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Effects of duration of exposure of single
metal cations (Ag*',Cd ™% Cu*?, Ga™, Ni?,
and Zn'?) on *H-thymidine (*H-Tdr)
incorporation and 3-[4,5-dimethyl-
thiazol-2yl-]-2,5-diphenyl tetrazolium
bromide-formazan (MTT-f) production in
cultured murine fibroblasts (Balb/c 3T3)
were investigated, and the synergistic
and antagonistic effects of two metal
cations applied simultaneously to the fi-
broblasts were assessed. The effects of du-
ration of exposure were quantified using
TC50 values (concentration of an element
required to cause 50% toxicity compared
with controls) measured after 24, 48, or
72 h. Using MTT-f production, Cd*?,
Cu*?, Ga*’, and Ni*? showed significantly

lower TC50 values with increasing time
of exposure, whereas the TC50 values for
Ag*' and Zn** remained constant. The
TC50 values using *H-Tdr incorporation
exhibited a similar pattern with time of
exposure, but the effects were less pro-
nounced. The TC50 values for *H-Tdr and
MTT-f tended to equalize at 72 h. All
combinations of cations tested (Ag-Cu,
Ag-Zn, Ag-Ni, Cu-Zn, Cu-Ni, Ga-Ni, and
Cu-Cd) exhibited synergistic and antago-
nistic effects as measured by MTT-f pro-
duction. Synergistic and antagonistic
effects were not necessarily mutually ex-
clusive in the same system. © 1992 John
Wiley & Sons, Inc.

INTRODUCTION

Previous studies have established that metallic elements can be released
from dental casting alloys,"” amalgams,®® or cements,” and the in vitro cyto-
toxicities of these elements have been assessed."™ However, the in vitro ef-
fects of varying the duration of exposure of these elements to cultured cells
or of testing two elements simultaneously remains largely unexplored.

The purposes of the current study were (a) to investigate the effects of du-
ration of exposure effects of single metal cations on the *H-thymidine (*H-
Tdr) incorporation and 3-[4,5-dimethyl-thiazol-2yl-]-2,5-diphenyl tetrazolium
bromide (MTT-f) production on cultured murine fibroblasts, and (b) to assess
synergistic or antagonistic effects when two metal cations were applied to
fibroblasts simultaneously. Knowledge of these effects should allow more
relevant construction of in vitro tests designed to assess biomaterials which
release these cations, and may provide insight into the mechanisms of toxic-
ity exerted by these biomaterials.

*To whom correspondence should be addressed.
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MATERIALS AND METHODS
Duration of exposure

Six metal cations were studied: Ag*™, Cd*?, Cu*? Ga*™, Ni*? and Zn"
These cations were chosen because of their tendency to be released from den-
tal biomaterials. Sources, purities, and preparation methods of these cations
have been described previously. Aqueous solutions of these cations were
prepared such that addition of 20 uL of a solution to 1.0 mL of cell culture
medium would provide the desired final concentration. Six concentrations of
each metal cation were used (Table I). Concentrations were chosen empiri-
cally such that the maximum concentration caused complete cytotoxicity af-
ter 24 h.

Balb/c 3T3 mouse fibroblasts (ATCC/CCL 163, clone A31) were harvested
from preconfluent flasks and plated using 1.0 mL/well in 24-well tissue cul-
ture trays. Experimental cell culture medium consisted of Dulbecco’s Modi-
fied Eagle’s Medium without glutamine (DMEM), 3% NuSerum, 28 mM
HEPES (N-2-hydroxyethylpiperazine-N’-2-ethanesulfonic acid, pH = 7.2),
penicillin (125 units/mL), streptomycin (125 ug/mL), gentamycin (10 ug/mL),
and glutamine (2 mmol/L). HEPES controlled the pH (+0.05 pH units) when
metal cations were added. Several minutes after plating, aliquots of 20 uL of
the metal cation solutions were added to the wells, and the cells were incu-
bated for 24, 48, or 72 h at 37°C, 5% CO, and 100% relative humidity. No pre-
cipitation was observed with any of the metal cation concentrations used. A
cell density of 12,500 cells/cm® was used in experiments which lasted for 24 or
48 h, whereas a cell density of 6250 cells/cm” was used in the 72-h experi-
ments. The density adjustments ensured that the cells would not reach con-
fluence during the tests and provided enough cells for maximum sensitivity.
Six replicate wells were plated for each concentration of metal cation. Se-
lected experiments were repeated to ensure reproducibility.

After incubation, the *H-Tdr incorporation or MTT-f production of the cells
was measured using methods described previously. Briefly, *H-Tdr incorpo-
ration (indicative of DNA synthesis) was assessed by adding *H-Tdr 45 min
before sacrificing the cells. Scintillation counting was then used to measure
the incorporated label. MTT-f production (indicative of succinic dehydroge-
nase (SDH) activity) was measured by incubating the cells with MTT and di-
sodium succinate over a 90-min period before cell sacrifice. The optical
absorption of the formazan salt solubilized in dimethyl sulfoxide (DMSO)
was assessed at 560 nm. These two cellular parameters of cytotoxicity were
chosen because previous studies had shown that *H-Tdr incorporation was
highly sensitive and MTT-f production was moderately sensitive to metal
cations.” The 50% toxicity concentrations (TC50’s = concentration required
to suppress activity to 50% of controls) were determined from graphs of con-
centration vs. activity for each time (24, 48, or 72 h) and each cellular parame-
ter. Errors in the TC50 values were determined graphically and were
approximately 10% at p = 0.05.
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Synergism and antagonism

The toxicity of seven binary combinations of metal cations were studied:
Ag“—Cu”, Ag+1__zn+2, Ag+1_Ni+2, Cu+2_zn+zl Cu+2_Ni+2, Ga+3_Ni+2’ and
Cu™-Cd** These combinations were selected because of their tendencies to
be released together from various metals. Aqueous solutions of each metal
cation were mixed separately such that 10 uL of each solution added to
200 uL of cell culture medium gave the desired final concentrations of both
cations. Eight concentrations of each cation were used in every experiment.
Thus, 64 binary combinations of concentrations of the cations were tested
(Table I). Concentrations were chosen to be relevant to those released from
dental casting alloys in a previous in vitro study.*

Cell-culture techniques were as described in the previous section with the
following exceptions. Cells were plated at 20,300 cells/cm” using 200 uL/well
in 96-well tissue culture plates. The cells were incubated for 24 h, then 10-uL
aliquots of each of the two metal cation solutions were added and the cells
were incubated for an additional 24 h. No precipitation was observed in the
medium upon addition of the metal cations, and the pH was stable to within
0.05 pH units. There were eight replicate wells for each of the 64 concentra-
tion combinations. Plates with 96 wells were used because of the large num-
bers of wells required. After incubation, the MTT-f production was evaluated
in each well as described earlier.

The mean observed absorbance was calculated for each combination of
cations tested, and these absorbances were used to generate an nth polyno-
mial best-fit surface against both metal cation concentrations simultaneously.
Three-dimensional graphs of expected absorbance vs. the metal cation con-
centrations were generated based on the assumption that the two cations
acted independently (additively). The difference between these two surfaces
(observed minus expected) was then plotted. This differential surface repre-
sented the deviation of the observed toxicity from the toxicity expected
based upon the independent action of each metal cation. If the observed
MTT-f production was greater than expected (because there was less cytotox-
icity than expected), then the differential graph showed positive values, and
indicated an antagonism of the expected toxicity. If the observed MTT-f pro-
duction was less than expected (because there was greater cytotoxicity than
expected), then the differential graph showed negative values, and indicated
a synergism of the toxicity of the two cations.

RESULTS
Duration of exposure
Figure 1 shows TC50 concentrations when Cu** was exposed to cells for 24,

48, and 72 h and is typical of the results when the duration of exposure was
changed. The TC50yrr¢ concentrations decreased from over 6 parts per mil-
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Figure 1. An example, using Cu*? of the effects of duration of exposure

on the TC50 concentrations for *H-Tdr incorporation and MTT-f production.

lion (ppm) to less than 1 ppm as the duration of exposure increased from 24
to 72 h. ’H-Tdr incorporation also decreased with increased duration of expo-
sure but this effect was less pronounced. The disparity among the TC50 val-
ues for H-Tdr incorporation and MTT-f production at 24 h was therefore
reduced at 72 h. Table II summarizes the duration of exposure data for all six
elements. Effects similar to those for Cu*? (Fig. 1) were evident with Cd*?,
Ga*’, and Ni*?, although the disparity at 24 h between *H-Tdr incorporation
and MTT-f was greatest for Cu’® Ag*' and Zn** did not show decreased
TC50 concentrations with exposures up to 72 h for either *H-Tdr incorpora-
tion or MTT-f production. The TC50 values appeared to increase slightly for
Ag*!, but this trend was not significant statistically.

Synergistic and antagonistic effects

The observed, expected, and differential MTT-f production for the Ag*'~
Cu*? system are shown in Figures 2(a), 2(b), and 2(c), respectively. Some dif-
ferences between the observed and expected surfaces are discernible in
Figures 2(a) and 2(b), but the differential surface clearly shows where devia-
tion from the expected values occurred. In this system, MTT-f production
was greater than expected when Cu*? ranged between 0 and 10 ppm and
Ag™ ranged between 0.2 and 1.0 ppm. Thus the toxicity caused by these
cations was less than expected indicating an antagonism of the toxic effect
relative to the expected effect if the cations acted additively. The error bars
represent three standard errors of the mean (3 SEM) and indicate 95% confi-
dence intervals for the surfaces.

Figures 3 and 4 show differential graphs for the other six combinations of
metal cations tested. The z-axis represents MTT-f production, whereas the x
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TABLE II
50% Toxicity Concentrations (TC50’s) in ppm and uM for MTT-f Production and 3H-Tdr
Incorporation for 24-, 48-, and 72-h Exposures

Duration of Exposure

24 h 48 h 72h
Cation ppm uM ppm uM ppm uM
Ag+l
MTT-£ 0.72 6.7 0.70 6.5 0.80 7.4
*H-Tdr 0.67 6.2 0.67 6.2 0.88 82
Cd+2
MTT-{ 0.42 37 0.11 1.0 0.05 0.4
*H-Tdr 0.15 1.3 0.08 0.7 0.05 0.4
CU +2
MTT-f 6.5 102 3.1 49 0.7 11
*H-Tdr 0.9 14 09 14 0.5 7.8
Ga+3
MTT-t 2.0 29 0.7 10 0.4 5.7
*H-Tdr 1.0 14 0.6 8.6 0.5 7.1
Ni+2
MTT-f 22 370 7 120 2.1 36
*H-Tdr 1 190 4 68 1.3 22
Zn+2
MTT-f 2.3 35 2.1 32 2.0 31
*H-Tdr 2.3 35 2.1 32 1.9 29

Errors are approximately 10%, p = 0.05.
Cell target: 25000 cells (24, 48 h), 12,000 cells (72 h). Cell density: 12,500 cells/cm?® (24,
48 h), 6250 cells/cm? (72 h). Metal cations were added immediately after plating.

and y axes represent concentrations of the metal cations in ppm. Synergistic
effects were observed with the Cd**-Cu*? Ni**~Cu*? and Zn**-Cu'? sys-
tems [Figs. 3(a), 3(b), and 3(c), respectively]. These effects always occurred
when the Cu™ concentration was between 0 and 10 ppm. The differential
surfaces for Ag*''-Zn*?, Ag*'-Ni*?, and Ga"-Ni"* were more complex. The
Ag*'-Ni'? and Ni**~Ga™ systems [Figs. 4(b) and 4(c), respectively] exhibited
both areas of synergism and antagonism, whereas the Ag*'-Zn*? system
[Fig. 4(a)] showed a small but significant bimodal antagonism.

Table III summarizes the interactive effects for the seven combinations of
metal cations. The presence of Ag*' was invariably associated with antago-
nism in the system, whereas the presence of Cu*? seemed to promote syner-
gism except in the Ag™-Cu™ system. The Ag"'-Ni** and Ga"*-Ni*? systems
showed both synergistic and antagonistic effects, demonstrating that these
effects were not necessarily mutually exclusive in the same system.

DISCUSSION

The observation that TC50 values can be a function of the duration of ex-
posure was not surprising, but does imply that the duration of exposure
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Figure 2. An example of the effects of Ag*' and Cu*? concentration on
MTT-f production after 24-h exposure duration. The cell target was
6700 cells at 20,300 cells/cm?, cation concentrations are in ppm, MTT-f pro-
duction is in optical density (OD) units, and the error bars represent a 95%
confidence interval for the surface (p = 0.05). (a) Observed levels of MTT-{
production. (b) Expected levels of MTT-f production based on the assump-
tion of additive toxicities of each of the cations. (c¢) The difference between
observed and expected effects (differential surface) illustrating concentra-
tions at which the two cations interacted in a nonadditive manner.
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Figure 3. The differential surfaces for MTT-f production (OD units) plot-
ted vs. cation concentrations (ppm) for several cation combinations. MTT-f
production is plotted on the z axis, whereas cation concentrations in ppm
are plotted on the x and y axes. Error bars at p = 0.05. Significant synergis-
tic effects observed with the (a) Cd**~Cu™*?, (b) Ni**~Cu*? and (c) Zn"*-
Cu'*? systems.

should be carefully considered when developing an in vitro test to assess the
cytotoxicity of biomaterials which might release these metal cations. The *H-
Tdr incorporation was less dependent upon duration of exposure but
changed significantly from 24- to 72-h exposures (Table II). However, the ob-
servation that the TC50’s for *H-Tdr incorporation and MTT-f production
tended to equalize after 72 h indicated that the H-Tdr would be a good pre-
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(a)

Figure 4. The differential surfaces for MTT-f production vs. cation con-
centrations for Ag*'-Zn*?, Ag*'-Ni*? and Ni**-Ga*>. (a) Small but signifi-
cant bimodal antagonism in the Ag*'-Zn"* system. (b) Both synergism and
slight antagonism (not significant) in the Ag*'-Ni** system. (c) Significant
synergism and antagonism in the Ni*2-Ga*3 system.

dictor of 72-h cytotoxicity if a shorter duration of exposure was desirable or
necessary because of experimental constraints.

Ag™ and Zn** did not exhibit decreased TC50 values with longer durations
of exposure. It is not known whether this independence was caused by differ-
ent mechanisms of toxicity of these cations, or a difference in the rate of tox-
icity development. It is possible that the decrease in TC50 values observed for
Cd*? Cu*?, Ga™ and Ni** were a consequence of their relatively slow cyto-
toxic reactions in the cells. Thus, as the toxicity developed, the observed
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TABLE III
Summary of Synergistic and Antagonistic Effects of Several Binary Cation Systems, 24-h
Duration of Exposure

Cations Synergism Antagonism
Ag-Cu No Yes
Ag-Ni Yes Yes
Ag-Zn No Yes
Cu-Cd Yes No
Cu-Ni Yes No
Cu-Zn Yes No
Ga-Ni Yes Yes

Cations added together at 24 h. Cell target: 6700 cells. Cell density: 20,300 cells/cm?”.

TC50 decreased with increased exposure duration. The disparity between the
*H-Tdr and MTT-f parameters may have also been a consequence of the *H-
Tdr exhibiting the earliest toxicity. However, as the cytotoxic response devel-
oped, these parameters may have equalized. If the cytotoxic response with
Ag™ and Zn*? developed much more rapidly, it might explain both the con-
stancy of the TC50 values over time and the lack of any difference between
the *H-Tdr and MTT-f parameters since the majority of the effect would have
been observed at 24 h.

Experiments which measured TC50 concentrations at 72-h exposure were
performed at half the cell density (6250 cells/cm?) of the 24- and 48-h exposure
experiments (12,500 cells/cm?). Although this situation was not ideal, it was
necessary to ensure that confluence of the cell monolayer was prevented.
Lower densities were not used for the 24- and 48-h experiments because of
inadequate sensitivity in the toxicity parameters. It is possible that the 72-h
TC50 values were influenced by the reduced cell density, but these values
agreed with trends established by the 24- and 48-h experiments. Growth
rates at both cell densities were similar because confluence was not reached.
Figure 2(a) supports the assumption that the change in cell density did not
grossly influence the TC50 values. In this figure, the TC50yr¢ values for
Ag'" and Cu™? alone were about 0.65 and 16 ppm (6.0 and 250 uM), respec-
tively, at cell density of 20,300 cells/cm? These TC50 values agree with previ-
ously published values measured at a cell density of 16000 cells/cm®
(Table IV). Overall, we believe that the advantages of avoiding a confluent
monolayer, which would have certainly influenced the experiments by
changing the rate of cell division or cell metabolism, outweighed the disad-
vantages of adjusting the cell density.

In a previous study, the ranking of the potencies of several metal cations
was shown to be a function of the parameter used to assess toxicity.” The
present study showed that rankings also depended upon the duration of ex-
posure chosen for the assessment (Table II). This change in ranking demon-
strates the importance of avoiding generalizations about the potencies of
metal cations without specifically defining the conditions of the experiments
used to assess them. It is likely that other conditions such as cell type influ-
ence these potencies as well.
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TABLE IV
Comparison of TC50 Values for Various Ions Using 24-h Durations of Exposure Starting at
0Oand 24 h

Duration of Exposure

Cation 0-24 h* 24-48 hP

Ag+1

MTT-f 6.7 5.8

*H-Tdr 6.2 6.2
cd*?

MTT-f 3.7 1.1

*H-Tdr 1.3 0.4
Cu+2

MTT-f 102 240

*H-Tdr 14 44
Ga™®

MTT-f 29 200

*H-Tdr 14 65
Nj*2

MTT-f 370 190

SH-Tdr 190 190
Zn+2

MTT-f 35 28

*H-Tdr 35 28

*Data repeated from Table II for convenience.

*Data from J.C. Wataha, C.T. Hanks, and R.G. Craig, “The in vitro effects of metal
cations on eucaryotic cell metabolism,” J. Biomed. Mater. Res., 25, 1133-1149 (1991). Cell
density = 16,000 cells/cm?

The time of addition of the cation to the cells appeared to be important to
the overall potency of the cations. Table IV compares the potencies of these
cations with 0-h time of addition (data repeated from Table II for convenience)
with those determined previously using a 24-h time of addition.” Both ex-
periments used 24-h durations of exposure, yet there were many disparities
among these values. Furthermore, there was no overall pattern to these dis-
parities. Ga** and Cu*? showed lower TC50 values, Cd** and Ni*? showed
higher values, and those for Ag+1 and Zn*? were approximately the same.
The cause of these differences are not known but may lie in the mechanisms
by which each cation exerted its toxic effect.

The present study agrees with work done by Leirskar, who reported that
the cytotoxic effects of Cu*? and Cd*? increased from 24 to 72 h using hu-
man epithelial cells (NCTC 2544), but did not report this effect for Zn*2.° The
current study found similar effects for other metal cations, but more accu-
rately quantified this effect by using more concentrations and TC50 values.

It was clear from the current study that the combined toxicity of two metal
cations did not necessarily exert their toxic effects independently, and that
interactive effects among released metal cations must be considered when
evaluating the in vitro cytotoxicity of materials. The combinations of metal
cations were chosen because previous studies which showed that they oc-
curred in in vitro testing of alloys* and amalgams.® The interactive effects ob-
served did appear to be somewhat dependent on the element (Table III), but
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further study using additional combinations would be needed to support this
observation. It seems likely that the interactive cytotoxic effects of two metal
cations would depend both upon the cytotoxic character of each cation as
well as interplay among the cations.

Synergistic and antagonistic effects generally occurred at concentrations
below the TC50 concentrations of the individual cations. In the Ag™-Cu™*?
system, concentrations of Cu™? of only 16 uM (1 ppm) or less were sufficient
to contribute to antagonistic effects [Fig. 2(c)] even though the TC50 of Cu*?
is about 240 uM (Table 1V, 24-48-h column). This phenomenon must be con-
sidered when the cytotoxic effects of materials which release multiple compo-
nents are evaluated. A biomaterial might be cytotoxic even though the
concentrations of its released components are below accepted cytotoxic levels
of the individual components. On the other hand, the cytotoxicity of one
component near its TC50 concentration might be reduced by low concentra-
tions of a second component.

Several variables probably influenced the synergistic and antagonistic ef-
fects observed. Both cations were added together in these experiments, but
different effects might be observed if the times of addition of the two cations
were different. The duration of exposure, type of cell, and cytotoxicity pa-
rameter which was measured might also influence the outcome. A more com-
plete understanding of the mechanisms by which each cation as well as
combinations of cations exert their cytotoxic effects might also be realized by
manipulating these variables in this system.

We thank Susan Strawn and Jackie Dahlgren for their assistance during these inves-
tigations, and the NIDR for their support of this work through Grants 5 F32 DE05584
and 1 P50 DE09296.
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