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Cancer cell spheroids have been shown to be more physiologically relevant to native tumor tissue than mono-
layer 2D culture cells. Due to enhanced intercellular communications among cells in spheroids, spheroid secreted 
exosomes which account for transcellular transportation should exceed those from 2D cell culture and may 
display a different expression pattern of miRNA or protein. To test this, we employed a widely used pancreatic 
cancer cell line, PANC-1, to create 3D spheroids and compared exosomes generated by both 2D cell culture and 
3D PANC-1 spheroids. We further measured and compared exosomal miRNA and GPC-1 protein expression with 
qRT-PCR and enzyme-linked immunosorbent assay, respectively. It showed that PANC-1 cells cultured in 3D 
spheroids can produce significantly more exosomes than PANC-1 2D cells and exosomal miRNA and GPC-1 
expression derived from spheroids show more features relevant to the progression of pancreatic cancer. These 
findings point to the potential importance of using spheroids as in vitro model to study cancer development and 
progression.   

1. Introduction 

Cancer cell lines grown in conventional 2D systems are the most 
commonly used cancer models and have contributed tremendously to 
the understanding of the mechanisms governing cancer cell growth and 
development. However, an increasing body of recent evidence shows 
that 2D culture cancer cells fairly poorly reflect native tumor tissue [1, 
2]. Though the possible reasons vary, one of commonly believed ratio-
nales is that tumor microenvironment in 2D culture system is not rep-
resented in terms of cell–cell and cell–extracellular matrix interactions 
[3]. In vitro 3D culture technologies, such as spheroids, have opened 
potential new avenues for developing more physiological human/mouse 
cancer models and represented an important bridge between traditional 
2D cultures and in vivo mouse/human models [1,4,5]. 

Exosomes, small extracellular vesicles of endocytic origin with a size 
ranging from 40 to 150 nm [6], have now come to be accepted as 
ubiquitous mediators in intercellular communication [7,8]. In partic-
ular, cancer cells can produce more exosomes than normal cells [9,10], 
and exosomes derived from cancer cells have a high capacity to mediate 
cell-to-cell communication [11] and modulate local and distant micro-
environments, through horizontal transfer of microRNAs (miRNAs) [9, 
12,13] as well as other molecules such as proteins [14] or mRNAs [13]. 

Cancer spheroids, three-dimensional aggregates of cancer cells, are 
more physiologically relevant to native tumor tissue than monolayer 2D 
culture models [15]. Therefore, it is reasonable to hypothesize that 
cancer spheroids should secrete more exosomes than 2D culture cells 
due to the increased cell-cell contact, and exosomes derived from cancer 
spheroids may display different properties in terms of miRNA or protein 
expression. Indeed, in the last few years it has already been shown that 
tumor cells growing in 3D conditions can recapitulate some properties of 
exosomes found in native tumors [16–18]. Importantly, enhanced exo-
some secretion could be observed in 3D spheroid culture using cancer 
cells compared with 2D cells culture [19,20], and 3D culture derived 
exosomes showed significantly different RNA expression profiles 
compared to 2D culture derived exosomes [19]. However, there is little 
research on the correlation between exosomal miRNA and exosomal 
protein and comparisons between conventional 2D culture and 3D cul-
ture. Considering that 3D cell culture is more recognized for repre-
senting an in vivo like tissue microenvironment [21], therefore it is 
particularly valuable to analyze the differential expression of miRNAs 
and protein in exosomes and their corresponding parental cells in 3D 
conditions. 

To assess whether cancer spheroids can generate more exosomes 
than 2D culture cancer cells, we used PANC-1 cells [22], a most widely 
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used pancreatic cancer cell line, to create 3D spheroids, isolated and 
quantified exosomes from both 2D cell culture and 3D PANC-1 spher-
oids. To further examine possible changes in exosomal miRNA and 
protein expression, we measured exosomal miRNA and GPC-1 protein 
expression with qRT-PCR and enzyme-linked immunosorbent assay 
(ELISA), respectively. We compared the expression of selected miRNAs 
and GPC-1 in exosomes generated by PANC-1 2D cells and PANC-1 3D 
spheroids, as well as in PANC-1 2D cells and PANC-1 3D spheroids. Our 
results indicated that PANC-1 cells cultured in 3D spheroids show more 
features relevant to the progression of pancreatic cancer and can pro-
duce significantly more exosomes than PANC-1 2D cells. These findings 
underscore the potential of using spheroids as in vitro model to study 
cancer development and progression. 

2. Materials and methods 

2.1. Cell culture 

PANC-1 cell line was purchased from American Type Culture 
Collection (Manassas, VA, USA). After thawing from dry ice, PANC-1 
cells were cultured in Nunc™ EasYFlask™ cell culture flasks in 95% 
humidity and 5% CO2 at 37 ◦C. The base medium for the cells was 
Dulbecco’s Modified Eagle’s Medium (DMEM, Thermofisher) supple-
mented with 10% exosomes-depleted heat-inactivated fetal bovine 
serum (FBS, Thermofisher) and 1% Penicillin-Streptomycin (Pen Strep) 
solution (Sigma). Cells were maintained for at least 2 passages before 
seeding for exosome experiments and spheroid generation. 

For exosome production from 2D cultured PANC-1 cells, 5 × 104 cells 
were seeded in 1 mL growth medium for a single well of a 24-well plate. 
After 24 h when cells reached approximately 70% confluency [23], cells 
were washed with PBS and fresh DMEM supplemented with 
exosomes-depleted FBS was replaced (Day 0). Medium was changed 
every other day. At Day 5, culture supernatant (1 mL) was collected and 
centrifuged at 300×g for 10 min at room temperature to remove cell 

debris. 

2.2. PANC-1 cell line spheroid generation 

Spheroids were prepared using a method adapted from previous 
research [24]. A PANC-1 cell suspension containing 5 × 104 cells/mL of 
DMEM supplemented with 10% exosomes-depleted FBS and 1% Pen 
Strep was prepared. One hundred microliters of the PANC-1 cell sus-
pension (5000 cells) were plated in each well of 96-well U-bottom 
Nunclon™ Sphera™ plates (Thermofisher). These plates were chosen 
because of their commercial availability and widely validation in the 
generation of spheroids from multiple cancer cells [25–28]. The plates 
were centrifugated in a swinging bucket rotor at 1500 rpm for 10 min at 
room temperature, and then incubated in a humidified atmosphere of 
5% CO2 at 37 ◦C on a rotary shaker under gentle rotation. By using this 
technique, single spheroids were obtained in each well. After 24 h 
(Day1), spheroids with loose aggregate morphology were discarded and 
only spheroids with a compact morphology were cultured and used for 
exosome collection. Medium was changed every other day. 

For the exosome production from 3D cultured PANC-1 spheroids 
(Fig. 1), culture medium was carefully harvested at Day 5 without dis-
turbing the spheroid. The medium from 10 spheroids was mixed 
together (about 1 mL in total) and centrifuged at 300×g for 10 min at 
room temperature to remove cell debris. 

2.3. Exosome isolation, labeling and transmission electron microscope 
(TEM) 

Total exosome isolation reagent from cell culture media (Thermo 
Fisher Scientific) was used to isolate exosomes following the manufac-
ture’s protocol. After that, larger vesicles and cell debris were removed 
again by passing the samples through the 220 nm filter. 

Membrane permeable SYTO™ RNASelect™ green fluorescent cell 
stain (Thermofisher) was used to fluorescently label the RNA present 

Fig. 1. Schematic representation of exosome isolation from PANC-1 3D spheroids. (A) PANC-1 cells (5000 cells per 100 μL) were seeded to 96 well plate. (B) Clusters 
were incubated in a humidified atmosphere of 5% CO2 at 37 ◦C, and culture medium was changed every other day. (C) Conditioned medium was harvested at Day 5. 
(D) Exosome isolation regent was mixed with the conditioned medium and incubated at 4 ◦C overnight. (E) Samples were centrifuged at 10,000×g for 1 h at 4 ◦C, and 
the supernatant was discarded. Exosome pellet was resuspended with PBS. (Created with BioRender.com). 
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inside the exosomes, as described by the manufacturer. Briefly, isolated 
exosomes were incubated at 37 ◦C for 20min with the stain at a final 
concentration of 40 μM, and then the remaining free dye was removed 
by exosome spin columns (MWCO 3 000, Invitrogen). As controls, cul-
ture medium without cells was subject to the same isolation and staining 
procedures. Stained exosomes were visualized by confocal laser scan-
ning microscope equipped with a 20x lens (FV3000, Olympus), irradi-
ated by 488 nm. 

To verify the presence of exosomes, TEM imaging was performed 
with a JEOL 1200EX, 80 kV microscope. A 10 μL drop was incubated on 
a TEM grid for 1 min, wicked dry, rinsed with water, and stained with 
uranyl acetate prior to TEM imaging. 

2.4. RNA isolation and quantitative PCR 

Total RNA from cells and spheroids were isolated with Trizol 
(Thermofisher) [29] and quantified using a Nanodrop (Thermo Fisher 
Scientific). cDNA from total RNA (1 μg) was generated using the 
high-capacity cDNA reverse transcription kit (Thermofisher), and then 
100 ng cDNA was used for qRT-PCR to analyze the expression of GPC-1. 
Relative expression values were calculated by 2− ΔΔCt using GAPDH as an 
internal control [30]. GPC-1 and GAPDH primers were listed in 

Supplementary Table S1. 
miRNA of cells, spheroids and exosomes was isolated with mir-

Vana™  miRNA Isolation Kit (Thermo Fisher Scientific) according to the 
protocol provided by the manufacturer, and quantified using NanoDrop 
(Thermo Fisher Scientific). cDNA was synthesized from miRNA (50 ng) 
with Mir-X™  miRNA First Strand Synthesis Kit (Takara) and then qRT- 
PCR was performed with Mir-X™ miRNA qRT-PCR TB Green® Kit 
(Takara) with QuantStudio 6 Flex Real-Time PCR System (Thermo-
fisher). Relative expression values were calculated by 2− ΔΔCt using U6 as 
an internal control [30]. miRNA primers used in this paper were listed in 
Supplementary Table S1. 

2.5. Protein isolation and ELISA 

Exosomal protein was isolated with total exosome RNA & protein 
isolation kit (Thermo Fisher Scientific) and GPC-1 protein was measured 
with human glypican 1 ELISA kit (Thermo Fisher Scientific). 

2.6. Statistics 

The data were presented as means ± standard error (SE). miRNA 
expressions were compared in PANC-1 spheroids and cells by Student’s 

Fig. 2. PANC-1 2D cells, 3D spheroids and exosomes isolated from spheroids culture medium. (A) PANC-1 2D cells. Scale bar: 100 μm. (B) PANC-1 3D spheroids. A 
total of 5000 cells were seeded for each spheroid. Scale bar: 200 μm. (C) Typical transmission electron microscope (TEM) image of isolated exosomes secreted by 
PANC-1 3D spheroids. Scale bar: 100 nm. (D) The relative number of exosomes per field (n = 5) analyzed by TEM. 
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t-test. All statistical analyses were carried out using SPSS16.0 software 
(SPSS, Chicago, IL, USA). P values less than 0.05 were considered sta-
tistically significant. 

3. Results 

3.1. PANC-1 spheroid formation and exosome isolation 

The morphology of 2D cultured PANC-1 cells (Fig. 2A) and 3D 
cultured PANC-1 spheroids (Fig. 2B) was observed at Day 5. These 
spheroids were of relatively uniform shape and size (0.5–0.7 mm, 
Fig. 2B) and showed no significant change in size with time during our 
experiments. To verify that exosomes were correctly isolated, we uti-
lized TEM to visualize the content of our samples (Fig. 2C). The majority 
of the detected vesicles range between the size of 40–150 nm, con-
firming effective enrichment of exosomes from the conditioned media. 

In addition, exosomes labeled with SYTO™ RNASelect™ stain that is 
selective for RNA could be observed (Fig. S1), demonstrating the exis-
tence of exosomes in our samples. In addition, from fluorescence images 
it showed that PANC-1 cells cultured in 3D spheroids secreted much 
more exosomes than did the 2D-cultured cells, indicating that the PANC- 
1 spheroids increased exosome production compared with that from 2D 
culture. In agreement with the fluorescence labeling data, TEM analyses 
also demonstrated statistically significant enrichment of exosomes 
derived from PANC-1 3D spheroids compared to those from PANC-1 2D 
cells (p < 0.01, one-sided unpaired t-test; Fig. 2d). 

3.2. Differentially expressed miRNAs in PANC-1 2D cells, 3D spheroids 
and exosomes derived from 2D cells and 3D spheroids 

The differentially expressed miRNAs in PANC-1 2D cells and 3D 
spheroids, and exosomes isolated from PANC-1 2D cells and 3D spher-
oids were measured using qRT-PCR. A total of 6 differentially expressed 
miRNAs were examined (Fig. 3), including miR-1246, miR-96, miR-21, 
miR-17-5p, miR-4454 and miR-196a (Table S1). It showed that all 6 
measured miRNAs in PANC-1 3D spheroids were either significantly 
higher (miR-1246, miR-96, miR-21, miR-17-5p and miR-196a) than or 
similar (miR-4454) to those in PANC-1 2D cells. In exosomal miRNAs, 
there was no significant difference in miR-96 between exosomes derived 
from PANC-1 2D cells and 3D spheroids. In other exosomal miRNAs, 

except that miR-4454 was significantly decreased (P < 0.01) in exo-
somes isolated from 3D spheroids, expression levels of miR-1246, miR- 
21, miR-17-5p and miR-196a were significantly higher in exosomes 
from PANC-1 3D spheroids than those from PANC-1 2D cells. 

Overall, it could be seen that miRNAs expression in exosomes was 
higher than that in parental cells. Among the measured miRNAs, 
expression of miR-1246 in exosomes from PANC-1 2D cells was lower 
than that in PANC-1 2D cells, all other 5 miRNAs were significantly 
highly expressed in exosomes from PANC-1 2D cells compared with 
those from PANC-1 2D cells. In addition, miR-1246, miR-96, miR-21, 
miR-17-5p and miR-196a expression levels were higher in exosomes 
isolated from PANC-1 3D spheroids than those in spheroids. There was 
no significant change between the expression of miR-4454 in PANC-1 3D 
spheroids or spheroids derived exosomes. 

3.3. GPC-1 expression in PANC-1 2D cells, 3D spheroids and exosomes 
derived from 2D cells 3D spheroids 

We isolated and quantified protein from exosomes derived from 
PANC-1 2D cells and 3D spheroids as well as the parental 2D cells and 3D 
spheroids. The results showed that there was significant difference in 
GPC-1 levels between exosomes isolated from PANC-1 cells and spher-
oids (Fig. 4A). There were no significant differences among GPC-1 levels 
in PANC-1 2D cells, 3D spheroids and exosomes derived from PANC-1 
2D cells, however significantly higher concentration of GPC-1 protein 
in exosomes from PANC-1 3D spheroids could be observed (P < 0.001). 

We also measured GPC-1 mRNA level in PANC-1 2D cells and 3D 
spheroids with qRT-PCR. It showed that GPC-1 mRNA level significantly 
decreased (P < 0.05) in the PANC-1 spheroids compared to PANC-1 cells 
(Fig. 4B). 

4. Discussion 

In this study, we found PANC-1 3D spheroids secreted much more 
exosomes than did the 2D-cultured cells. These exosomes were enriched 
with miRNA and GPC-1 protein compared to their originating PANC-1 
cells, consistent with previous reports [31–33]. In particular, signifi-
cantly increased GPC-1 protein was observed in exosomes derived from 
PANC-1 3D spheroids, which further indicated that PANC-1 3D spher-
oids secreted more exosomes than did the 2D-cultured cells. 

Fig. 3. Expression levels of selected miRNAs in PANC-1 cells, PANC-1 spheroids and exosomes derived from PANC-1 cells and PANC-1 spheroids. The data were 
normalized to U6 and expressed as mean ± SEM. Here, miRNAs expression in PANC-1 2D cells was used as control (*P < 0.05, **P < 0.01). 
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Exosomes can shuttle various molecular cargo including proteins, 
mRNA, miRNA, as well as non-coding RNAs, between cells to commu-
nicate with each other [34]. Cell cultures in two-dimensional conditions 
have limited cell-cell communication [4] and might be less efficient in 
generating exosomes than three-dimensional cell cultures. The 3D cul-
ture systems enable increased cell–cell contact communication by 
allowing spatial cell–cell interactions [35], which provides a favorable 
environment for exosome synthesis and secretion. In turn, elevated 
production of exosomes further facilitates communications between 
cells. The present study showed that miRNAs expression in exosomes 
increased overall compared with their parental cells or spheroids, which 
further underscores the role of exosomes in intercellular 
communication. 

Among the miRNAs assayed, expression levels of miR-1246, miR-96, 
miR-21, miR-17-5p and miR-196a in PANC-1 3D spheroids all signifi-
cantly increased compared with PANC-1 2D cells. miR-21 and miR-17 
are considered to be typical oncomirs which are associated with carci-
nogenesis, malignant transformation, and metastasis [36], as most of 
their targets are tumor suppressors [37,38]. miR-1246, along with 
miR-196a, were found to promote tumor progression, migration and 
invasion in various malignancies including pancreatic ductal adeno-
carcinoma [39,40]. The upregulation of miR-21, miR-17, miR-1246 and 
miR-196a observed in PANC-1 3D spheroids suggests that 3D cultured 
PANC-1 spheroids show more aggressive features than 2D PANC-1 cells. 
Interestingly, previous studies found that miR-96 could significantly 
suppress pancreatic cancer cell proliferation by targeting GPC-1 and 
downregulation of miR-96 in pancreatic cancer may cause the cancer 
cells to divide and grow more quickly [41,42]. In the current study, the 
expression of miR-96 was upregulated in PANC-1 3D spheroids, as 
verified by decreased GPC-1 mRNA and protein levels (Fig. 4). This in-
dicates that cell proliferation in PANC-1 3D spheroids was influenced 
probably due to the volume limitation [43], which needs further ex-
amination. In the current study miR-4454 was the only one among the 
assessed miRNAs that showed slight decrease in PANC-1 3D spheroids 
but significantly downregulation in exosomes derived from PANC-1 3D 
spheroids (Fig. 3). It is noteworthy that significantly reduced expression 
of exosomal miR-4454 has been demonstrated previously in pancreatic 
ductal adenocarcinoma compared to benign pancreatitis [44,45], in line 
with our speculation that PANC-1 spheroids have enhanced invasive 
capacities compared with 2D cell culture. 

Our finding that GPC-1 protein level was significantly enhanced in 
exosomes released from 3D culture of PANC-1 cells as compared to 2D 
culture, underscores the high specificity and sensitivity of the exosomal 
GPC-1 biomarker in pancreatic cancer diagnosis [32]. Out of our 
expectation, even though the GPC-1 mRNA level was much higher in 2D 
culture PANC-1 cells than that in 3D culture, the GPC-1 protein levels 
were similar in both culture conditions (Fig. 4A). This observation leads 
to the speculation that very different mechanisms of exosome biogen-
esis, sorting and releasing exist in 3D culture cells compared with 2D cell 
culture [19]. Additionally, miRNA expression profile in exosomes 
secreted by 3D cultured PANC-1 cells showed somewhat different 

patterns in comparison with 2D derived exosomal miRNA profile. In 
particular, miR-4454 and miR-96 show distinct expression features be-
tween exosomes and their parent cells (Fig. 3), while the expression 
trends of other miRNAs measured in exosomes coincided with the data 
obtained from their parent cells. Future more in-depth studies of 
tumor-derived exosomes in 3D culture are required to elucidate on the 
precise mechanism of exosome generation and their functioning in 3D 
culture which has been shown to be more mimicking native tissue and in 
vivo microenvironment [19,46]. 

In conclusion, PANC-1 cells cultured in 3D spheroids show more 
features relevant to progression of pancreatic cancer and can produce 
significantly more exosomes than PANC-1 2D cells. These results 
emphasize the potential importance of employing spheroids as in vitro 
model to study cancer development and progression. More importantly, 
our findings lead to the suggestion that combining miRNA and protein 
profiles in 3D culture cells is a preferable and superior approach to 
determine future exosomal biomarker of disease. Identifying the 
mechanisms of how these exosomal molecules interact in 3D conditions 
to contribute to disease progression could potentially reveal new ave-
nues of developing exosomal biomarkers useful in diagnosis and prog-
nosis and of targeted therapy in cancer. 
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