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Abstract The effects of serial cell passaging on cell

spreading, migration, and cell-surface ultrastructures

have been less investigated directly. This study eval-

uated the effects of long-term serial cell passaging

(totally 35 passages) on cultured human umbilical vein

endothelial cells which were pre-stored at -80 �C as

usual. Percentage- and spread area-based spreading

assays, measurements of fluorescently labeled actin

filaments, migration assay, and measurements of cell-

surface roughness were performed and quantitatively

analyzed by confocal microscopy or atomic force

microscopy. We found that the abilities of cell spread-

ing and migration first increased at early passages and

then decreased after passage 15, in agreement with the

changes in average length of actin filaments. Recovery

from cold storage and effects of cell passaging were

potentially responsible for the increases and decreases

of the values, respectively. In contrast, the average

roughness of cell surfaces (particularly the nucleus-

surrounding region) first dropped at early passages and

then rose after passage 15, which might be caused by

cold storage- and cell passaging-induced endothelial

microparticles. Our data will provide important infor-

mation for understanding serial cell passaging and

implies that for pre-stored adherent cells at -80 �C cell

passages 5–10 are optimal for in vitro studies.

Keywords Cell passaging � Cell spreading � Cell

migration � Cell-surface roughness � Actin filaments �
Atomic force microscopy (AFM) � Human umbilical

vein endothelial cells (HUVECs)

Introduction

As a critical component of the vasculature, vascular

endothelial cells play vital roles in vascular integrity,

functions, and the progression of vascular diseases (e.g.

atherosclerosis). Cultured vascular endothelial cells are

generally recruited as in vitro models for investigating

effects of drugs or microbes, vascular permeability of

molecules, adhesion or extravasation of peripheral

blood cells or cancer cells, and others. Obviously, the

physiological condition of cultured cells will more or

less influence the quality of experimental data. To

produce large number of cells for multiple assays in a
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study, repetitive cell passaging is inevitable. In some

cases, long-term successive cell passaging will be

performed for specific aims, such as in vitro cell aging

research and cardiovascular tissue engineering appli-

cations. Therefore, it is essential and important to

clarify the effects of serial cell passaging on the

structure and physiological activities of cultured cells.

Over the past decades, the effects of cell passaging

on biochemical properties of various types of endothe-

lial cells derived from different species have been

widely studied. For example, reduced proliferative

capacity, increased oxidative stress, activation of the

NFj-B and p53 signaling pathways (Lee et al. 2010),

reduced nitric oxide production and surfactant protein

D (SP-D) expression (Lee et al. 2009) were detected in

porcine coronary arterial endothelial cells after multiple

passaging in vitro. Enhanced apoptosis of porcine

pulmonary artery endothelial cells (Zhang et al. 2002)

and declined arachidonic acid content and eicosanoid

release in porcine aortic endothelial cells in response to

agonist stimulation (Brown and Deykin 1991) were

determined as well. The effects of cell passaging on

endothelin-1 and prostaglandin F2a production of

bovine luteal endothelial cells (Acosta et al. 2007)

and on the responsiveness of bovine aortic endothelial

cells to orbital shear stress (Kudo et al. 2005) were also

evaluated. It has been reported that in vitro passaging

causes the changes in enzyme activities and total

protein in primate brain microvessel endothelial cells

(Shi and Audus 1994) and in LDL uptake and

expression of eNOS, MCP-1, von Willebrand factor

(vWF), VCAM-1, ICAM-1, and E-selectin in primate

femoral artery endothelial cells with or without cyto-

kine stimulation (Shi et al. 2004). Expression of

thymosin b-10 in human dermal endothelial cells

(Vasile et al. 2001) or specific angiotensin II receptors

(AT1 and AT2) in human glomerular endothelial cells

(Cresci et al. 2003) was significantly influenced by

in vitro passaging.

More research focused on human umbilical vein

endothelial cells (HUVECs). For instance, Galustian

et al. investigated the alterations in expression of actin

cytoskeletal isoforms in HUVECs and human placental

microvascular endothelial cells with cell passage (Ga-

lustian et al. 1995). Up-regulated expressions of endo-

thelin and some extracellular matrix (ECM) proteins

(e.g. fibronectin, plasminogen activator inhibitor, and

others) were measured in HUVECs after multiple

passaging in vitro (Grillari et al. 2000; Kumazaki et al.

1997). The synthesis and constitutive secretion of

matrix metalloproteinase-9 (MMP-9) by early-passage

HUVECs were analyzed by Arkell and Jackson (2003).

Grillari’s group further compared the protein expression

profiles of early-passage, senescent and immortalized

HUVECs (Chang et al. 2005). Moreover, the signifi-

cantly reduced immunogenicity of the sub-cultured

HUVECs has been determined by Desai et al. (1995).

Until now, however, the effects of in vitro passag-

ing on cell-surface ultrastructures and physiological

behaviors of cultured endothelial cells, including cell

spreading, migration, and others have been less

investigated directly. This study focused on the effects

of long-term serial cell passaging (*35 passages in

total) on cell spreading, migration and cell-surface

ultrastructures of cultured HUVECs.

Materials and methods

Reagents, cell line, and cell culture

Human umbilical vein endothelial cells (HUVECs),

purchased from ATCC (Manassas, VA, USA), were

routinely cultured in DMEM medium (GIBCO, Life

Technologies, Carlsbad, CA, USA) supplemented

with 10 % (w/v) fetal calf serum (Hyclone, South

Logan, UT, USA), 100 U/ml penicillin and 80 lg/ml

streptomycin. The cells were sub-cultured every

2–3 days. To study the effects of cell passaging on

physiological behaviors of cells, we artificially defined

the cells stored in the -80 �C freezer as passage 0 and

the cells after thawing and sub-culturing once as

passage 1 (P1). So, the cells after sub-culturing for 5,

10, 15, 20, 25, 30, and 35 times were defined as

passages 5 (P5), 10 (P10), 15 (P15), 20 (P20), 25

(P25), 30 (P30), and 35 (P35), respectively.

Cell spreading assays

Two methods were performed to investigate cell

spreading, percentage-based spreading assay and

spread area-based spreading assay. Suspended HU-

VECs in medium were plated on sterilized coverslips in

the wells of a 6-well plate. After 0.5 h (for percentage-

based spreading assay) or 24 h (for spread area-based

spreading assay), the cells on the coverslips were rinsed

gently with phosphate-buffered saline (PBS) to remove

unattached cells, fixed by 4 % formaldehyde, rinsed
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again by PBS, and imaged by a confocal microscope.

For the percentage-based spreading assay, the numbers

of spread cells and total cells in each image were

counted; and the percentage of the spread cells was

calculated. For the spread area-based spreading assay,

the spread area of each HUVEC cell was extracted by

planimetry using the Zeiss LSM 710 Zen software

equipped with the confocal microscope.

Cell migration assay

In vitro scratch assay was used to test cell migration as

previously reported (Liang et al. 2007). Briefly,

HUVECs were plated onto a petri dish and cultured

in a CO2 incubator at 37 �C for around 24 h to create a

confluent cell monolayer. Then, the cell monolayer

was scraped in a straight line to create a ‘‘scratch’’ with

a p100 pipet tip. After removal of the debris and

replacement of the medium, a phase-contrast image of

a section of the scratch was taken as a reference image

by confocal microscope. Next, the cells were cultured

for 6 h in the incubator followed by imaging sections

of the scratch under confocal microscope. The number

of the migrating cells in each side of the scratch in each

image was counted.

Visualization and quantification of actin filaments

Cells were plated in a petri dish and cultured in the

incubator (37 �C, 5 % CO2) for 24 h. After washing

twice with PBS, the cells were fixed by 4 % paraformal-

dehyde for 20 min. The cells were washed three times

with PBS. Then, 5 lg/ml Phalloidin-TRITC was used to

label F-actin in the cells at room temperature for 60 min,

following with PBS washes twice. The cells were imaged

under confocal microscope and the length of each

fluorescently labeled actin filament was measured.

Confocal microscopy

For cell spreading assay and cell migration assay, cells

at different passages were fixed by 4 % formaldehyde

and rinsed with PBS. The coverslips or petri dishes

were mounted on the stage of a Zeiss inverted

microscope and observed under an LSM710 confocal

microscope (Carl Zeiss, Oberkochen, Germany). All

images were obtained with a 20 9 0.50 Zeiss Plan-

Neofluar objective for the spreading assay or a

10 9 0.30 Zeiss Plan-Neofluar objective for the

migration assay; only DIC (differential interference

contrast) images were obtained.

For fluorescence imaging of intracellular actin

filaments, a 20 9 0.50 or 40 9 0.75 Zeiss Plan-

Neofluar objective was recruited. The excitation and

emission wavelengths for TRITC-phalloidin were 561

and 570–670 nm, respectively.

Atomic force microscopy (AFM)

Cells were plated on sterilized coverslips in the wells

of a 6-well plate and cultured in a CO2 incubator at

37 �C for 24 h. Then, the cells on the coverslips were

fixed by 2.5 % glutaraldehyde for 30 min, rinsed by

PBS and then pure water, and air-dried in air. An

Agilent AFM series 5500 (Agilent Technologies,

Santa Clara, CA, USA) was recruited to image

individual whole cells and cell-surface ultrastructures

in tapping mode at room temperature with a lateral

scan rate of *0.5 Hz. The force constant of silicon

nitride cantilevers (Length: *225 lm; thickness:

*7 lm; mean width: *38 lm. Agilent Technolo-

gies) was *48 N/m. All the AFM images were

analyzed using the Pico Image Basic 6.2 software

equipped with the instrument.

Statistical analysis

All graphs were made by GraphPad Prism version 5.0

(GraphPad Software, La Jolla, CA, USA). Statistical

analyses were performed using Student t test to

determine the statistical significance for the values

between different groups. A difference was regarded

as significant when P \ 0.05.

Results

Prior to investigating the effects of cell passaging, we

first determined the effects of trypsinization. Since

0.25 % trypsin is the commonly used concentration

for digestion of adherent cells, here only the effects of

trypsinizing time on cell spreading and migration of

HUVECs were evaluated. After trypsinization with

0.25 % trypsin–EDTA for different periods (2, 3, and

4 min, respectively), the cells were re-plated on

substrates and cultured for 30 min (for percentage-

based spreading assay) or for 24 h (for spread area-

based spreading assay and scratch-based migration
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assay). We found that compared with the 2 min and

3 min groups the average percentage of spread cells at

30 min (Fig. 1a) or the average spread area of cells at

24 h (Fig. 1b) was significantly lower in the 4 min

group. Moreover, the scratch-based migration assay

(Fig. 1c) showed that the number of the migrating

cells in the scratch area dramatically decreased when

the cells were trypsinized for 4 min or longer. The data

indicated that trypsinization for more than 4 min

significantly impaired cell spreading and migration

abilities of HUVECs in our study. Therefore, trypsin-

ization for 2–3 min was performed in the following

cell passaging-related experiments.

Two methods were recruited to evaluate the effects

of cell passaging on cell spreading of HUVECs,

percentage-based spreading assay and spread area-

based spreading assay. Percentage-based spreading

assay showed that the average percentages of spread

cells before 10 passages were similar whereas the

values gradually decreased after the 15th passage

(Fig. 1d). Spread area-based spreading assay also

showed a significant drop in the average spread area of

HUVECs after the 15th passage although there was a

temporary increase at passage 5 (Fig. 1e). Since actin

cytoskeleton is the major driving force for cell

spreading, the average length of actin filaments may

indirectly reflect the status of cell spreading. So,

filamentous actin cytoskeleton measurements were

performed to confirm the data from the spreading

assays. We used TRITC-conjugated phalloidin to label

actin filaments (Fig. 2a) and quantify the average

length of the filaments (Fig. 2b) since phalloidin

Fig. 1 a–c Effects of trypsinization on cell spreading and

migration of HUVECs. After trypsinization with 0.25 %

trypsin–EDTA for 2, 3, and 4 min, respectively, the cells were

subject to percentage-based (a) or spread area-based (b) cell

spreading assay and migration assay (c). d, e Effects of cell

passaging on cell spreading of HUVECs by measuring

percentage of spread cells (d) or spread areas of individual

cells (e). Values are expressed as mean ± SEM (A, n C 18; B,

n C 470; C, n C 6; D, n C 27; E, n C 400; all from three

independent experiments; asterisk, P \ 0.05)

232 Cytotechnology (2014) 66:229–238

123



selectively binds to F-actin. The actin cytoskeleton

measurements also revealed a temporary increase in

average length of actin filaments of HUVECs at

passage 5 or 10 compared with the cells at passage 1

and gradual decreases after passage 15 (Fig. 2).

Then, we studied the effects of cell passaging on

cell migration of HUVECs via the in vitro scratch

assay (Fig. 3a). We found that the effects of cell

passaging on cell migration were similar to the effects

on cell spreading. The migration ability of HUVECs

Fig. 2 Effects of cell passaging on actin filaments of HUVECs.

a Representative confocal images show the fluorescently

labeled actin filaments in the cells at passages 1, 5, 10, 15, 20,

and 25 (P1, P5, P10, P15, P20, and P25), respectively. b The

average length of actin filaments at each passage. Values are

expressed as mean ± SEM (n C 350 from three independent

experiments; asterisk, P \ 0.05)
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first increased before passage 10, and then started to

decrease at passage 15 and dramatically dropped after

passage 20 (Fig. 3b).

Next, we made use of our expertise of atomic force

microscopy (AFM) (Chen 2012; Chen et al. 2011; Jin

et al. 2011; Jin et al. 2012) to investigate the effects of

cell passaging on cell-surface ultrastructures of HU-

VECs. Generally, there exist three regions with

different degrees of roughness in the plasma mem-

brane of a HUVEC cell (Shao et al. 2012): region 1

above the nucleus, region 2 surrounding the nucleus,

and region 3 near cell boundary (Fig. 4a, b). There-

fore, we utilized AFM to image the three regions

(Fig. 4c) and measure the roughness of them sepa-

rately (Fig. 4d). The statistical analysis indicated that

region 2 was much rougher than the other two regions

and that the average roughness value of region 2 first

decreased and then went up dramatically with the

increase in number of cell passaging (Fig. 4d). The

changes in average roughness of region 1 or 3 also

followed this pattern (Fig. 4d).

Discussion

Serial cell passaging is an inevitable step during

in vitro studies. Therefore, the effects of serial cell

passaging on cellular structures or functions have been

intensively evaluated, including expressions of intra-

cellular or cell-surface or extracellular molecules,

enzyme activities, oxidative stress, nitric oxide pro-

duction, immunogenicity, proliferation, apoptosis, and

related signaling pathways, as described in the Intro-

duction section. Cell spreading and migration are

important physiological behaviors of adherent cells,

which are often evaluated during in vitro studies on

cell biology, drug applications, cardiovascular tissue

engineering applications, and others. However, the

effects of serial cell passaging on cell spreading or

migration have been less investigated directly.

Our study directly evaluated the effects of long-

term serial cell passaging (ranging from passage 1

through passage 35) on cell spreading and migration

via percentage-based spreading assay or spread area-

based spreading assay and in vitro scratch assay,

respectively. Interestingly, we found that both the

spreading and migration abilities of HUVECs first

increased slightly and then decreased dramatically

with the increase in number of cell passaging. Since

the cells at passage 0 were thawed out from an -80 �C

freezer, under which condition cellular physiological

activities are generally at a relatively low level, it

might take some time (i.e. a couple of cell passaging)

for the cells to recover. Therefore, the recovery of

cellular physiological activities was potentially

responsible for the slight increase in spreading and

migration abilities of the cells at the early passages

(\passage 10); and the dramatic decreases in cell

spreading and migration after passage 15 were the

actual effects of cell passaging. The dynamic changes

in cell spreading during serial cell passaging were also

confirmed by the data on the average length of actin

filaments whose dynamic changes followed the same

pattern. Besides filamentous actin cytoskeleton, alter-

nations in expression of related molecules (such as

adhesion molecules, extracellular molecules, cell-

surface receptors, and others) might also contribute

to the decreases in cell spreading and migration during

cell passaging as aforementioned.

The effects of serial cell passaging on cell-surface

ultrastructures have also been less evaluated. We

investigated the dynamic changes in the average

roughness of three different regions on cell surfaces

during cell passaging. Surprisingly but interestingly,

the changes in cell-surface roughness did not follow

the same pattern as cell spreading and migration; in

contrast, the average roughness of cell surfaces,

particularly the average roughness of region 2, first

decreased at the early passages and then rose after

passage 15. In region 2, there were many cell-surface

particles with sizes ranging from several hundreds

nanometers to 1 micron, which seemed to be the so-

called endothelial microparticles (EMPs) (Gyorgy

et al. 2011), the membrane vesicles on endothelial

cells. It has been reported that cold storage can induce

increased membrane vesiculation (Bode and Knupp

1994). Moreover, in vitro aging, apoptosis, injury, and

others have been found to promote the formation or

release of endothelial microparticles (Bode et al. 1991;

Chironi et al. 2009; Dignat-George and Boulanger

Fig. 3 Effects of cell passaging on cell migration of HUVECs.

a Representative confocal DIC images show the scratch (the first

image) and the cells migrating into the scratch at passages 1, 5,

10, 15, 20, 25, 30, and 35 (P1, P5, P10, P15, P20, P25, P30, and

P35, respectively). b The average number of migrating cells per

field (the dashed rectangle indicates a field in the second image

of the upper panel of a). Values are expressed as mean ± SEM

(n C 6 from three independent experiments; asterisk, P \ 0.05)

c
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2011; Leroyer et al. 2010). Therefore, potentially by

enhancing membrane vesiculation, cold storage and

cell passaging might be responsible for the relatively

high average roughness values before passage 5 and

the gradual increases after passage 15, respectively.

Some previously published data also support our

data from other physiological aspects. For example, it

has been reported that most in vitro cultured endothe-

lial cells reached senescence after approximately 10

passages for adult baboon endothelial cells (Shi et al.

2004) and after approximately 15 passages for human

endothelial cells (Campisi 2001; Rubin 1997). A

significant increase in acidic b-galactosidase expres-

sion of HUVECs and a reduction of telomere length in

HUVECs were found after 11 passages (Vasa et al.

2000). While studying the different effects of various

matrixes (gelatin-, fibrin-, and composite-coated poly-

styrene) on physiological functions of HUVECs at

different passages, Prasad Chennazhy and Krishnan

found that the physiological functions of HUVECs,

including the monolayer formation, percentage of

apoptotic cells, vWF expression, and others, changed

dramatically by the 10th or 15th passage (Prasad

Chennazhy and Krishnan 2005). Cresci et al. studied

Fig. 4 Effects of cell

passaging on average cell-

surface roughness of

HUVECs. a A

representative confocal DIC

image shows the three

regions with different

degrees of roughness. b An

AFM topographical image

shows the three

corresponding regions.

c Representative AFM

topographical images

(3 lm 9 3 lm) were

enlarged from regions 1–3

of the cell in b, respectively.

d The average roughness of

each of the three regions on

the cells at each passage (P1,

P5, P10, P15, P25, or P30).

During measurements of

cell-surface roughness, the

large protrusions in region 1

(as indicated by the arrows

in a and b) were excluded

since they were potentially

caused by nucleoli. Values

are expressed as

mean ± SEM (n C 6 from

three independent

experiments). triangle, ash,

and asterisk correspond

regions 1, 2, and 3,

respectively, indicating the

significant difference

(P \ 0.05) between a group

and the previous group in

average roughness of one of

the three regions
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the expression of Ang II receptors (AT1 and AT2

receptors) in human glomerular endothelial cells at

different passages (2, 4, 9, and 15p) and found that

AT1 increased dramatically at the 9th and 15th

passages whereas AT2 significantly decreased from

the 9th passage (Cresci et al. 2003).

Taken together, ignoring the effects of cold storage,

all data indicated that cell passaging significantly and

dramatically influenced the spreading, migration,

elongation of intracellular actin filaments, and cell-

surface ultrastructures (or membrane vesiculation) of

HUVECs after passage 15. It implies that the HUVEC

cells at a passage of less than 10 are optimum for

studies. If cells are taken from a freezer, the number of

cell passaging is recommended to be 5–10 to avoid the

influences of cold storage and cell passaging on

cellular properties as much as possible. Moreover, our

data provide important information for further under-

standing cell passaging.
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