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Corona treatment of polystyrene (PS) and polyethylene resulted in an increase in the interfacial energy (rsI) 
of these surfaces, primarily due to an increase in the polar forces. The number of Vero cells which attached and 
the strength of attachment were higher on corona-treated surfaces, increasing as 7as increased. Inoculum con- 
centration did not affect the percentage of cells that attached. Experiments were performed in Dulbecco’s 
modiied Eagle’s medium containing 10% fetal bovine serum hence cellular attachment was most likely 
preceeded by adsorption of serum proteins. A minimum of 1 h of incubation under static conditions resulted 
in the maximum number of cells which attached and which remained attached after shear stress (33.0 dynes/ 
cm2 for 5 min) was applied. Experimental results with corona treated surfaces agree with the theoretical predic- 
tions for the free energy of adhesion of Vero cells in the medium used, indicating that interfacial energy plays an 
important role in attachment. The model predicted that substrates with a 7,>55.6 ergs/cm2 (i.e. &20<390) 
would have a positive energy of adhesion. Such substrates did have >60% cell attachment. Since the model is 
valid if only van der Waals and Lewis acid-base interactions are dominant, these forces probably played a major 
role in the adsorption of serum proteins. Polylysine-treated PS and tissue culture PS did not follow the model. 
In the first of these two cases, electrostatic interactions probably played a more important role since the surface 
was covered with a positively charged protein. 
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Animal cell culture in large-scale bioreactors is used to 
manufacture a host of pharmaceutical products includ- 
ing viral vaccines, antibodies, and hormones. For an 
economical and efficient process, productivity must be 
optimized by providing the best environmental conditions 
for cell growth and product formation. While some mam- 
malian cells grow in suspension culture, most are an- 
chorage dependent cells which must attach to a suitable 
substrate surface before they become physiologically 
functional. Physical and chemical interactions between 
the cell, the substrate to which it will attach, and the 
suspending (i.e. growth) medium as well as the cells’ 
production of adhesins will influence the number of cells 
which will attach and their strength of attachment. 

Mammalian cells have been shown to attach to 
numerous substrates including glass (l), a variety of poly- 
mers (2-6) and even metal (7). Polystyrene, a negatively 
charged, hydrophobic polymer, is commonly used but, 
untreated it is a poor substrate for cell attachment. Treat- 
ing a polystyrene surface with proteins such as polyly- 
sine (8) or fibronectin (9) makes it more hydrophilic with 
an overall positive charge favouring cell attachment. 
Treatment with chromic or sulfuric acid increases the 
overall negative charge resulting in an increase in adsorp- 
tion of serum proteins and this favors cell attachment 
(10). Corona treatment of plastic surfaces using an elec- 
trical discharge in an atmosphere of air, nitrogen, heli- 
um or argon has been widely used in industry to achieve 
adhesion between different materials (11). More recently 
this technique has been used to increase adsorption of 
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serum proteins (12) and attachment of mammalian cells 
(13, 14). Corona treatment alters the interfacial energy, 
surface charge and forms new and specific chemical 
groups on the treated surface. It is unclear which of 
these factor(s) is(are) important in attachment and 
strength of attachment. 

The objectives of this work were (i) to determine the 
relationship between attachment and the strength of 
attachment to the interfacial energy of corona-treated sur- 
faces and (ii) to study the potential of corona treatment 
of polystyrene and polyethylene to improve attachment 
of Vero cells (commonly used in vaccine production). At- 
tachment experiments were done in Dulbecco’s modified 
Eagle’s medium containing 10% fetal bovine serum. Sur- 
face hydrophobicity influences protein adsorption which 
is a rapid process. The quantity of protein is quite low 
and difficult to measure accurately. The adsorbed pro- 
teins in turn will affect cellular attachment which is 
easier to measure. A third objective was to use a ther- 
modynamic model to determine whether van der Waals 
and Lewis acid-base interactions affect the number of 
cells which attach and the strength of attachment. 

THEORY 

A thermodynamic approach can be used to predict cell 
(c) attachment to a substrate surface (s) in a given liquid 
(1) based on van der Waals’ free energy of adhesion 
(#,I,) where 

W& = rcs - icl - Ysl (1) 

The terms rcs, ~~1, and ysl are the cell-substrate (cs), the 
cell-liquid (cl), and the substrate-liquid (sl) interfacial 
free energies, respectively. A negative value for dFcls indi- 
cates conditions favourable for adhesion. The values of 
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Yes, ycl, and ysl can be obtained from an equation of state 
(15). Using the determination of ysl as an example, one 
begins with Young’s equation: 

YS” - Ysl = Ylv cos @ (2) 

where ys”, ysl, and yl” are the substrate-vapour (usually 
air), substrate-liquid, and liquid-vapour interfacial ener- 
gies, respectively, and 0 is the contact angle which the 
liquid makes with the substrate in vapour. Of these 
values, only yl” and Q are easy to determine experimental- 
ly. Neumann et al. (15) proposed a relationship between 
yslr ys” and yl” based on experimental data such that 

y=i%l$% 

Substituting Eq. 3 into Young’s equation gives 

(3) 

Similar equations can be developed for ycr. Using a com- 
puter program or published tables (16), Yfs, ycl and ysl are 
determined from 8 and yl”. 

MATERIALS AND METHODS 

Substrates for attachment Table 1 lists the sub- 
strates used for cell attachment and their contact angle 
with water (@n20). Bacterial PS dishes (Fisher Scientific) 
were cut to obtain discs of about 8.5 cm in diameter. 
Prior to corona or polylysine treatment, the discs were 
washed with a nontoxic, anionic soap-Limbro (Flow 
Laboratories), rinsed for several minutes under running 
tap water, then rinsed 10 times in deionized water and 
allowed to air dry. Contact angle measurements indicated 
that 4 rinses were sufficient to remove all traces of soap. 
In the corona treatment, a hybrid plasma was generated 
by an electrical discharge in air at atmospheric pressure 
using an alternating current between two parallel elec- 
trodes which were a known distance apart (17). The 
current or its time of application was varied to make 
substrates of different surface energies. A transparent 
film of low-density polyethylene (Esso Chemical Co., 
LL1041.49) was exposed to corona treatment as 
described by Sapieha et al. (18). Poly-n-lysine was used 
also to treat the bacterial PS disc (8). Both corona and 
polylysine treated samples were used immediately after 
preparation. Discs were secured between teflon rings and 
silicon gaskets to have a leak-tight container for incuba- 
tion of Vero cells. 

Contact angle measurement Water contact angles 
(@u,) were measured by the sessile drop method using 
a goniometer (Rame-Hart Inc.). Drops of 10~1 of dis- 
tilled, deionized water were placed on the substrate 
surface with a calibrated micropipette. Using the method 
of Kaelble et al. (19), contact angles with water, glycerin, 
formamide, ethylene glycol, tricresylphosphate, and 
dodecane were used to calculate the surface energy of a 
substrate (Ys”) and its polar (ys”P) and nonpolar (or disper- 
sive) (Ys”d) components. The term ys” is equal to the sum 
of its components: 

Ys”=Ys”P+Ysvd (5) 

Reported values are the averages of 10 measurements. 
Attachment under static conditions Ten milliliters 

of Dulbecco’s modified Eagle’s medium (DMEM) (Sigma) 
containing 10% (v/v) fetal bovine serum (Gibco) and 

TABLE 1. Substrate surfaces used in attachment (Fig. 3) and 
detachment studies (Fig. 5) 

Materials @Hz0 rsv 

(W (ergs/cm*) 

Bacterial polystyrene (PS) dishes 97.0t0.4 24.4 
Bacterial PS dishes treated with 74.0 38.8 

polylysine 
Corona-treated PS dishes at 22.2t 1.3 67.5 

7.5 mA for 120 s 
Corona-treated PS dishes at 24.0& 1.0 66.8 

10mAfor 120s 
Corona-treated PS dishes at 37.7kO.6 60.0 

15 mA for 120 s 
Corona-treated PS dishes at 24.8t0.7 66.5 

20mA for 2s 
Tissue culture PS dishes 59.OkO.6 47.7 
PE film, untreated 90.0 28.8 
Corona-treated PE film at 15 mA 30.5 63.7 

for 60 s 

Symbol 

v 

2 x 10sVero cells/ml were added to all surfaces and 
incubated at 37°C for specified lengths of time in the 
presence of 5% COr in air. A standardized, low shear, 
“dip rinse” in an isotonic solution was used to eliminate 
non-adherent cells before the attached cells were re- 
moved by trypsinization, stained with erythrosin B, and 
counted microscopically using a hemacytometer. 

Detachment under shear stress Based on the ex- 
perimental design of Horbett et al. (9), the shear-generat- 
ing apparatus consisted of a motor to which the disc 
assembly was fixed at the end of an 8 cm long spindle. The 
disc assembly was immersed in a temperature controlled 
water bath containing 0.01 M phosphate and 0.15 M 
NaCl at pH 7.4 and 37°C. Prior to the shear experiment, 
10 ml of 2 x 10s Vero cells/ml were allowed to attach to 
various surfaces under static conditions for 3 h or to 
tissue culture PS dishes for varying lengths of time in 
DMEM and 10% fetal bovin serum. Unattached cells 
were removed by dip rinsing. The PS dishes or teflon- 
ringed containers were fixed in the disc assembly and 
shear stress was applied by varying the speed of rotation 
for 10min or at 300rpm for varying lengths of time. 
The mean shear stress at the surface of the substrate 
(r,, mean, dynes/cm2) was calculated according to the equa- 
tion of Horbett et al. (9) for a spinning disk such that 

fs, mean =6.35 x 10-3(rpm)1.5 (6) 

where the units of the constant is dynes/cm2/rpm. 
Other measurements The yr” of DMEM containing 

10% fetal bovine serum (56 ergs/cm2) was measured with 
a surface tensiometer (Fisher Scientific) using a de Nouy 
ring. The Yc” values for mammalian cells like Vero cells 
clustered around 63 ergs/cm2 (20). In this study, the ycv 
for HeLa cells (67.8 ergs/cm2) (20) was used in the theo- 
retical determination of dF,i,. 

RESULTS AND DISCUSSION 

Corona treatment PE films became more hydro- 
philic with increasing exposure time to the corona dis- 
charge (Fig. 1). The interfacial energy values, ys”, and 
their polar (y,“P) and nonpolar (ysvd) components show 
that an increase in ys” was due primarily to an increase in 
polar forces from 2 to 33 ergs/cm2 (Fig. 1). There was 
only a slight decrease in the nonpolar component. The 
OHZO decreased from 90” (untreated PE) to 30.5” (for 
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FIG. 1. The effect of exposure time to corona discharge (15 mA) 
of a PE film. rsv is the surface energy of the substrate, and TJ, and 
rsvd are its polar and non-polar components, respectively. 

corona treatment of 15 mA for 60 s, Table 1). For a fixed 
exposure time, OHZO also decreased as the discharge cur- 
rent was increased. Comparable results were observed 
when bacterial PS dishes were treated. Similar changes 
in hydrophilicity were reported with different plasmas 
when this technique was used to improve bondability 
with numerous materials (Wu 1982). The extent of 
change depended on conditions such as gas type, dura- 
tion of treatment, and discharge power. 

The hydrophilicity of the PE surface gradually de- 
creased with time after corona treatment from 55.3 to 
45.5 ergs/cmz, stabilizing around day 9 (data not 
shown). This was due to a decrease in the polar forces 
probably as a result of continuing reactions between 
ionized molecules on the surface with air and/or air con- 
taminants. Similar results were obtained with the bacte- 
rial PS petri dishes. Usually with inert gas plasmas, 
the polymer radicals which are formed do not change 
appreciably in 24 h but the presence of oxygen during 
the treatment can result in a number of complicated re- 
actions which, in this case, appear to continue for some 
time after treatment. ESCA analysis (12) showed that un- 
treated bacterial PS dishes had only hydrocarbon bonds 
but after corona treatment in air (conditions similar to 
present study), there were 75% hydrocarbon, 8.7% alco- 
hol/ether, 9.2% acetone/aldehyde and 6.7% acid/ester 
bonds. This composition was similar to that of commer- 
cially obtained tissue culture PS dishes (12). The ratio of 
these bonds probably changed after corona treatment 
and was observed as changes in hydrophilicity. 

Attachment to tissue culture PS under static condi- 
tions When Vero cells were incubated in tissue cul- 
ture PS dishes in the presence of DMEM and 10% fetal 
bovine serum, a minimum of 2 h of incubation was 
necessary for maximal attachment in terms of cell num- 
bers (Fig. 2). About 15% of the cells did not attach. 
Similar cell attachment kinetics were obtained at differ- 
ent initial concentrations of cells (5 X 104 to 1 x 106 
cell/ml). As long as there was sufficient space for attach- 
ment, inoculum size had little affect on the percentage of 
cells which attached. An incubation time of 3 h was used 
in subsequent experiments. 

Cell morphology changes during the attachment 

0 50 100 150 

Incubation time (min) 

FIG. 2. The effect of incubation time on cell attachment using cul- 
ture PS dishes. 

process was observed using a light microscope. At 0 h, 
the round cells were all suspended in the growth medium 
and were luminescent in appearance. After 10 min, a few 
cells had settled to the bottom of the dish with the 
majority still in suspension. While cell deposition con- 
tinued, those on the bottom began to lose their lumines- 
cent appearance and became opaque and grey at 15 min. 
At 30min, many of the sedimented cells began to elon- 
gate. This probably marked the start of active attach- 
ment. Although not quantified, it was observed that the 
more free space surrounding a cell, the more surface it 
covered and the higher the number of pseudopods 
formed. The time for complete spreading and elongation 
of individual cells varied but on the average took 1 to 
2 h. This corresponded with the data in Fig. 2 which 
showed that all cells capable of attaching were attached 
during this time period. Cell division began after 10 to 
12h. 

Attachment to different surfaces under static condi- 
tions To study the effectiveness of corona treated, 
plastic surfaces and the influence of hydrophobicity on 
the attachment of Vero cells, the materials listed in 
Table 1 were incubated under static conditions with 
10 ml of 2 x lo5 cells/ml for 3 h. The measured &.rZO and 
their calculated 7sv values for each material are also in 
Table 1. The number of cells which attached increased 
as the hydrophilicity (i.e. rsV) of the surface increased 
with greater than 50% cell attachment when ~~“>60 
ergs/cm2 (Fig. 3a, see Table 1 for symbols). There was 
minimal attachment (< 15%) on untreated PS and PE 
substrates which were quite hydrophobic (rsV were 24.4 
and 28.8 ergs/cm2, respectively). The highest number of 
cells attached to corona treated PS and PE, the most 
hydrophilic surfaces. 

In this study, cellular attachment follows protein 
adsorption. Both are complex processes. While we were 
unable to accurately measure protein adsorption, we 
believe that cellular attachment reflects the effects of the 
adsorbed proteins and this is affected by corona treat- 
ment. Hence it is valid to use a thermodynamic approach 
to relate cellular attachment and hydrophobicities in this 
case. The theoretical dFc,, values for the attachment of 
Vero cells to these surfaces in DMEM containing 10% 
fetal bovine serum were calculated (Fig. 3b). According 
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FIG. 3. (a) Attachment of Vero cells (average standard deviation 
kO.09) to surfaces of different hydrophobicities (rsv). (b) Theoretical 
predictions for the adhesion of Vero cells (7,=67.8 ergs/cm2 for 
HeLa cells) (20) in DMEM and 10% fetal bovine serum (ny= 
56 ergs/cm2) to surfaces listed in Table 1. 

to the model, attachment should occur when dF,1, is 
negative i.e. with surfaces having ysv> 55.6 ergs/cm2 (i.e. 
&o<39’). In general, the results of the attachment 
study follow the theoretical predictions (Fig. 3a, b). This 
is the first study which shows a direct relationship 
between cellular attachment and the interfacial energy of 
corona-treated surfaces. 

Of the materials tested, only those which had been 
corona treated should favour cell attachment. However, 
although the rsv of commonly used tissue culture PS and 
polylysine-treated, bacterial PS dishes did not theoretical- 
ly favour attachment, there was about 50% cell attach- 
ment on these materials. Since the model is valid only 
when van der Waals and Lewis acid-base interactions are 
involved, these results indicate that other forces, such 
as electrostatic interactions, may be playing a role with 
these two surfaces. This is a reasonable conclusion for 
PS dishes coated with a basic protein such as polylysine. 
Such a treatment would result in not only a change in 
surface energy but also a surface with an overall positive 
charge. 

Effect of incubation time on strength of adhesion 
The experiment in Fig. 2 showed that about 2 h were 
needed for the maximum number of cells to attach but 
gave no information regarding how strongly the cells 
had attached. After Vero cells were incubated in tissue 
culture PS dishes for varying lengths of time, the unat- 
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FIG. 4. (a) The effect of incubation time on the number of cells 
which detached from tissue culture PS dishes after a mean shear stress 
of 33.0 dynes/cm* was applied for 5 min. (b) The effect of increasing 
mean shear stress applied for 10min on the number of cells which 
detached from tissue culture PS dishes. 

tached cells were removed by gentle rinsing. A mean 
shear stress of 33.0 dynes/cm2 was then applied for 
5 min. The cells which remained attached were removed 
by trypsinization and counted. Using controls in which 
no shear stress was applied, the percentage of cells which 
were detached as a result of shear was determined. The 
longer the incubation time, the higher the number of 
cells which remained attached (Fig. 4a). There was a 
slight increase from 0 to 11% more cells remaining 
attached in the first 40 min. After 1 h of incubation, the 
percentage of cells which stayed attached increased 
greatly and remained roughly constant at 45%. From 
microscopic observations, the cells had begun active 
attachment after 15 min and took a minimum of 1 h to 
have the morphology typical of attached Vero cells. 
Therefore a minimum of 1 h of incubation for these cells 
to attach to their substrate is needed to have the major- 
ity of cells which are capable of attaching, attached with 
a maximum strength of attachment. 

In a separate experiment, the Vero cells were incubat- 
ed with tissue culture PS for 3 h then subjected to shear 
stress for 10min. As the shear stress increased, the num- 
ber of cells which remained attached decreased so that 
after a mean shear stress of 33.0ergs/cm2 was applied 
for 10 min, only 11.5% of the initial number of attached 
cells were still attached (Fig. 4b). In comparison, 55% of 
the initial number of attached cells remained attached 
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FIG. 5. The detachment of Vero cells from surfaces of different 
hydrophobicities (rIy) upon application of a mean shear stress of 
33.0 dynes/cm* for 5 min. See Table 1 for key to symbols. 

after 5 min at a mean shear stress of 33.0dynes/cm2 (an 
incubation time of 180 min in Fig. 4a). These results agree 
with those of another experiment in which there was an 
increase in the number of cells which detached, as time 
of the application of shear stress was increased with sig- 
nificant detachment in the first 15 min (data not shown). 

At a shear stress of about 7 dynes/cm*, there was little 
detachment of cells. The standard rinsing technique (dip 
rinse) used in this study to remove unattached cells has 
been estimated by Horbett et al. (9) to be less than 
3 dynes/cm*. 

Effect of surface hydropbobicity on cell detachment 
Vero cells were incubated with materials of different 
surface hydrophobicities for 3 h, then rinsed to remove 
unattached cells before being subjected to a mean shear 
stress of 33.0 dynes/cm* for 5 min. Appropriate controls 
in which no shear stress was applied enabled the determi- 
nation of the number of cells which detached due to 
shear stress. Since the number of cells which remained 
attached increased as the surface hydrophilicity (rsV) 
increased (Fig. S), it can be said that Vero cells adhered 
more strongly to more hydrophilic surfaces in the cul- 
ture medium used in this experiment. Few cells had 
attached to untreated PE (Fig. 3a) and the cells which did 
attach had the weakest strength of attachment (Fig. 5). 
A higher number of cells had remained attached to 
corona treated surfaces. 

If the thermodynamic model is applied to cell detach- 
ment, then detachment would readily take place when 
dF,r,>O i.e. when y,,<55.6 ergs/cm* (Fig. 3b). Ex- 
perimental results show that the majority of cells stayed 
attached to materials which had ysv > 55.6 ergs/cm* where 
there was a favourable force of adhesion (i.e. dlo,,,<O) 
(Fig. 5). These materials were corona treated PS. Even 
though 50% of cell attachment took place on polylysine- 
treated PS (Fig. 3a), this was a relatively weak attach- 
ment since most of the cells were removed when shear 
stress was applied (Fig. 5). It is interesting to note that 
this indicates that polar forces may be more impor- 
tant than electrostatic interactions in determining strength 
of adhesion. 

Conclusions The rsv of corona treated PS and PE 
increased due to an increase in polar forces. Corona 
treatment resulted in an increase in the number of Vero 

cells which attached and in an increase in the strength of 
attachment to PS and PE surfaces probably as a conse- 
quence of improved adsorption of serum proteins. 
Although an increase in attachment is known to corre- 
late with an increase in surface hydrophilicity, this is the 
first study which demonstrates this relationship for 
corona-treated surfaces. This indicates that interfacial 
energy plays an important role in attachement to these 
surfaces. The thermodynamic model for dFcls can be 
used to predict which substrates are suitable for cell 
attachment in DMEM and 10% serum and from which 
substrates, cells would be easily detached by shear stress, 
if only van der Waals and Lewis acid-base interactions 
govern attachment (i.e. the surface is not covered by a 
substance such as polylysine). Although the corona treat- 
ed surfaces followed this model, polylysine-treated PS 
and tissue culture PS did not. 

While the inoculum concentration had no effect on the 
percentage of cells that attached, under static conditions, 
a minimum of 1 h of incubation was found to be necessa- 
ry to have the maximum number of Vero cells attached 
and the maximal strength of attachment. It took about 
15 min for the cells to arrive at the substrate surface by 
gravity. Therefore to achieve maximal adhesion in bio- 
reactors with anchorage-dependent cells, mammalian 
cells should be allowed at least 45 min of actual contact 
with the substrate, not including the time for the cells to 
physically arrive at the substrate surface. The amount of 
time required for the latter would depend on reactor 
conditions. 
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