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Abstract
BACKGROUND 
The therapeutic potential of mesenchymal stem cells (MSCs) in the form of three-
dimensional spheroids has been extensively demonstrated. The underlying 
mechanisms for the altered cellular behavior of spheroids have also been invest-
igated. Cell membrane fluidity is a critically important physical property for the 
regulation of cell behavior, but it has not been studied for the spheroid-forming 
cells to date.

AIM 
To explore the association between cell membrane fluidity and the morphological 
changes of MSC spheroids on the surface of biomaterials to elucidate the role of 
membrane fluidity during the spheroid-forming process of MSCs.

METHODS 
We generated three-dimensional (3D) MSC spheroids on the surface of various 
culture substrates including chitosan (CS), CS-hyaluronan (CS-HA), and 
polyvinyl alcohol (PVA) substrates. The cell membrane fluidity and cell morpho-
logical change were examined by a time-lapse recording system as well as a high-
resolution 3D cellular image explorer. MSCs and normal/cancer cells were pre-
stained with fluorescent dyes and co-cultured on the biomaterials to investigate 
the exchange of cell membrane during the formation of heterogeneous cellular 
spheroids.

RESULTS 
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We discovered that vesicle-like bubbles randomly appeared on the outer layer of MSC spheroids 
cultured on different biomaterial surfaces. The average diameter of the vesicle-like bubbles of MSC 
spheroids on CS-HA at 37 °C was approximately 10 μm, smaller than that on PVA substrates 
(approximately 27 μm). Based on time-lapse images, these unique bubbles originated from the 
dynamic movement of the cell membrane during spheroid formation, which indicated an 
increment of membrane fluidity for MSCs cultured on these substrates. Moreover, the membrane 
interaction in two different types of cells with similar membrane fluidity may further induce a 
higher level of membrane translocation during the formation of heterogeneous spheroids.

CONCLUSION 
Changes in cell membrane fluidity may be a novel path to elucidate the complicated physiological 
alterations in 3D spheroid-forming cells.

Key Words: Cell membrane fluidity; Cell-cell interaction; Cellular spheroids; Chitosan; Hyaluronan
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Core Tip: The fluidity of the cell membrane is an important physical property for the regulation of cell 
behavior. To date, the changes in cell membrane fluidity are not fully understood in spheroid-forming 
cells. In this study, various substrates were utilized to grow mesenchymal stem cells and to form 
homotypic or heterotypic cellular spheroids on the substrates. During the spheroid-forming process, 
vesicle-like bubbles were randomly generated on the cell membrane. The evidence suggests that the 
physiological alterations of cells after they form cellular spheroids may be associated with changes in 
membrane fluidity during the spheroid-forming process.

Citation: Wong CW, Han HW, Hsu SH. Changes of cell membrane fluidity for mesenchymal stem cell spheroids 
on biomaterial surfaces. World J Stem Cells 2022; 14(8): 616-632
URL: https://www.wjgnet.com/1948-0210/full/v14/i8/616.htm
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INTRODUCTION
Three-dimensional (3D) cell culture systems have been extensively developed in recent years for 
biomedical research and cell therapy[1,2]. In addition to the biomimetic nature of 3D culture, the cellular 
contact and microenvironment in a 3D culture system can dramatically alter the physiological 
properties of certain types of cells. For example, the tumorigenicity of cancer cells and the stemness of 
stem cells were both enhanced when the monolayer cultured cells assembled themselves into cellular 
spheroids in vitro[3]. For cancer cells, the gene expression levels of cancer stem cell markers were highly 
expressed after they formed 3D tumor spheroids. Meanwhile, the spheroidal culture also enhanced the 
levels of transcription factors associated with the self-renewal of multipotent stem cells[4]. Besides, the 
osteogenic differentiation capacity of mesenchymal stem cells (MSCs) was promoted when MSCs were 
cultured as spheroids or in various 3D environments[5,6]. Therefore, the 3D cell culture methods are 
potential tools for anti-cancer drug screening[7], tissue engineering[8], and regenerative medicine[9].

MSCs are easy to isolate and have multi-differentiation ability, which are attractive cell sources for 
basic research as well as for cell therapy and tissue engineering. To date, 3D spheroids of MSCs have 
been generated by many different strategies, including hanging drop[10], ultra-low attachment surface
[11], rotating bioreactors[12], suspension culture[13], and biomaterial-based approaches[14]. The cellular 
spheroids of MSCs can also be established by the techniques of scaffolds such as chitosan (CS) hydrogel
[15], hyaluronic acid hydrogel[16], and CS-hyaluronan (CS-HA) electrospun fibers[17]. These mentioned 
materials have similar properties to natural extracellular matrix, and their 3D scaffolding structures 
provide more contact space for cell growth. Meanwhile, flat CS and CS-HA membranes as the cell 
culture substrates are also the well-established scaffold-free technique to drive the self-assembly of 
cellular spheroids[18].

The proliferation, maintenance of stemness, and ability of differentiation are common properties for 
evaluation of the physiological behavior of 3D MSC spheroids. For instance, upregulation of stemness 
genes has been observed in the spheroidal culture of MSCs[19]. Other than the biochemical changes and 
signaling modulation, the changes of physical properties may also occur as a result of spheroid 
formation but have not been deliberated extensively. It has been reported that the cell size and volume 
significantly decreased in spheroid-forming MSCs[20]. Cell volume may be regulated by the cell 
membrane fluidity[21], but not examined in literature. Cell membrane fluidity can be affected by the 
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composition of saturated and unsaturated fats in cell membrane, while increasing unsaturated fat or 
cholesterol levels enhances the fluidity of cell membrane[22]. Additionally, cell membrane fluidity is 
regulated by temperature variation in plant cells, insect cells, and mammalian cells[23,24]. Membrane 
fluidity is an important factor to influence cell adhesion and migration. Low fluidity of the cell 
membrane reduces the motility of cancer cells in the process of the epithelial–mesenchymal transition
[25]. Meanwhile, signaling transduction is also affected by the variation of membrane fluidity. The 
translocation of mobile molecules in the membrane of murine embryonic fibroblasts (MEFs) was 
significantly decreased by the treatment of formaldehyde (FA), and the reduced membrane fluidity in 
FA-fixed MEFs directly affected the pluripotency of co-cultured induced pluripotent stem cells (iPSCs)
[26]. In another report, the fluidity change of the cell membrane after chemical fixation could regulate 
the differentiation of stem cells[27]. Moreover, changes in the lipid composition of the membrane were 
linked with the immunomodulatory properties of MSCs[28]. The above evidence reveals that cellular 
membrane fluidity has strong influence on cell behavior.

As the formation of 3D cellular spheroids starts with cell-cell interaction, the spheroid-forming cells 
are tightly connected within the spheroids. It is thus possible that the compact environment in the 
spheroids may result in the alteration of cell membrane fluidity and further alter the cell behavior. In 
this research, we utilized different kinds of materials as cell culture substrates to create 3D spheroids 
from MSCs on the surface of each substrate, and we further investigated the linkage between cell 
membrane fluidity and the morphological change. In addition, we co-cultured MSCs with other types of 
cells to generate cellular co-spheroids. By these approaches, we tried to unveil the interaction of cells 
through membrane exchange in the homogeneous MSC spheroids as well as in the heterotypic co-
spheroids of MSCs/cancer cells and co-spheroids of MSCs/fibroblasts.

MATERIALS AND METHODS
Preparation of CS, CS-HA, and polyvinyl alcohol membranes in culture plates
CS [molecular weight (MW): 510 kDa] powder with 77.7 % deacetylation and hyaluronan (HA, MW: 
1880 kDa) powder were purchased from Sigma-Aldrich (St. Louis, MO, United States) and SciVision 
Biotech Inc (Kaohsiung, Taiwan), respectively. CS powder was dissolved in 1% acetic acid to prepare 1 
wt% CS solution. The CS solution (1 wt%, 1.5 mL) was coated on each well of the 6-well multi-well 
tissue culture polystyrene (TCPS) plates. The CS-coated culture plates were placed in a laminar cabinet 
for 24 h, and the CS membranes were formed after evaporation of solvent. For the CS-HA substrate 
preparation, the HA powder was dissolved in distilled deionized water to prepare HA solution (3 
mg/mL). 1.5 mL of HA solution was added onto CS-coated wells and then air-dried for 24 h. HA-coated 
CS membranes were crosslinked with ethyl (dimethylaminopropyl) carbodiimide/N-hydroxysuc-
cinimide (EDC/NHS) solution (weight ratio of HA/EDC/NHS adjusted to 1:1.84:0.23) and shaken 
continuously at 4 °C for 48 h. To prepare polyvinyl alcohol (PVA)-coated culture plates, 1.5 mL of PVA 
solution (0.5 % in distilled water) was coated onto each well of 6-well TCPS plates and then evaporated 
in a laminar cabinet for 24 h to obtain the PVA-coated plates.

Cell culture
Human bone marrow MSCs were obtained from the Tulane Center for Preparation and Distribution of 
Adult Stem Cells[29]. MSCs were cultured in the mixed medium composed of Dulbecco’s modified 
Eagle medium-low glucose (DMEM-LG,) and Ham's F-12 (Gibco, Waltham, MA, United States). The 
mixed culture media were supplemented with 10% fetal bovine serum (Gibco), penicillin-streptomycin 
(Gibco), and 10 mg/L L-glutamine (Invitrogen, Carlsbad, CA, United States). Lung cancer cells (A549) 
and murine fibroblasts (NIH/3T3, 3T3) were obtained from the American Type Culture Collection 
(Manassas, VA, United States). The A549 and 3T3 were maintained in the Roswell Park Memorial 
Institute (Gibco) 1640 and high glucose DMEM (Gibco), respectively. For co-culture of MSC/A549 and 
MSC/3T3, the respective medium for each cell was mixed with each other in 1:1 volume ratio. All cells 
were incubated in the cell culture incubator at 37 °C with 5% CO2 under a water-saturated atmosphere.

Cell seeding and observation of cell morphology
Cells were seeded into 6-well TCPS culture plates at a density of 2.5 × 104 cells/well. For 3D spheroid 
cell culture model, 5 × 105 cells were seeded on each well of the CS-, CS-HA-, and PVA-coated plates for 
spheroid formation. The formation of spheroids and vesicle-like bubbles was directly observed by an 
inverted microscope (Leica, Wetzlar, Germany). The size of vesicles on each cellular spheroid was 
measured by ImageJ software. The process of formation for MSC cellular spheroids was recorded by a 
time-lapse recording system [real-time cell culture monitoring (CCM) system; ASTEC Co., Ltd., 
Fukuoka, Japan] for 15 h. All tracking pictures were sampled every 20 min to assemble videos by using 
CCM software.
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High-resolution images of dynamic membrane morphology
A total of 5 × 105 MSCs were seeded on a 35 mm glass bottom dish coated with CS-HA (Ibidi, 
Martinsried, Germany). To acquire high-resolution images of the dynamic morphology for the cell 
membrane, cells were examined and recorded by the 3D Cell Explorer (Nanolive SA, Tolochenaz, 
Switzerland). After video collection, pseudo-color was assigned to the cell membrane by the unique 
refractive index under STEVE software (Nanolive SA).

Observation of cell membrane exchange
To observe the exchange of cell membrane in the spheroids, the membrane of cell was respectively 
stained with PKH67 (green) and PKH26 (red) fluorescence dyes (Sigma) following the manufacturer's 
instructions before cell seeding. After membrane labeling, equal numbers of red- and green-labeled cells 
were seeded on the culture plates (a total of 2.5 × 105 and 5 × 105 cells for TCPS control and spheroid-
forming groups, respectively). After culturing, the adherent cells on TCPS as well as the cellular 
spheroids on various culture substrates were respectively detached by trypsin and dissociated by 
Accumax (Stem cells, Dayton, OH, United States), and then the single cell suspension was subjected to 
the observation of fluorescent signals on the cell membrane by a fluorescent microscope.

To investigate the cell membrane dynamics of heterogeneous co-spheroids on CS-HA substrates, two 
types of cells were individually stained with PKH26 and PKH67 dyes as indicated. After staining, two 
types of cells were co-cultured on CS-HA substrates with equal cell numbers. After 3 d of incubation, 
the co-spheroids were dissociated by Accumax, and the single cell suspension was subjected to flow 
cytometry (Guava Easy-Cyte; Millipore, Burlington, MA, United States) to determine the respective 
ratio of cells labeled with single or double fluorescent dyes. The images of the single cell suspension 
from dissociated co-spheroids were taken with a TCS SP5 II confocal laser scanning microscope (Leica). 
Z-stack images of single cells were acquired in 1-µm sections (total stacked approximately 27 images).

Cell viability assay
The cell viability assay of co-spheroids was carried out using the LIVE/DEAD Cell Vitality Kit 
(Invitrogen, United States). Two types of cells were co-cultured on CS-HA substrates with equal cell 
numbers. After 2 d of incubation, the co-spheroids were collected and transferred to the Lab-Tek 4-well 
chambered coverglass (Nunc plates; Thermo Fisher Scientific, Waltham, MA, United States). After PBS 
wash, the co-spheroids were treated with the LIVE/DEAD Cells Vitality Kit to label the live and dead 
cells in the co-spheroids. The images were acquired by confocal laser scanning microscopy (Leica TCS 
SP5 II, Germany). The total thickness of Z-stack scanning was approximately 75 μm.

Statistical analysis
All experimental data were repeated independently at least twice to ensure reproducibility, and the 
quantitative data were presented by mean ± SD using the GraphPad Prism 6.0 software (La Jolla, CA, 
United States). Multiple comparisons of all experimental data were evaluated by the unpaired t-test or 
one-way analysis of variance test, and P values with statistically significant were represented by the 
asterisks: aP < 0.05, bP < 0.01. The abbreviation NS indicates non-significant. The frequency distribution 
histogram was obtained through the Gauss-amp fitting curve using Origin Pro8.5 software (OriginLab, 
Northampton, MA, United States).

RESULTS
Vesicle-like bubble formation from the cell membrane of MSCs on CS, CS-HA, and PVA substrates
CS and PVA membranes are cell culture substrates commonly used for generation of cell spheroids. 
Here, we prepared the CS, CS-HA, and PVA membranes, and then seeded human MSCs respectively on 
these substrates (Supplementary Figure 1). MSCs were self-organized into cell spheroids on each of 
these substrates. Cell spheroids maintained the floating status on the CS-HA and PVA substrates. 
Meanwhile, some spheroids seemed to adhere on the CS membranes at 15 h after seeding 
(Supplementary Figure 1). In particular, several vesicle-like bubbles were observed on the surface of the 
spheroids formed on CS-HA and PVA membranes (indicated by red arrows in Figure 1A). The statist-
ically significant difference in the vesicle size was observed for MSCs respectively cultured at 37 °C and 
32 °C on CS-HA substrates (Figure 1B). The diameter of vesicle-like bubbles for MSC spheroids 
generated on CS-HA at 37 °C was in the range of 5-23 μm with an average of approximately 10 μm 
(Figure 1C). By contrast, vesicle-like bubbles for MSC spheroids on CS-HA at 32 °C was in the range of 
3-11 μm with an average of approximately 7 μm (Figure 1C). Besides, the sizes of vesicle-like bubbles for 
MSCs on PVA substrates were 2.7-fold larger than those on CS-HA substrates, according to the size 
distribution histogram (Figure 1C). The bright-field static images revealed that MSC spheroids on PVA 
and CS-HA substrates generated vesicle-like bubbles more obviously than those on CS substrates 
(Supplementary Figure 1). Therefore, the dynamic formation of bubbles for MSC homo-spheroids was 
further investigated on CS-HA and PVA substrates by time-lapse recording experiments.

https://f6publishing.blob.core.windows.net/3914b47d-9530-4bed-bc93-fd73bfe1a9ea/WJSC-14-616-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/3914b47d-9530-4bed-bc93-fd73bfe1a9ea/WJSC-14-616-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/3914b47d-9530-4bed-bc93-fd73bfe1a9ea/WJSC-14-616-supplementary-material.pdf
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Figure 1 The morphologies of vesicle-like bubbles on the cell membrane of the spheroids of mesenchymal stem cells cultured on 
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chitosan-hyaluronan or polyvinyl alcohol substrates. A: Representative spheroids from cells cultured on chitosan-hyaluronan (CS-HA) substrates for 15 h 
are shown. The vesicle-like bubbles are indicated by red arrows. The scale bar represent 20 μm; B: The average diameter of the vesicle-like bubbles was measured 
and compared between different temperatures. Statistical significance was tested using the GraphPad Prim unpaired t-test. bP < 0.01; C: The frequency distribution 
histogram of vesicle-like bubbles diameter on the cell membrane for mesenchymal stem cells cultured on CS-HA or polyvinyl alcohol substrates at 37 °C or 32 °C. 
The frequency distribution histogram was obtained through the Gauss-amp fitting curve. n: Number of measured vesicle-like bubbles; PVA: Polyvinyl alcohol; MSCs: 
Mesenchymal stem cells; NS: Non-significant differences; CS: Chitosan; CS-HA: CS-hyaluronan.

The forming process of vesicle-like bubbles for MSCs cultured on CS-HA and PVA substrates
After MSCs were seeded on the CS-HA and PVA substrates for 30 min, the images of cultured MSCs 
were recorded as time-lapse videos to track the morphological change of MSCs and the dynamic 
bubble-forming process. Here, the typical sequential images of bubble formation sampled every 20 min 
are shown in Figure 2. The initial snapshot began from a non-mature bubble (0 min) and the final 
snapshot displayed the disappearance of the developed bubble. On CS-HA substrates, the bubble-like 
structure on the surface of MSCs formed randomly (Figure 2A). During the cycle of the membrane 
bubble formation, the size of the bubble was continuously and rapidly changed every 20 min, and such 
as morphological feature of MSCs on CS-HA substrates was quite similar to that on PVA substrates 
during the MSC spheroid formation. On PVA substrates, the bubble on the cell membrane of cultured 
MSCs appeared in the snapshot at 20 min and remained until 60 min of the recording time (Figure 2B). 
At 80 min, the bubble disappeared in the snapshot. In this sample, the dynamic alteration of the cell 
membrane morphology was apparently observed in the indicated cell. These results indicated an 
alteration of cell membrane fluidity or cell membrane stability in MSCs during the formation of cellular 
spheroids on the surface of PVA or CS-HA substrates.

High-resolution membrane morphology of MSCs on CS-HA substrates
High-resolution 3D microscopy revealed that a single MSC on CS-HA developed a vesicle-like bubble 
on the cell membrane during the recording period of 15 h. The cell with the bubble was designated by 
the yellow a-marked cell on all collected images (Figure 3), and the sequential high-resolution images 
were acquired every 10 min. The bubble continued to exist on the surface of the cell from the beginning 
until 60 min of the recording time. Interestingly, a part of the membrane of the bubble started to fuse 
with the membrane of the other cell from 70 min to 110 min. A significant reduction of the volume for 
the bubble was shown in the period from 80 min to 110 min. After that, the bubble began to fuse back to 
the original cell at 120 min of recording time. After 130 min, the original bubble on the MSC no long 
existed, suggesting that the bubble was ready to merge into the original cell. Finally, the bubble 
disappeared in the image after 140 min of the recording time.

Determination of the membrane fluidity for the spheroid-forming MSCs on different substrates 
Since the dynamic evolution of vesicle-like bubbles from cell membrane was clearly observed for 
spheroid-forming MSCs, we used fluorescent dyes to label the cell membrane to further investigate 
whether the exchange of cell membrane between cells could occur during the spheroid formation of 
MSCs on various cell culture substrates (Figure 4). The experimental procedures are illustrated in 
Figure 4A. The double-labeled cells with yellow color indicated a single MSC containing both of the red 
dye and green dye in the cell membrane (i.e. this cell had exchanged the cell membrane with other cells). 
By comparing the double-labeled cells on TCPS and on CS-HA substrates, we found that the amount of 
yellow color cells on CS-HA substrates (approximately 13%) was more than that on TCPS substrates 
(approximately 3%) after 1 d of incubation (Figure 4B and C). After 3 d of incubation, the population of 
double-labeled cells on CS-HA substrates significantly increased again (approximately 28%), suggesting 
that the membrane fluidity of MSCs may have occurred during the formation of MSC spheroids. The 
population percentages of double-labeled cells on all substrates including CS (approximately 9%), CS-
HA (approximately 13%), or PVA (approximately 13%) were greater than that on TCPS (approximately 
3%) after 1 d of incubation (Figure 4B and 4C). In addition, the population of double-labeled cells had 
dramatically increased after 3 d of incubation on PVA, CS, or CS-HA substrates. The MSC spheroids 
cultured on CS substrates contained both of adherent and non-adherent cells, while the MSC spheroids 
on PVA and CS-HA substrates were rather non-adherent and suspended. The non-adherent cells 
collected from CS and CS-HA substrates showed close percentages of population for double-labeled 
cells (approximately 28% and approximately 27% for CS and CS-HA, respectively) after 3 d of 
incubation (Figure 4D). Meanwhile, the number of non-adherent cells with yellow color was greater 
than that of adherent cells on these substrates, indicating that the suspended MSC spheroids had the 
higher cell membrane fluidity.

Determination of membrane fluidity for spheroids on CS-HA substrates
The increase in membrane fluidity of mono-cultured MSCs was clearly observed during the formation 
of suspended MSC spheroids. Next we employed CS-HA substrates to generate non-adherent hetero-
geneous spheroids and further investigate the membrane fluidity in these spheroids using the strategy 
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Figure 2 Time-lapse images showing the dynamic process of bubble formation for mesenchymal stem cells cultured on chitosan-
hyaluronan or polyvinyl alcohol substrates. A: Chitosan-hyaluronan; B: Polyvinyl alcohol. All images were collected after seeding of mesenchymal stem 
cells for 30 min. The process of bubble formation and disappearance was recorded by time-lapse phase contrast microscope. The dynamic changes of bubble 
structure were indicated by black arrows. The timeline in the upper right corner represents the initial snapshot of the immature bubble counted from the beginning (0 
min to 200 min). Scale bar: 20 μm.

described above. First, we used only one type of cell (MSCs, A549, or 3T3) with equal numbers of red- 
and green-labeling dye to generate cellular spheroids to determine the membrane exchange for each 
type of cells (Figure 5A). Results are presented in Figure 5B. It was evident that individually cultured 
MSCs or 3T3 cells had a higher percentage of double-labeled cells than individually cultured A549 cells 
after 3 d of incubation on CS-HA substrates (approximately 29% for MSCs, approximately 22% for 3T3, 
and approximately 10% for A549). This finding indicated that the membrane exchange was relatively 
less frequent in A549 spheroids. By comparing the number of double-labeled cells collected from TCPS 
and CS-HA substrates, we found that the yellow color A549 or 3T3 cells on CS-HA substrates were more 
than those on TCPS substrates (approximately 2-fold and approximately 4-fold for A549 and 3T3 cells, 
respectively) (Supplementary Figure 2).

The previous quantitative results supported that the cell membrane fluidity was increased in the 3D-
cultured homogeneous cells during the spheroid formation. For heterogeneous cell spheroids, equal 
numbers of MSCs and A549 (or 3T3) cells were co-cultured as heterotypic co-spheroids on CS-HA 
substrates. Meanwhile, the vesicle-like bubbles were also observed for the heterogeneous cell spheroids 

https://f6publishing.blob.core.windows.net/3914b47d-9530-4bed-bc93-fd73bfe1a9ea/WJSC-14-616-supplementary-material.pdf
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Figure 3 High-resolution images of the dynamic membrane morphology for spheroid-forming mesenchymal stem cells on chitosan-
hyaluronan substrates. Dynamic membrane morphology was recorded by the Nanolive instrument. Based on the specific refractive index, cell membrane is 
indicated in green color, and the dynamic change of membrane morphology was observed in the yellow a-marked cell. Scale bar: 20 μm.

on CS-HA substrates (Figure 6A). To rule out the possibility that spheroids may undergo apoptosis, the 
cell viability was determined by the LIVE/DEAD staining after spheroid formation. As shown in 
Figure 6B, overall there were 98% viable cells in the heterogeneous cell spheroids.

We further examined whether the increased membrane fluidity could occur in co-cultured hetero-
geneous spheroids on TCPS and CS-HA substrates. We analyzed the population of double-labeled cells 
derived from heterogeneous cell spheroids on CS-HA substrates and used the same staining method 
and strategy as mentioned above to evaluate the translocation of labeling dyes between the two types of 
co-cultured cells (Figure 7). Heterogeneous spheroids were dissociated to single cells for analyses of 
staining intensity by flow cytometry and single cell morphology by confocal imaging (Figure 7A). In the 
heterogeneous spheroids of MSC/A549, the number of MSCs with the red dye was reduced more than 
the green colored A549 after 3 d of incubation (Figure 7B and C). In the MSC/A549 co-spheroids, 
approximately 64% of the cells were double staining positive cells, which were significantly more than 
those in the MSC/3T3 co-spheroids (approximately 34%) (Figure 7B, the lower panel). Meanwhile, less 
than 8% of MSC/A549 or MSC/3T3 co-cultured cells in the TCPS group were double-stained cells 
(Figure 7B, the upper panel). This finding suggested that the cell membrane of MSCs had more fluidity 
to transfer the labeling dye onto the cell membrane of A549. Besides, the labeling dyes in heterogeneous 
MSC/3T3 co-spheroids could also be transferred from MSCs to 3T3 cells. By comparing the percentages 
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Figure 4 Membrane fluidity for mesenchymal stem cells cultured on tissue culture polystyrene and for mesenchymal stem cells 
spheroids formed on various substrates. A: Illustration of experimental procedures for determination of the membrane fluidity; B: Double-labeled cells (with 
yellow color) are indicated by white arrowheads. Scale bar: 100 μm; C: Population percentages of the double-labeled cells collected from the tissue culture 
polystyrene (TCPS), polyvinyl alcohol (PVA), chitosan (CS), or CS-hyaluronan (CS-HA) substrates as indicated. aP < 0.05, bP < 0.01, among the indicated groups; D: 
Population percentages of double-labeled cells were measured from adherent and non-adherent mesenchymal stem cells (MSCs) spheroids on CS and CS-HA 
substrates after 3 d of incubation. The adherent MSCs cultured on TCPS plates served as the control group in this experiment. bP < 0.01, among the indicated 
groups. PVA: Polyvinyl alcohol; MSC: Mesenchymal stem cells; CS-HA: CS-hyaluronan; CS: Chitosan.

of double-labeled cells in two different heterogeneous co-spheroids, it was found that A549 in the 
MSC/A549 co-spheroids had greater ability to transfer the labeled dyes than 3T3 cells in the MSC/3T3 
co-spheroids. These results also revealed that cell membrane fluidity may facilitate the opportunity for 
substance translocation from the cell membrane between two different types of cells.

DISCUSSION
The signaling pathway and differentiation of cells can be influenced by cell-cell interaction in 3D cell 
culture systems[10,30]. The crosstalk between MSCs and host cells contributes to self-regeneration via 
cell-to-cell contact, which is regulated by structural properties of the growth substrates[31]. 2D cultured 
cells on a flat surface are generally lack of appropriate cell-cell interactions, while 3D cellular spheroids 
provide proper cell-environment interaction to mimic that of the real tissues. In 3D culture systems, cells 
are ready to receive cellular responses or stimulus under non-adhesive conditions[32]. In our earlier 
reports, 3D co-spheroids of MSCs and cancer cells promoted the cancer stemness through direct cell-cell 
interaction[33]. 3D cellular spheroids allow the cells to interact with each other and thus the cellular 
behavior is more similar to that in vivo compared to the 2D cell culture system. In this study, we 
discovered small vesicle-like bubble formation on the membrane of spheroid-forming cells. The viability 
of cells in the co-spheroids was over 98% (Figure 6B). These findings suggest that the small vesicle-like 
bubbles may not be the apoptotic bodies. In addition, a significant increase in the fluidity of cell 
membrane was observed during the process of cellular spheroid formation. The possible change of cell 
membrane fluidity in spheroid-forming cells is still rarely reported in literature.

Cell membrane fluidity is considered a critical factor for cell migration and adhesion. The character-
istics of membrane fluidity also plays an essential role in affecting cell communication. The lipid 
composition of the cell membrane impacts the fluidity properties. Maintenance of the membrane 
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Figure 5 Membrane fluidity of mesenchymal stem cells, 3T3, and A549 individually cultured on chitosan-hyaluronan substrates. The single 
cell suspension was subjected to the analysis for respective ratios of the cells labeled with single and double fluorescent dyes. A: Illustration of experimental 
procedures; B: Mesenchymal stem cells, A549, or 3T3 cells labeled with fluorescent dyes were cultured on chitosan-hyaluronan substrates for 3 d, and then the 
membrane fluidity of cells was revealed by the percentages of the double-labeled cell population. bP < 0.01, among the indicated groups. Scale bar: 100 μm. MSC: 
Mesenchymal stem cells.

fluidity relies on the presence of unsaturated lipids and integrated sterols. The inflexible sterols can 
increase membrane rigidity, while the flexible unsaturated lipid increase the fluidity of cell membrane
[34]. In addition, the Rho signaling pathway may regulate the homeostasis of membrane fluidity for cell 
division and differentiation in eukaryotic cells[35]. Moreover, cell membrane fluidity affects the growth 
and differentiation of cells via the regulation of intracellular signaling transmission such as phosphoin-
ositide 3-kinase (PI3K)/Akt pathways in adult human MSCs[36]. The dynamic properties of membrane 
structure are correlated with the differentiation and morphological changes of stem cells[37]. Based on 
the information, we assumed that the spheroidal culture of MSCs, if affecting the fluidity of cell 
membrane, may further influence the cell differentiation.

CS substrates are commonly used biomaterials for generation of 3D cellular spheroids. MSC 
spheroids derived on CS-based culture systems displayed greater differentiation ability[38]. Previously, 
we have successfully developed the spheroids of MSCs on different substrates including PVA, CS, and 
CS-HA to enhance the cell differentiation and regeneration capacities[18]. Because HA has the ability to 
promote the proliferation and migration of cells via CD44 receptor and the PI3K/MAPK signaling 
pathway[39], the CS-HA substrates provide a suitable microenvironment for altering the behavior of 
MSCs. The 3D spheroids self-assembled from MSCs cultured on CS-based substrates showed more 
significant gene regulation than those cultured on PVA[18]. Meanwhile, MSC spheroids on CS-HA 
revealed the greater expression of stemness marker genes as well as higher differentiation potential than 
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Figure 6 Morphologies and cell viability of cellular co-spheroids. A: Fluorescent dye-labeled mesenchymal stem cells (MSCs) (PKH26, red), A549 
(PKH67, green), or 3T3 (PKH67, green) cells were co-cultured on chitosan-hyaluronan (CS-HA) substrates for 3 d. The image of typical cell morphologies and 
vesicle-like bubbles on the cell membrane of the MSC/3T3 or MSC/A549 co-spheroids were taken by the inverted microscope; B: confocal images of co-spheroids co-
cultured on CS-HA substrates for 2 d. The cell viability was detected by LIVE/DEAD staining with calcein AM (green) and ethidium homodimer-1 (red). Viable cells 
appear as green, while the red arrows indicate dead cells (red). Z-stack images were collected at 3 μm sections (total stacks approximately 25 images). BF: Bright 
field; MSC: Mesenchymal stem cells.

those on CS[18]. In the current study, we found that the cell membrane of MSC homo-spheroids on CS-
HA substrates had greater fluidity than that on CS substrates. Therefore, the increase in the stemness of 
these MSC spheroids may be linked to the increase of cell membrane fluidity.

MSCs offer a promising cell source for regenerative medicine. MSCs have multipotent capacities and 
can differentiate into a variety of cells to replace damaged tissues. Moreover, various growth factors and 
anti-inflammatory cytokines released from MSCs can promote tissue repair[40]. Literature has reported 
that MSCs release biological factors mainly through the secretion of extracellular vehicles (EVs)[41]. The 
EVs of MSCs exist in two major types, i.e. exosomes and microvesicles. In addition, the EVs usually 
contain proteins, messenger RNA as well as microRNA (miRNA). During the process of skeletal muscle 
regeneration, local injection of MSC exosomes that contained miRNAs and growth factors accelerated 
the muscular regeneration and angiogenesis in a mouse model of muscle injury[42]. The secretion of 
EVs from MSCs also helped to reduce pulmonary inflammation and vascular dysfunction in trauma-
induced or virus-induced lung injury[43]. Meanwhile, literature has also reported that cell membrane 
fluidity can affect the secretion of EVs in tumor cells[44], where a higher level of membrane fluidity 
increased the yield of exosomes from the tumor cells. In the present study, the vesicle-like bubbles 
observed on the cell membrane are morphologically similar to the giant plasma membrane vesicles 
(GPMVs)[45]. GPMVs are derived from the vesiculation or blebbing of plasma membrane in 
mammalian cells induced by the treatment of vesiculants[46]. GPMVs are usually 1–10 μm in diameter
[47]. Generation of GPMVs mediated the osteogenic differentiation of human MSCs[48], suggesting the 
possible link between vesicle formation and differentiation potential. Since MSC spheroids on CS-HA 
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Figure 7 Membrane fluidity of cells for co-cultured cellular spheroids on tissue culture polystyrene or chitosan-hyaluronan substrates. 
Membrane fluidity was determined by translocation of the membrane labeling fluorescent dyes. A: Illustration of experimental procedures for the determination of 
membrane fluidity. Fluorescent dye-labeled mesenchymal stem cells (MSCs) (PKH26, red), A549 (PKH67, green), or 3T3 (PKH67, green) cells were cultured on 
tissue culture polystyrene (TCPS) or chitosan-hyaluronan (CS-HA) substrates for 3 d. Then, the cells on TCPS were detached by trypsin and the co-spheroids on CS-
HA were dissociated by Accumax. The single cell suspension was subjected to imaging and flow cytometry analysis to obtain the respective ratios of cells labeled 
with single and double fluorescent dyes; B: Respective ratios of the cells labeled with single and double fluorescent dyes determined by flow cytometry; C: The 
confocal image of single cells dissociated from MSC/A549 or MSC/3T3 co-spheroids by Accumax. Scale bar: 50 μm. TCPS: Tissue culture polystyrene; CS-HA: 
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Chitosan-hyaluronan; MSC: Mesenchymal stem cells.

had greater differentiation potential than those on CS[18], and they showed more membrane fluidity, it 
is thus possible that the secretion of exosomes may also increase in these MSC spheroids. We 
hypothesized that some membrane proteins of MSCs might interact with the hydrophilic substrates 
during the spheroid formation, and such crosstalk would lead to the generation of vesicle-like bubbles 
depending on the dynamic remodeling of cell membrane. These sequential events may also explain why 
the cellular spheroids of MSCs showed high efficacy in the tissue regeneration and bioengineering field.

Time-lapse images revealed that vesicle-like bubbles were rather active and dynamic on the cell 
membrane of MSCs during the process of spheroid formation. This finding suggested that the increase 
in membrane fluidity may be triggered by cell-substrate interactions. In our previous study, we 
discovered that cell-substrate interactions existed between MSCs and the CS-based culture substrates. 
The MSCs were partially attached to the surface of the CS-based substrates and then detached from the 
substrates to assemble and merge into 3D cellular spheroids[18]. These observations indicated that cell-
substrate interactions may affect cytoskeletal rearrangement to change cell morphology. On the other 
hand, several studies have demonstrated that the secretion and formation of EVs are associated with 
cytoskeletal rearrangement and the intracellular calcium concentration[49,50]. Meanwhile, the spheroid 
formation of MSCs on CS membranes is also modulated by the concentration of calcium[18]. These 
direct and indirect evidences suggest that cell-substrate interaction may cause a variation of membrane 
fluidity to generate vesicle bubbles via the regulation of actin cytoskeleton dynamics. Nevertheless, the 
exact mechanism for the formation of vesicle bubbles requires further investigation.

Cytoskeleton-associated signal transduction is affected by the interaction between cells and culture 
substrates, which further influences the morphology and migration ability of cells[51]. Therefore, the 
final shape of cellular spheroids on the surface of cell culture substrates may determine their mobility. 
In the current study, we cultured stem cells on the hydrophilic substrates to generate 3D spheroids. 
Stem cells could form a compact cellular spheroids on CS-HA substrates[18], while the spheroidal 
cancer cells displayed relatively less compacted structure and required a longer period of time to 
stabilize the spheroidal morphology[52]. Besides, two types of cells were assembled into the co-
spheroids with distinct patterns of cell organization on various culture substrates[52]. During the 
spheroid formation, the hydrophilic materials may interact with some structural proteins anchored on 
the cell membrane, leading to the cell membrane remodeling. Hence, cell-substrate interactions may 
change the morphology and compactness of the spheroids as well as the distribution of cells within the 
co-spheroids. In the present study, the membrane fluidity of stem cells increased more significantly than 
that of cancer cells when assembled into cellular spheroids. These results suggested that stem cells had 
more interaction with CS-HA substrates to affect the cell morphology than cancer cells. The different 
rigidity of cell membrane and alternative expression of surface receptors are both the possible reasons 
for the difference in cell-substrate interactions. Together with the phenomenon of cytoskeletal 
rearrangement during the formation of 3D spheroids, we believe that the vesicle-like bubbles were 
derived from the dynamic remodeling of cell membrane and cytoskeleton in MSCs.

Various types of cells changed the membrane fluidity differently when forming the 3D cellular 
spheroids (Figure 5B). For each type of cells, a higher level of membrane fluidity was observed in 
spheroids vs the conventional 2D cultured cells (Figure 4C and Supplementary Figure 2). Compared to 
2D cultured cells, the number of double-labeled cells was increased from two-fold to four-fold in 
homogeneous spheroids for 3D cultured spheroids. For the same reason, the intercellular crosstalk may 
increase in the co-spheroids as well. Therefore, we further investigated the overall membrane fluidity in 
heterogeneous cellular co-spheroids. The MSC/A549 co-spheroids showed a slightly higher amount of 
double-labeled cells than the MSC/3T3 co-spheroid (Figure 7B). Meanwhile, data suggested that the 
membrane fluidity of MSC spheroids was greater than that of 3T3 spheroids, while the latter was again 
greater than that of A549 spheroids (Figure 5B). Taken together, these findings suggest that the 
enhancement of membrane fluidity might occur in different types of cells and on different substrates. 
Literature has reported that stem cells are educated by co-cultured nurse cells (e.g., maintenance of 
iPSCs by the co-cultured fibroblasts[26] as well as differentiation of neural stem cells induced by co-
cultured endothelial cells[53]). The membrane fluidity and substance exchange may play roles in the 
aforementioned cell-to-cell educational events. Furthermore, the increased membrane fluidity, the 
cytoskeleton-associated signal transduction, the spheroid formation, as well as the cell-cell interaction 
and cell-substrate interaction may be mutually dependent in the biomaterial-based spheroid forming 
platforms.

The cellular spheroid formation has attracted much research attention, but most of the previous 
studies only focused on chemical variations such as signaling transduction, gene expression, and differ-
entiation. In the current study, we discovered that the cell membrane fluidity was changed during the 
process of cellular spheroid formation for cells cultured on the surface of a few biomaterials. The present 
study has not fully confirmed if the variation of cell membrane fluidity is caused by changes of cell-
substrate interaction or by cell-cell interaction, or even by both, during the process of spheroid 
formation. However, the evidence from our observations suggest that the changes of cell membrane 
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fluidity is an important aspect during cellular spheroid formation and should be considered as an 
essential part of the physiological changes of the 3D spheroid-forming cells.

CONCLUSION
We employed various substrates to culture homotypic and heterotypic spheroid-forming cells in this 
study. The cell membrane of the mono-cultured MSCs displayed obvious vesicle-like bubbles during 
and after the spheroid formation on the CS-HA based culture system. Using membrane labeling dyes, 
we observed that the MSC spheroids existed a high level of cell membrane fluidity. Moreover, form-
ation of heterogeneous spheroids by co-culturing two different types of cells with similar membrane 
fluidity facilitated the translocation of cell membrane or the associated molecule. These physiological 
changes suggested that the fluidity of cell membrane may be altered significantly by direct cell-cell 
interaction on surfaces of biomaterial cell culture substrates. The membrane fluidity and translocation of 
components provide a new direction to elucidate the role of 3D cellular spheroid formation in the 
physical/physiological property changes of the cells on the material interface.
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