitution.
Low-quality reads were trimmed at both the 5′ and 3′ ends, and reads shorter than 10 base
pairs were discarded. NGS and LC-MS data were analyzed using Matlab and Python
scripts, as well as Excel functions. Transcript counts was trimmed at count ≥25 before
analysis. Statistical analysis was performed using Python scripts and Excel functions.
LC-MS contaminant detection was performed via Python scripts and the use of the Uniprot
and Ensembl protein databases.

2.11. Pathway Analysis

Pathway analysis was performed via FunRich version 3.1.4 [33] using their built-
in database and the 12 October 2023 release of Vesiclepedia [34]. Pathway analysis
was performed for both miRNAs and proteins by comparing expression levels against
131 and 52 cellular signal/metabolic pathways, respectively. All bovine contaminant pro-
teins were excluded from this pathway analysis. Species that could not be mapped to
a known biological pathway, as well as any pathway containing less than 5% of total
biological activity, were removed, and the rest of the pathways were tabulated. p-values
were generated for each pathway, and p values > 0.05 represent significant enrichment of a
selected pathway compared to the background data set (FunRich Database).

3. Results
3.1. System Design and Genetic Engineering of Exosomes in Human 293T Cells

To enable targeted exosome-based therapeutics with enhanced specificity and pay-
load delivery, we designed and implemented two sets of genetic constructs for modifying
exosomes in cultured human 293T cells (Figure 1A,B). The first set was composed of en-
dogenous exosome-targeting scaffolds (CD9, CD63, CD81) and exogenous viral envelope
proteins like vesicular stomatitis viral glycoprotein (VSVG), each fused with a green fluo-
rescence protein (GFP) at the C-terminus for live cell monitoring and detection (Figure 2A).
The second set included genetic modifiers such as CD47, human transferrin (hTransferrin),
and mouse neural cell adhesion molecule (mNCAM) sequences, aimed at functionalizing
exosomes for specific purposes. Specifically, CD47 possesses a potent anti-phagocytosis sig-
nal domain, therefore potentially increasing the half-life of exosomes in circulation [35,36].
Transferrin may enhance blood-brain barrier (BBB) crossing via receptor-mediated epithe-
lial transcytosis [37]. NCAM may enhance neuron targeting via molecular interactions [38].
These modifiers, lacking intrinsic exosome-targeting signal peptides, were fused with VSVG
for targeting. These constructs also included the same GFP monitoring tag as the first set of
genetic constructs. The amino acid sequences and coding DNAs of the second sets of ge-
netic modifiers are provided in the Supplementary Materials Sequence File. All constructs
were tagged with GFP for molecular tracking and imaging. To ensure all constructs were
properly expressed and targeted to exosome biogenic sites, fluorescence images of cultured
293T cells were recorded following transfection. Fluorescence imaging of transfected 293T
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cells confirmed the proper expression and targeting of all constructs to exosome biogenic
sites. GFP fusion proteins (CD9-GFP, CD63-GFP, CD81-GFP, VSVG-GFP) appeared on
either the plasma membrane (Figure 2B, arrowheads) or punctate in the cytosol (Figure 2B,
white arrows), consistent with lipid raft or endocytic localization. Similarly, CD47-GFP,
CD47-Ecto-VSVG-TM-GFP, hTransferrin-VSVG-TM-GFP, and mNCAM-VSVG-TM-GFP
showed exosome-associated expression and subcellular localization (Figures S1 and S2).
Co-transfection experiments with known exosome markers (CD63 or XPACK) confirmed
the colocalization of GFP-tagged exosome modifiers with RFP-tagged exosome markers,
indicating integration into exosomes (Figures S1 and S2). We typically monitor and record
confocal images at different time points, such as 24, 48, and 72 h. Due to the similarity in
imaging patterns across these time points, we chose to present images from one time point
to be representative.
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Figure 1. Production and characterization of genetically modified exosomes in cultured human
293T cells. Schematic representation of the production and isolation of exosomes (A), which are
used for further characterization and dual-omics analysis (B). After initial characterization studies,
engineered exosomes were divided into two cohorts, which were subjected to next-generation
sequencing analysis of whole transcripts (transcriptomics) or liquid chromatography coupled with
mass spectrometry analysis (LC-MS, proteomics).

Taken together, these results strongly support the functionality of our genetic modifiers,
suggesting their integration into exosomes via endogenous biogenic pathways under our
experimental conditions.
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Figure 2. Construct schematics and scaffold expression. (A) Schematic representation of constructs
containing exosome-targeting scaffolds (CD9, CD63, CD81, VSVG) and molecular modifiers (GFP,
CD47, mNCAM, Transferrin). (B) Confocal image study confirms successful scaffold targeting
to sites of exosomal biogenesis (the plasma membrane and endocytic compartments). 293T cells
were transfected with fusion protein constructs including CD9-GFP, CD63-GFP, CD81-GFP, and
VSVG-GFP. Fluorescence images were recorded 72 h after transfection. The transmitted light images
(TLI) show the corresponding morphology of the imaged cells. The punctuated plasm membrane
(indicated by arrowheads) and endocytic compartment (indicated by arrows) became apparent when
the fluorescent images were merged with the blue nuclei stained with HOCHEST. Scale bar, 10 µm.

3.2. Preparation and Characterization of Genetically Engineered Exosomes

To assess the maturation and release of genetically modified exosomes into the
cell culture medium, we isolated exosomes from conditioned media using established
protocols [25]. These protocols used a combination of ultrafiltration (pore size ≤ 200 nm),
chemical precipitation, and low-speed centrifugation to ensure the isolation of quality
exosomes (size ≤ 200 nm) rather than microvesicles (≥200 nm). To enhance the purity and
to minimize potential contaminants for bovine serum, OptiMEM or UltraCulture medium
without serum-supplement was used for all exosome harvests.

Following the preparation of genetically engineered exosomes, we conducted various
analyses to determine their size distribution, the presence of major exosome markers, and
proper modification by our genetic constructs. As depicted in Figure 3A and Figure S3, all
exosome preparations exhibited similar particle size distributions compared to unmodified
controls, with a single peak in the size range of 58~85 nm, consistent with the exosome size
range (<150 nm). Additionally, immune slot blot analysis using an antibody array revealed
different levels of expression for all eight exosome markers (CD63, CD81, ALIX, FLOT1,
ICAM1, EpCAM, ANXA5, and TSG101), with no bands observed in negative controls
(Figure 3B), confirming the predominance of exosomes in our preparations. To further
qualitatively assess the proper modification of prepared exosomes by our genetic scaffolds
or modifiers, confocal imaging was conducted on both genetically modified exosomes and
non-modified controls. As depicted in Figure 3C, confocal images showed strong GFP
signals in genetically modified exosomes compared to non-modified controls, indicating
successful targeting and loading of GFP-containing genetic modifiers onto exosomes.
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Figure 3. Characterization of genetically modified exosomes and non-modified controls. (A) Exosome
size and distribution determined via nanoparticle tracking analysis (NTA). NTA profiles of CD9–GFP-
, CD63–GFP-, CD81–GFP-, and VSVG–GFP-modified exosomes isolated from 293T cells at Day 3
post-transfection, showing the particle size and distribution of the respective engineered exosomes
and the non-engineered control. (B) Exosome marker analysis via antibody array. The immuno-slot
assay was able to detect different levels of cellular proteins loaded onto exosomes. PC: positive
control; NC: negative control. (C) Fluorescence confocal images of isolated, genetically engineered
exosomes (CD9–GFP, CD63–GFP, CD81–GFP, and VSVG–GFP) and non-engineered controls. White
arrows indicate GFP-positivity for engineered exosomes, where background GFP noise is shown in
the control sample. Scale bar, 50 µm.

In summary, these results demonstrate that these constructs effectively produced
genetically modified exosomes with a size distribution and characteristics that match the
exosome subtype.

3.3. Dual-Omics Identifies Engineering-Induced Changes

To assess the capability of dual-omics to discern specific changes induced by engineer-
ing constructs, we isolated exosomes from both genetically modified producer cells and
non-modified controls. The total RNA extracted from these exosomes underwent NGS and
transcriptomic analysis. The engineering groups consistently exhibited increased levels of
mRNA transcripts associated with their engineering scaffolds (CD9, CD63, CD81, VSVG)
and the fluorescent marker (GFP), as depicted in Figure 4A,B. These scaffold transcripts
(CD9, CD63, CD81) were successfully detected through mapping to the GRCh38 human
reference genome (Figure 4A) or Geneious Prime mapping software version 2023.0.4 for vi-
ral VSVG (Figure 4B). Notably, the CD63-GFP, CD81-GFP, and VSVG-GFP samples showed
significant increases in associated mRNAs (27.96×, 64.32×, and 14.5×, respectively), while
the CD9 transcript exhibited only a slight elevation (1.78×), influenced by detection effi-
cacy and base levels. Figure 4C illustrates that all engineered samples, except VSVG-GFP,
demonstrated significant levels of the GFP fluorescence marker. It is important to note
that the increases in the levels of different scaffold transcripts varied, a discrepancy which
may have been caused by variations in the levels of endogenous gene expressions for
CD9/CD63/CD81, batch-to-batch transfection efficiency, and/or sensitivity of NGS analy-
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sis. Nevertheless, these findings confirm that NGS effectively detected elevated levels for
most of engineering scaffolds and reporter transcripts, indicating proper expression of ge-
netic constructs in producer cells. In parallel, we employed LC-MS proteomics to evaluate
specific changes induced by engineering constructs at the protein level. Exosomes from
genetically modified and control samples underwent LC-MS analysis. The quantification of
protein modifiers revealed increased levels of CD47 in both CD47 constructs (67× for CD47-
GFP and 20× for CD47-Ecto-tVSVG-GFP) (Figure 4D). Similarly, human transferrin levels
showed a significant 270-fold increase in the hTransferrin-tVSVG-GFP-engineered sample
compared to other modifiers, as well as the non-modified control (Figure 4D). Consistently,
LC-MS also detected GFP proteins in all engineered groups except mNCAM-tVSVG-GFP,
but did not detect GFP in the non-modified controls. Notably, LC-MS failed to detect
murine NCAM in mNCAM-tVSVG-GFP-modified exosomes, indicating that the detection
of proteins may differ in sensitivity. Using confocal microscopy for the direct detection of
protein integration into exosomes is crucial for visual confirmation (Figure 3C). However,
omics analysis complements confocal microscopy by providing comprehensive insights
into protein composition and functional attributes, enhancing the credibility and depth of
our findings regarding engineered exosomes [39,40].
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Figure 4. NGS sequencing unveiled enhanced levels of engineering scaffolds and GFP as compared
to controls. (A) Human genome mapping of NGS data reveals elevated levels of scaffold proteins
in their associated samples, including CD9 (1.78×), CD63 (27.96×), and CD81 (64.32×). Additional
analysis via Geneious Prime highlights elevated levels of VSVG (14.5×) in the VSVG-GFP transfected
sample (B) and GFP (29.2×–38.8×) in CD9, CD63, and CD81 samples (C). LC-MS detected increased
levels of expression for CD47 in CD47-GFP (67×) and CD47-tVSVG-GFP (20×), human Transferrin
in hTransferrin-tVSVG-GFP (270×), and GFP in GFP-modified exosome samples (except mNCAM-
tVSVG-GFP), but not in control exosomes. LC-MS was not able to detect murine NCAM proteins (D).

Taken together, our results strongly support that dual-omics can effectively identify
specific changes induced by genetic engineering, confirming the successful modification of
exosomes at both the transcript and protein levels.
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3.4. Dual-Omics Identifies a Diverse Ranges of Endogenous Cargos

To comprehensively understand the transcript cargos in exosomes, we set a threshold
of 25 counts or higher as positive in isolated exosome samples. The relative abundance of all
RNA species in the two control samples was then averaged and is presented in Figure 5A.
The results clearly demonstrate the presence of all fifteen types of RNAs in exosomes
isolated from human 293T cells, with major RNA species including rRNA (19.4%), mRNA
(18.5%), uncategorized non-coding RNAs or other_ncRNA (14.5%), rfam (10.5%), miRNA
(8.1%), lincRNA (6.7%), and tRNA (3.9%). The remaining RNA species, such as CDBox,
other noncoding RNAs, lincRNA antisense, tRNA_like molecule, piRNA, caRNA, and
HAcaBox, collectively constituted less than 6%. To determine whether genetic modification
of exosomes may alter the relative abundance of transcript cargos, we compared the abun-
dance of various RNA species in engineered exosome samples (n = 4) vs. controls (n = 2).
Figure 5B illustrates that only rfam RNAs exhibited significant increases in abundance
in engineered exosomes compared to controls (25.2% vs. 10.5%, 2-tailed t-test), while all
14 remaining RNA species showed similar levels between sample arms. These findings
suggest that genetic engineering may not substantially impact the loading of endogenous
RNA cargos.
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Figure 5. NGS sequencing identifies fifteen RNA types and reveals differences between engineered
and control samples in key RNA subtypes. (A) Transcriptomics analysis reveals the presence of
fifteen RNA types present in varying quantities in control samples (n = 2). (B) Comparison between
control (n = 2) and engineered (n = 4) samples highlights significant differences in relative abundance
of RNA transcripts in some subtypes (*** indicates p ≤ 0.001). Error bars show the standard error of
the mean (SEM).

To gain further insight into the potential impacts of genetic engineering on two bio-
logically significant exosomal RNA species, mRNA and miRNA, we conducted a detailed
comparison among genetically engineered exosome samples (n = 4) and non-engineered
controls (n = 2) (Figure 6A,B). The results showed that most RNAs were shared among all
samples, including 11,996 mRNAs and 507 miRNAs. Differences in unique RNA species
were mainly between two controls (prepared from different batches) rather than amongst
control 1 and the engineered samples. These results support that genetic engineering
processes may not substantially alter RNA cargo loading, particularly for the two biolog-
ically significant types of RNAs (mRNA and miRNA). Consistent with our findings for
RNA cargos, LC-MS proteomics identified over 1656 unique proteins that were loaded
and/or associated with exosomes. Among them, 1338 proteins (80.8%) were shared among
samples, while a smaller grouping of proteins (23~148) was unique to each sample, totaling
318 proteins or 18.2% (Figure 6C). It appears that there were more unique proteins in engi-
neered samples (28~148) than in the control (23), suggesting a potential impact on protein
cargo loading by our genetic engineering processes.
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Figure 6. Global profile of transcript and protein cargos by dual-omics. (A) Cross-sample comparison
of mRNAs (count ≥ 25) reveals a cohort of shared mRNAs (11,996) and minimal differences between
control and engineered samples prepared under the same culture conditions (Control 1, CD9, CD63,
CD81, VSVG). Control 2, prepared under different culture conditions, contains the most variation,
with 4485 unique mRNAs. (B) Cross-sample comparison of miRNAs (count ≥ 25) highlights a group
of shared miRNAs (511) and minor differences between Control 1 and CD9 (19) and VSVG (78)
engineered samples. Control 2, prepared from different batches, retains the most variation, with
205 unique miRNAs. (C) Cross-sample comparison of LC-MS protein data shows shared proteins
(n = 1338) in all samples and unique proteins (n = 23–148) in individual samples.

3.5. Impact on Cellular Signaling and Metabolism by Endogenous Exosome Cargos

To investigate the potential biological effects of exosome cargos on cellular processes
such as signaling and metabolism, we used the FunRich functional tool to examine the
enrichment of biologically active cargos in both genetically engineered exosomes and
the controls. Our analysis focused on two important classes of biologically active cargos,
namely, miRNAs and proteins, which regulate 131 and 52 defined biological pathways,
respectively (Tables S1 and S2). The results revealed significant enrichment of exosome
miRNAs in only a small subset of cellular pathways (4 out of 131), including miRNA species
involved in regulating signal transduction, cell communication, nucleic acid metabolism,
and transport (Table 1). Importantly, comparisons between control and engineered exosome
samples demonstrated minimal dissonance in pathway abundance, with a difference of
≤1% for the pathways listed in Table 2. This implies that genetic engineering may not
significantly alter exosomal miRNA cargo loading, or, consequently, the relative abundance
of individual miRNA species. Next, the FunRich program was applied to proteomics
data using the UniProt protein database. Remarkably, we found that protein cargos were
significantly enriched in a small subset of cellular pathways (4 out of 52) in both engi-
neered exosomes and controls. These pathways encompassed signal transduction, cell
communication, nucleic acid metabolism, and overall metabolism (Table 2).
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Table 1. Percentage of miRNAs involved in regulating various cellular pathways.

Pathway Control 1 Control 2 CD9 CD63 CD81 VSVG

Cell Growth and Maintenance 6.2 6.1 6.2 6 6 6.2
Protein Metabolism 7 6.9 7 7 7 6.9
Energy Pathways 7.4 7.5 7.4 7.4 7.4 7.7

Transport 7.6 *** 7.7 *** 7.6 *** 7.5 *** 7.5 *** 7.7 ***
Metabolism 7.7 8 7.7 7.7 7.7 7.8

Nucleic Acid Metabolism 17.6 *** 17.5 *** 17.6 *** 17.7 *** 17.8 *** 17.7 ***
Cell Communication 21.7 *** 21.2 *** 21.6 *** 21.8 *** 21.9 *** 21.4 ***
Signal Transduction 23.3 *** 22.8 *** 23.2 *** 23.3 *** 23.4 *** 23.1 ***

Note: miRNA isolated from non-modified exosomes or modified exosomes using CD9, CD63, CD81, or VSVG
scaffolds. *** p < 0.001 indicates significant enrichment above background data set (FunRich Database).

Table 2. Percentage of proteins involved in regulating various cellular pathways.

Pathway Control CD47-GFP CD47-tVSVG-GFP hTransferrin-tVSVG-GFP mNCAM-tVSVG-GFP

Transport 8.4 8.3 8.2 *** 8.1 8.8
Cell Growth and Maintenance 11.7 *** 10.4 *** 10.3 *** 10.3 *** 9.9 ***

Energy Pathways 13.2 *** 13.5 *** 13.8 *** 13.5 *** 13 ***
Metabolism 13.5 *** 13.8 *** 14 *** 13.7 *** 13.1 ***

Nucleic Acid Metabolism 16.8 17.1 17.1 17.6 17.8
Cell Communication 17.5 17.1 16.4 16.6 16.5
Protein Metabolism 18.3 *** 18.2 *** 17.9 *** 18.1 *** 17.8 ***
Signal Transduction 18.4 18.4 17.6 17.8 17.9

*** p < 0.001, indicates significant enrichment above background data set (Uniprot Database).

In summary, our pathway analysis indicates that the enrichment of exosome cargos
may occur in a small subset of cellular pathways for both miRNA (4 out of 131; ~3%) and
proteins (4 out of 52; ~7.7%), suggesting a selective loading of bioactive cargos in 293T
cells. Moreover, these enrichments tend to occur in highly regulated pathways, implying
potential biological impacts on cellular biology and/or pathology of recipient cells via
these exosome cargos.

3.6. Proteomics Is Able to Identify Potential Protein Contaminants

LC-MS proteomics, known for its high-throughput capability, is adept at detecting pro-
teins from diverse sources, making it well-suited for a thorough contaminant analysis. To
evaluate its effectiveness in genetically engineered exosomes, we conducted a comparative
analysis on genetically modified exosomes and their non-modified controls. The results
demonstrate that the LC-MS method can identify various protein contaminants, including
99 cow proteins (Table 3). These proteins comprise 93 proteins from cow plasma and
6 proteins without known tissue origin, likely stemming from the use of fetal bovine serum
in the culture media. Additionally, another two contaminants, trypsin and streptavidin,
were also detected (Table 3). The presence of trypsin in our isolated exosomes is likely
attributed to its use in the cell culture protocol, particularly during trypsinization of the
cells and ingel digesting of exosome proteins during the LC-MS processes. Furthermore,
the identification of streptavidin aligns with its role in the LC-MS processes.

Table 3. Contaminants of exosome preparation detected by LC-MS analysis.

Sample Cow Plasma
Proteins

Unknown Cow
Proteins Trypsin Streptavidin

Control 92 6 Yes Yes

CD47-GFP 91 6 Yes Yes

CD47-Ecto-tVSVG 93 6 Yes Yes
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Table 3. Cont.

Sample Cow Plasma
Proteins

Unknown Cow
Proteins Trypsin Streptavidin

hTransferrin-tVSVG-GFP 91 6 Yes Yes

mNCAM-tVSVG-GFP 91 6 Yes Yes

4. Discussion

Ensuring the quality control of exosome-based therapeutics is a challenging task due
to the heterogeneous nature of exosomes and the complexities involved in the engineering
processes. Addressing these challenges requires a high-throughput approach to quality
control, recognizing the complexity of exosomes and the potential impact of exosome
variations on therapeutic efficacy and safety. Developing robust quality control measures is
crucial in order to capture and characterize the variability of exosome populations as well
as specific modifications introduced through genetic engineering, facilitating the smooth
translation of exosome-based therapeutics into clinical applications.

Using two cohorts of genetically engineered exosomes as examples, we demonstrated
the effectiveness of a dual-omics approach in enhancing the quality control of engineered
exosomes. This approach generated a substantial amount of high-quality data, showcasing
its effectiveness. For instance, the NGS produced approximately 15 million reads/sample,
with over 80% mapping to the human genome. These sequences encompassed 15 different
RNA species, including 13,897 mRNAs and 2008 miRNAs (Figure 6A,B). Similarly, LC-MS
methods generated thousands of unique peptides, identifying over 1656 unique human
proteins that were loaded onto exosomes (Figure 6C). Additionally, the LC-MS method
was able to detect nonhuman proteins, including 99 cow proteins, highlighting its efficacy
in detecting potential contaminants and their sources (Table 3). Furthermore, pathway
analysis of exosome cargos revealed selective enrichment of both miRNAs and proteins
in regulating cellular signaling and metabolism, providing important insights into biolog-
ical impacts on recipient cells (Tables 1 and 2). For example, miRNA cargos were more
enriched in regulating cell communication and signaling pathways, while protein cargos
were more involved in cellular metabolism. These results indicate that these important
bioactive cargos may influence different biological activities via distinct pathways. The
high-throughput capability and quality of sequence data obtained through this dual-omics
approach are clearly more advantageous to the characterization of genetically modified
EVs than conventional methods such as RT-PCR, Western blot, and ELISA. Exosomes
from different cell types can exhibit distinct characteristics due to their cellular origins.
Studies have shown that the protein and RNA content of exosomes can vary significantly
depending on the source cell type, influencing their biological functions and therapeutic
potential [41,42]. Therefore, while our current study focuses on 293T cells, future research
will explore the properties of exosomes derived from other cell types to fully understand
their potential and applications.

We utilized different plasmids in our dual-omics study to explore the impact of various
genetic modifications on exosome quality. Each plasmid targeted distinct engineering
scaffolds, offering a broader perspective on the influence of different genetic constructs
on exosome characteristics. This strategy ensured the collection of more comprehensive
and diverse data [26]. While the dual-omics approach yields a substantial amount of
high-quality data regarding transcripts and protein cargos, it is important to note that each
dataset may have limitations and potential biases toward specific cargos. For instance,
NGS identified a higher number (n = 13,897) of mRNAs, while LC-MS detected a smaller
number of protein products (n = 1656), indicating the different sensitivities of the two
methods. In some cases, sequence information may only be obtained from one dataset,
but not the other. For instance, certain transcript cargos, such as noncoding RNAs (rRNA,
miRNA, lincRNA), may exclusively appear in NGS data, while protein contaminants are
typically identified by the LC-MS method. Furthermore, NGS was unable to identify
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non-human transcripts such as VSVG and GFP without additional data processing, and
LC-MS was unable to detect certain proteins such as truncated VSVG and murine NCAM,
indicating some limitations regarding their use with nonhuman transcripts or proteins.
Additionally, the lack of detectable GFP transcripts and/or proteins in cells transfected
with VSVG-GFP or mNCAM-tVSVG-GFP (Figure 4C,D) may have been due to differences
in fusion sequences, the ability of exosomes to incorporate the transcript or protein, and
the sensitivity of the detection methods used for various transcripts or proteins within
exosomes [43]. The dual-omics analysis reveals differences in RNA transcripts and protein
expression in engineered exosomes, providing crucial information about their molecular
composition and functionality. This comprehensive analysis ensures that the engineered
exosomes meet desired specifications and perform as intended, helping to optimize both
transcriptomic and proteomic protocols for the accurate and reliable detection of target
molecules [4,44]. Nevertheless, these experiments provide strong support for the conclusion
that dual-omics may complement each other, providing a more comprehensive picture of
exosome contents than individual omics.

Although our dual-omics approach effectively addresses two biologically important
cargos, namely, transcripts and proteins, it is crucial to acknowledge that other biological
cargos such as lipids and metabolites may require additional analytical methods. The
question of whether lipidomics can contribute additional value to the quality control
process remains unanswered. Further exploration is needed to determine the applicability
and benefits of integrating lipidomics into the dual-omics approach for a more complete
understanding of exosome composition and quality. Nevertheless, dual-omics analysis
aids in quality control of engineered exosomes by offering comprehensive insights into
both RNA transcripts and protein expression profiles. By comparing these profiles between
engineered and control exosomes, we can assess the efficacy of genetic modifications and
ensure consistency in exosome composition. This approach enables a holistic evaluation of
exosome quality, facilitating the optimization of engineered exosome-based therapeutics.

In summary, this dual-omics-based approach can aid in quality control of geneti-
cally engineered exosomes via identification of numerous endogenous cargos and exoge-
nous engineering modifiers, as well as potential protein contaminants. Pathway analysis
may predict potential biological impacts on recipient cells by endogenous cargos. This
study presents a new framework for the use of the high-throughput technologies, particu-
larly transcriptomics and proteomics, in the pursuit of comprehensive quality controls of
exosome-based therapeutics.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/pharmaceutics16060824/s1, Figure S1: Expression and molecular
trafficking of genetic modifiers of exosomes in living human 293T cells; Figure S2: Expression and
co-localization of genetic modifiers with exosome markers of CD63 and XPACK in cultured human
293T cells; Figure S3: Nanoparticle tracking analysis of isolated exosomes with various genetic
modifications (A–D) or non-modification (E). Table S1: 131 Cellular Pathways Regulated by miRNAs;
Table S2: 52 Cellular Pathways Regulated by Proteins; Table S3: Summary of 99 Protein Contaminants
and Their Relative Abundance in Control and Engineered Exosomes; Supplementary sequence file
including fusion proteins and their coding sequences for constructs.

Author Contributions: B.L. conceived the study. C.O., D.B. (David Bengford), J.K. and R.F. performed
experiments and collected data. P.Z. assisted in experiments. C.O., K.I. and D.B. (Darin Boyes)
performed data analysis. B.L. and C.O. analyzed the data and wrote the manuscripts. All authors
assisted in revising the manuscript. All authors have read and agreed to the published version of
the manuscript.

Funding: This work was supported by funds from the School of Engineering at Santa Clara University
and by the National Institute of General Medical Sciences of the National Institute of Health under
Award Number R15GM137449. The content is solely the responsibility of the authors and does not
necessarily represent the official views of the National Institutes of Health.

Institutional Review Board Statement: Not applicable.

https://www.mdpi.com/article/10.3390/pharmaceutics16060824/s1
https://www.mdpi.com/article/10.3390/pharmaceutics16060824/s1


Pharmaceutics 2024, 16, 824 14 of 15

Informed Consent Statement: Not applicable.

Data Availability Statement: All data generated or analyzed in this study is included in the published
article and its Supplementary sequence files. Data and experimental materials are available from the
corresponding author upon reasonable request.

Acknowledgments: We thank Yan Jiang for help with reviewing and editing the manuscript.

Conflicts of Interest: All authors declare no competing conflicts of interest.

References
1. Herrmann, I.K.; Wood, M.J.A.; Fuhrmann, G. Extracellular vesicles as a next-generation drug delivery platform. Nat. Nanotechnol.

2021, 16, 748–759. [CrossRef] [PubMed]
2. Cheng, L.; Hill, A.F. Therapeutically harnessing extracellular vesicles. Nat. Rev. Drug Discov. 2022, 21, 379–399. [CrossRef]
3. Kar, R.; Dhar, R.; Mukherjee, S.; Nag, S.; Gorai, S.; Mukerjee, N.; Mukherjee, D.; Vatsa, R.; Chandrakanth Jadhav, M.; Ghosh, A.;

et al. Exosome-Based Smart Drug Delivery Tool for Cancer Theranostics. ACS Biomater. Sci. Eng. 2023, 9, 577–594. [CrossRef]
[PubMed]

4. Lu, B.; Ku, J.; Flojo, R.; Olson, C.; Bengford, D.; Marriott, G. Exosome- and extracellular vesicle-based approaches for the treatment
of lysosomal storage disorders. Adv. Drug Deliv. Rev. 2022, 188, 114465. [CrossRef] [PubMed]

5. Sahoo, S.; Losordo, D.W. Exosomes and cardiac repair after myocardial infarction. Circ. Res. 2014, 114, 333–344. [CrossRef]
[PubMed]

6. Gong, Z.T.; Xiong, Y.Y.; Ning, Y.; Tang, R.J.; Xu, J.Y.; Jiang, W.Y.; Li, X.S.; Zhang, L.L.; Chen, C.; Pan, Q.; et al. Nicorandil-Pretreated
Mesenchymal Stem Cell-Derived Exosomes Facilitate Cardiac Repair after Myocardial Infarction via Promoting Macrophage
M2 Polarization by Targeting miR-125a-5p/TRAF6/IRF5 Signaling Pathway. Int. J. Nanomed. 2024, 19, 2005–2024. [CrossRef]
[PubMed]

7. Chen, J.; Chopp, M. Exosome Therapy for Stroke. Stroke 2018, 49, 1083–1090. [CrossRef] [PubMed]
8. Schuldt, B.R.; Kalagara, R.; Chennareddy, S.; Odland, I.C.; Downes, M.H.; Reford, E.; Vicari, J.M.; Ali, M.; Bhimani, A.D.; Putrino,

D.; et al. Exosome-Based Therapy for Ischemic Stroke: A Bibliometric Analysis of Current Trends and Future Directions. World
Neurosurg. 2023, 171, e195–e205. [CrossRef]

9. Duong, N.; Curley, K.; Brown, A.; Campanelli, A.; Do, M.A.; Levy, D.; Tantry, A.; Marriott, G.; Lu, B. Decoy exosomes as a novel
biologic reagent to antagonize inflammation. Int. J. Nanomed. 2019, 14, 3413–3425. [CrossRef]

10. Conceicao, M.; Forcina, L.; Wiklander, O.P.B.; Gupta, D.; Nordin, J.Z.; Vrellaku, B.; McClorey, G.; Mager, I.; Görgens, A.; Lundin,
P.; et al. Engineered extracellular vesicle decoy receptor-mediated modulation of the IL6 trans-signalling pathway in muscle.
Biomaterials 2021, 266, 120435. [CrossRef]

11. Nasiri, Z.; Soleimanjahi, H.; Baheiraei, N.; Hashemi, S.M.; Pourkarim, M.R. The impact understanding of exosome therapy in
COVID-19 and preparations for the future approaches in dealing with infectious diseases and inflammation. Sci. Rep. 2024,
14, 5724. [CrossRef] [PubMed]

12. Do, M.A.; Levy, D.; Brown, A.; Marriott, G.; Lu, B. Targeted delivery of lysosomal enzymes to the endocytic compartment in
human cells using engineered extracellular vesicles. Sci. Rep. 2019, 9, 17274. [CrossRef] [PubMed]

13. Kamerkar, S.; LeBleu, V.S.; Sugimoto, H.; Yang, S.; Ruivo, C.F.; Melo, S.A.; Lee, J.J.; Kalluri, R. Exosomes facilitate therapeutic
targeting of oncogenic KRAS in pancreatic cancer. Nature 2017, 546, 498–503. [CrossRef]

14. Li, H.; Yuan, Y.; Xie, Q.; Dong, Z. Exosomes: Potential targets for the diagnosis and treatment of neuropsychiatric disorders.
J. Transl. Med. 2024, 22, 115. [CrossRef]

15. Rehman, F.U.; Liu, Y.; Zheng, M.; Shi, B. Exosomes based strategies for brain drug delivery. Biomaterials 2023, 293, 121949.
[CrossRef] [PubMed]

16. Mukherjee, A.; Bisht, B.; Dutta, S.; Paul, M.K. Current advances in the use of exosomes, liposomes, and bioengineered hybrid
nanovesicles in cancer detection and therapy. Acta Pharmacol. Sin. 2022, 43, 2759–2776. [CrossRef] [PubMed]

17. De Leo, V.; Milano, F.; Agostiano, A.; Catucci, L. Recent Advancements in Polymer/Liposome Assembly for Drug Delivery: From
Surface Modifications to Hybrid Vesicles. Polymers 2021, 13, 1027. [CrossRef] [PubMed]

18. Rezaie, J.; Feghhi, M.; Etemadi, T. A review on exosomes application in clinical trials: Perspective, questions, and challenges. Cell
Commun. Signal. 2022, 20, 145. [CrossRef] [PubMed]

19. Ahn, S.H.; Ryu, S.W.; Choi, H.; You, S.; Park, J.; Choi, C. Manufacturing Therapeutic Exosomes: From Bench to Industry. Mol.
Cells 2022, 45, 284–290. [CrossRef]

20. Zhang, K.; Cheng, K. Stem cell-derived exosome versus stem cell therapy. Nat. Rev. Bioeng. 2023, 1, 608–609. [CrossRef]
21. van de Wakker, S.I.; Meijers, F.M.; Sluijter, J.P.G.; Vader, P. Extracellular Vesicle Heterogeneity and Its Impact for Regenerative

Medicine Applications. Pharmacol. Rev. 2023, 75, 1043–1061. [CrossRef] [PubMed]
22. Almeria, C.; Kress, S.; Weber, V.; Egger, D.; Kasper, C. Heterogeneity of mesenchymal stem cell-derived extracellular vesicles is

highly impacted by the tissue/cell source and culture conditions. Cell Biosci. 2022, 12, 51. [CrossRef]

https://doi.org/10.1038/s41565-021-00931-2
https://www.ncbi.nlm.nih.gov/pubmed/34211166
https://doi.org/10.1038/s41573-022-00410-w
https://doi.org/10.1021/acsbiomaterials.2c01329
https://www.ncbi.nlm.nih.gov/pubmed/36621949
https://doi.org/10.1016/j.addr.2022.114465
https://www.ncbi.nlm.nih.gov/pubmed/35878794
https://doi.org/10.1161/CIRCRESAHA.114.300639
https://www.ncbi.nlm.nih.gov/pubmed/24436429
https://doi.org/10.2147/IJN.S441307
https://www.ncbi.nlm.nih.gov/pubmed/38469055
https://doi.org/10.1161/STROKEAHA.117.018292
https://www.ncbi.nlm.nih.gov/pubmed/29669873
https://doi.org/10.1016/j.wneu.2022.11.125
https://doi.org/10.2147/IJN.S196975
https://doi.org/10.1016/j.biomaterials.2020.120435
https://doi.org/10.1038/s41598-024-56334-5
https://www.ncbi.nlm.nih.gov/pubmed/38459174
https://doi.org/10.1038/s41598-019-53844-5
https://www.ncbi.nlm.nih.gov/pubmed/31754156
https://doi.org/10.1038/nature22341
https://doi.org/10.1186/s12967-024-04893-6
https://doi.org/10.1016/j.biomaterials.2022.121949
https://www.ncbi.nlm.nih.gov/pubmed/36525706
https://doi.org/10.1038/s41401-022-00902-w
https://www.ncbi.nlm.nih.gov/pubmed/35379933
https://doi.org/10.3390/polym13071027
https://www.ncbi.nlm.nih.gov/pubmed/33810273
https://doi.org/10.1186/s12964-022-00959-4
https://www.ncbi.nlm.nih.gov/pubmed/36123730
https://doi.org/10.14348/molcells.2022.2033
https://doi.org/10.1038/s44222-023-00064-2
https://doi.org/10.1124/pharmrev.123.000841
https://www.ncbi.nlm.nih.gov/pubmed/37280097
https://doi.org/10.1186/s13578-022-00786-7


Pharmaceutics 2024, 16, 824 15 of 15

23. Willms, E.; Johansson, H.J.; Mager, I.; Lee, Y.; Blomberg, K.E.; Sadik, M.; Alaarg, A.; Smith, C.I.; Lehtio, J.; El Andaloussi, S.; et al.
Cells release subpopulations of exosomes with distinct molecular and biological properties. Sci. Rep. 2016, 6, 22519. [CrossRef]
[PubMed]

24. Jorgensen, M.; Baek, R.; Pedersen, S.; Sondergaard, E.K.; Kristensen, S.R.; Varming, K. Extracellular Vesicle (EV) Array: Microarray
capturing of exosomes and other extracellular vesicles for multiplexed phenotyping. J. Extracell. Vesicles 2013, 2, 20920. [CrossRef]
[PubMed]

25. Zhang, J.; Brown, A.; Johnson, B.; Diebold, D.; Asano, K.; Marriott, G.; Lu, B. Genetically Engineered Extracellular Vesicles
Harboring Transmembrane Scaffolds Exhibit Differences in Their Size, Expression Levels of Specific Surface Markers and
Cell-Uptake. Pharmaceutics 2022, 14, 2564. [CrossRef] [PubMed]

26. Welsh, J.A.; Goberdhan, D.C.I.; O’Driscoll, L.; Buzas, E.I.; Blenkiron, C.; Bussolati, B.; Cai, H.; Di Vizio, D.; Driedonks, T.A.P.;
Erdbrugger, U.; et al. Minimal information for studies of extracellular vesicles (MISEV2023): From basic to advanced approaches.
J. Extracell. Vesicles 2024, 13, e12404. [CrossRef] [PubMed]

27. Stickney, Z.; Losacco, J.; McDevitt, S.; Zhang, Z.; Lu, B. Development of exosome surface display technology in living human cells.
Biochem. Biophys. Res. Commun. 2016, 472, 53–59. [CrossRef] [PubMed]

28. Meyer, C.; Losacco, J.; Stickney, Z.; Li, L.; Marriott, G.; Lu, B. Pseudotyping exosomes for enhanced protein delivery in mammalian
cells. Int. J. Nanomed. 2017, 12, 3153–3170. [CrossRef] [PubMed]

29. Levy, D.; Do, M.A.; Zhang, J.; Brown, A.; Lu, B. Orchestrating Extracellular Vesicle with Dual Reporters for Imaging and Capturing
in Mammalian Cell Culture. Front. Mol. Biosci. 2021, 8, 680580. [CrossRef]

30. Zhang, H.; Jin, K. Peripheral Circulating Exosomal miRNAs Potentially Contribute to the Regulation of Molecular Signaling
Networks in Aging. Int. J. Mol. Sci. 2020, 21, 1908. [CrossRef]

31. Pazzaglia, S.; Tanno, B.; De Stefano, I.; Giardullo, P.; Leonardi, S.; Merla, C.; Babini, G.; Tuncay Cagatay, S.; Mayah, A.; Kadhim,
M.; et al. Micro-RNA and Proteomic Profiles of Plasma-Derived Exosomes from Irradiated Mice Reveal Molecular Changes
Preventing Apoptosis in Neonatal Cerebellum. Int. J. Mol. Sci. 2022, 23, 2169. [CrossRef]

32. Zhang, H.; Lin, S.; McElroy, C.L.; Wang, B.; Jin, D.; Uteshev, V.V.; Jin, K. Circulating Pro-Inflammatory Exosomes Worsen Stroke
Outcomes in Aging. Circ. Res. 2021, 129, e121–e140. [CrossRef] [PubMed]

33. Pathan, M.; Keerthikumar, S.; Ang, C.S.; Gangoda, L.; Quek, C.Y.; Williamson, N.A.; Mouradov, D.; Sieber, O.M.; Simpson, R.J.;
Salim, A.; et al. FunRich: An open access standalone functional enrichment and interaction network analysis tool. Proteomics
2015, 15, 2597–2601. [CrossRef] [PubMed]

34. Chitti, S.V.; Gummadi, S.; Kang, T.; Shahi, S.; Marzan, A.L.; Nedeva, C.; Sanwlani, R.; Bramich, K.; Stewart, S.; Petrovska, M.;
et al. Vesiclepedia 2024: An extracellular vesicles and extracellular particles repository. Nucleic Acids Res. 2024, 52, D1694–D1698.
[CrossRef]

35. Rodriguez, P.L.; Harada, T.; Christian, D.A.; Pantano, D.A.; Tsai, R.K.; Discher, D.E. Minimal “Self” peptides that inhibit
phagocytic clearance and enhance delivery of nanoparticles. Science 2013, 339, 971–975. [CrossRef]

36. Barclay, A.N.; Van den Berg, T.K. The interaction between signal regulatory protein alpha (SIRPalpha) and CD47: Structure,
function, and therapeutic target. Annu. Rev. Immunol. 2014, 32, 25–50. [CrossRef] [PubMed]

37. Johnsen, K.B.; Burkhart, A.; Thomsen, L.B.; Andresen, T.L.; Moos, T. Targeting the transferrin receptor for brain drug delivery.
Prog. Neurobiol. 2019, 181, 101665. [CrossRef]

38. Pardridge, W.M.; Eisenberg, J.; Yang, J. Human blood-brain barrier transferrin receptor. Metabolism 1987, 36, 892–895. [CrossRef]
39. Kowal, J.; Arras, G.; Colombo, M.; Jouve, M.; Morath, J.P.; Primdal-Bengtson, B.; Dingli, F.; Loew, D.; Tkach, M.; Thery, C.

Proteomic comparison defines novel markers to characterize heterogeneous populations of extracellular vesicle subtypes. Proc.
Natl. Acad. Sci. USA 2016, 113, E968–E977. [CrossRef]

40. Lane, R.E.; Korbie, D.; Trau, M.; Hill, M.M. Purification Protocols for Extracellular Vesicles. Methods Mol. Biol. 2017, 1660, 111–130.
[CrossRef]

41. Colombo, M.; Raposo, G.; Thery, C. Biogenesis, secretion, and intercellular interactions of exosomes and other extracellular
vesicles. Annu. Rev. Cell Dev. Biol. 2014, 30, 255–289. [CrossRef] [PubMed]

42. Yanez-Mo, M.; Siljander, P.R.; Andreu, Z.; Zavec, A.B.; Borras, F.E.; Buzas, E.I.; Buzas, K.; Casal, E.; Cappello, F.; Carvalho, J.; et al.
Biological properties of extracellular vesicles and their physiological functions. J. Extracell. Vesicles 2015, 4, 27066. [CrossRef]
[PubMed]

43. Pegtel, D.M.; Cosmopoulos, K.; Thorley-Lawson, D.A.; van Eijndhoven, M.A.; Hopmans, E.S.; Lindenberg, J.L.; de Gruijl, T.D.;
Wurdinger, T.; Middeldorp, J.M. Functional delivery of viral miRNAs via exosomes. Proc. Natl. Acad. Sci. USA 2010, 107,
6328–6333. [CrossRef] [PubMed]

44. Chen, H.; Wang, L.; Zeng, X.; Schwarz, H.; Nanda, H.S.; Peng, X.; Zhou, Y. Exosomes, a New Star for Targeted Delivery. Front.
Cell Dev. Biol. 2021, 9, 751079. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1038/srep22519
https://www.ncbi.nlm.nih.gov/pubmed/26931825
https://doi.org/10.3402/jev.v2i0.20920
https://www.ncbi.nlm.nih.gov/pubmed/24009888
https://doi.org/10.3390/pharmaceutics14122564
https://www.ncbi.nlm.nih.gov/pubmed/36559058
https://doi.org/10.1002/jev2.12404
https://www.ncbi.nlm.nih.gov/pubmed/38326288
https://doi.org/10.1016/j.bbrc.2016.02.058
https://www.ncbi.nlm.nih.gov/pubmed/26902116
https://doi.org/10.2147/IJN.S133430
https://www.ncbi.nlm.nih.gov/pubmed/28458537
https://doi.org/10.3389/fmolb.2021.680580
https://doi.org/10.3390/ijms21061908
https://doi.org/10.3390/ijms23042169
https://doi.org/10.1161/CIRCRESAHA.121.318897
https://www.ncbi.nlm.nih.gov/pubmed/34399581
https://doi.org/10.1002/pmic.201400515
https://www.ncbi.nlm.nih.gov/pubmed/25921073
https://doi.org/10.1093/nar/gkad1007
https://doi.org/10.1126/science.1229568
https://doi.org/10.1146/annurev-immunol-032713-120142
https://www.ncbi.nlm.nih.gov/pubmed/24215318
https://doi.org/10.1016/j.pneurobio.2019.101665
https://doi.org/10.1016/0026-0495(87)90099-0
https://doi.org/10.1073/pnas.1521230113
https://doi.org/10.1007/978-1-4939-7253-1_10
https://doi.org/10.1146/annurev-cellbio-101512-122326
https://www.ncbi.nlm.nih.gov/pubmed/25288114
https://doi.org/10.3402/jev.v4.27066
https://www.ncbi.nlm.nih.gov/pubmed/25979354
https://doi.org/10.1073/pnas.0914843107
https://www.ncbi.nlm.nih.gov/pubmed/20304794
https://doi.org/10.3389/fcell.2021.751079
https://www.ncbi.nlm.nih.gov/pubmed/34692704

	Introduction 
	Materials and Methods 
	Materials and Reagents 
	Expression Vectors for Genetic Engineering of Exosomes 
	Human Cell Culture and Transfection 
	Molecular Tracking and Confocal Microscopy 
	Exosome Preparation 
	Nanoparticle Tracking Analysis (NTA) 
	Slot Blot Analysis 
	Next-Generation Sequencing (NGS) 
	Liquid Chromatography–Mass Spectrometry (LC-MS) 
	Dual-Omics Analysis and Protein Contaminant Detection 
	Pathway Analysis 

	Results 
	System Design and Genetic Engineering of Exosomes in Human 293T Cells 
	Preparation and Characterization of Genetically Engineered Exosomes 
	Dual-Omics Identifies Engineering-Induced Changes 
	Dual-Omics Identifies a Diverse Ranges of Endogenous Cargos 
	Impact on Cellular Signaling and Metabolism by Endogenous Exosome Cargos 
	Proteomics Is Able to Identify Potential Protein Contaminants 

	Discussion 
	References

