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SUMMARY 

A new method was tested for studies of penetration of substances into tumorlike tissue. 
The penetration of the ions K*, CI-, and Ca 2* through several layers of tumor cells was 
demonstrated by using double barrelled, ion sensitive microelectrodes with extra thin tip 
diameters. Spheroids consisting of human glioma, U-118 MG, and human thyroid cancer, 
HTh-7, cells were used as models of tumor tissue. A microelectrode was inserted into the 
center of a spheroid. Thereafter, the concentration of the test substance was increased in 
the surrounding medium. The change in concentration inside the spheroid was recorded 
and the penetration pattern evaluated. All three types of tested ions penetrated easily 
through the spheroids. The K § ions penetrated most efficiently, and the Ca 2+ ions showed 
the slowest penetration. The Ca 2+ ions penetrated somewhat more slowly in the U-118 MG 
spheroids (which had rather small extracellular spaces) than in the HTh-7 spheroids 
(which had larger extracellular spaces). Ion sensitive electrodes, which are easily available, 
were used in this study only to demonstrate the principle. We hope that the method de- 
scribed can be used for penetration studies of various substances. For example, all sub- 
stances that can be detected by enzyme microelectrodes could be studied. The main ad- 
vantage of the method is that the complete penetration pattern can be studied as a function 
of time in individual spheroids. Previously described methods require histological pro- 
cedures for each analyzed penetration time. 

Key  words: calcium; cellular spheroids; chloride; microelectrode; penetration; potassium. 

I NTRODU CTION 
Studies of penetration of different substances 

into tumor tissue are interesting from many points 
of view. One obvious question is whether or not 
therapeutically active substances penetrate effi- 
ciently through poorly vacularized tissue (1,21, 
Another question is whether or not necrosis re- 
suits from a lack of nutrients with limited penetra- 
tion capacity or results from accumulation of 
toxic, catabolic products. The catabolic products 
might be accumulated due to a limited penetra- 
tion capacity. 

Studies of penetration of ions might not be of 
direct interest for tumor therapy or tumor 
biology. In this work ion penetration was used 

mainly for demonstration of the method. Ion 
sensitive microelectrodes are easily available and 
no penetration problems are expected for ions 
with low molecular weight. Potassium, calcium, 
and chloride ions are involved in complicated and 
essential mechanisms in the celt function (3,4) and 
might therefore be of some interest. 

Different physical and chemical properties, 
such as molecular weight and charge, probably 
determine the penetration capacity of a substance. 
For  this reason, it might be interesting to study 
the penetration of ions with low molecular weight. 
Rather low molecular weight substances such as 
methotrexate and adriamycin probably have 
penetration difficulties (1,5). 
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The penetration patterns were studied in cellu- 
lar spheroids (6-8). Spheroids consist of aggre- 
gated cells in a spherical configuration (Fig. 1). 
The peripheral cells proliferate intensively and 
contribute to spheroid growth. Deeper lying cells 
in the spheroid suffer from poor vascularization 
from the surrounding culture medium. As a result 
of this, the degree of proliferation decreases 
rapidly as a function of depth in the spheroid 
(8,9). If the spheroids are big enough (0.5 to 
1.0 mm, depending on the cell line), massive 
necrotic regions will develop in the central parts. 

Fast growing, solid tumors often develop 
nodules with necrotic regions, caused by insuffi- 
cient vascularization. Cells in the intermediate 
region between the necrosis and the blood vessel 
suffer in varying degrees from insufficient 
support from oxygen and other metabolites 
(10,11). Thus, the cellular spheroids imitate the 
behavior of nodules in fast growing, solid tumors. 

Spheroids have been used recently as a model 
system in penetration studies. It was found that 
vinblastine (2) and possibly also methotrexate (1) 
and adriamycin (5) had a limited capacity to 
penetrate into the center of the analyzed 
spheroids. 5-Fluorouracil was found to penetrate 
much more efficiently (2). All penetration studies 
were made with histological procedures. The test 
substance was detected with autoradiography or 
fluorescence measurements in sections. For each 
penetration time new spheroids and new sections 
had to be prepared. In this work we describe a 
technique by which the complete time pattern of 
penetration could be studied in individual 
spheroids. 

MATERIALS AND METHODS 

Cell culture. Two human tumor cell lines were 
used in this study. They were the human glioma 
cell line U-118 MG (12,13) and the human 
thyroid cancer cell line HTh-7 (13). Both of these 
cell lines are usually grown as conventional mono- 
layer cultures. In  this study they were cultured as 
cellular spheroids, using techniques previously 
described (7,9). The diameter of the spheroids 
used was 650 + 150/~m. One day before measure- 
ments each spheroid was allowed to attach itself 
to round cover slips (diam 15 mm, from Lux 
Scientific Corporation, Munich, FRG). Only cells 
at the lower end of the spheroids attached them- 
selves to the glass. The cell organization inside the 
spheroids was not changed on this account, as was 
seen in sections (Fig. 1). The culture medium 

used was Ham's  F10 with 10% newborn bo- 
vine serum, Irglutamine (2 mM), pencillin 
(100 U/ml), and streptomycin (100/~g/ml) (all 
from Flow Laboratories Swedish AB, Stockholm, 
Sweden). However, this medium could not be 
used during the microelectrode measurements in 
the perfusion chamber. The serum yielded too 
much foam and some components in the F10 
medium poisoned the electrodes. Instead, Locke's 
solution (NaCI 7.5 g/l, KCI 0.42 g/l, CaCI2xH20 
0.31 g/l, glucose 1.0 g/l, HEPES 1.67 g/l, 
NaHCO3 0.76 g/l, and NaOH to pH 8.5 at room 
atmosphere) was used (14). 

Microelectrodes. The microelectrodes used 
were double barrelled ion sensitive electrodes with 
extra thin tip diameters (about 0.1/~m) manu- 
factured for intracellular measurements. These 
ion sensitive microelectrodes have been described 
in detail previously (15,16). Briefly, one channel 
was filled with an ion exchanger and used for 
measurements of the ion activity (K § CI-, and 
Ca 2., respectively). The other channel was used 
for membrane potential measurements. The 
potential signal was used to correct the signal 
from the ion channel, so that only the signal 
change due to changed ion activity was recorded 
from that channel. The potentials also helped us 
to judge the moment at which the electrode hit the 
spheroid surface (14). The mean response time 
was 170, 350, and 250 msec for the potassium, 
calcium, and chloride electrodes, respectively. 
There was a linear relation between the exponent 
of the ion activity and the potential of the elec- 
trodes, and the mean steepness per tenfold in- 
crease in ion activity was 50.15, 27.4, and 39 mV 
for the potassium, calcium, and chloride elec- 
trodes, respectively (16). All the microelectrodes 
used were manufactured at the Max-Planck- 
Institut for Systemphysiology in Dortmund, 
Federal Republic of Germany. 

Experimental set up. The perfusion chamber 
system is shown in Fig. 2. The pH of the medium 
was adjusted to about 7.3 by bubbling air contain- 
ing 5% CO2 through it. The medium was heated 
and pumped through the perfusion chamber 
(=10 ml/min). The multichannel recorder re- 
corded ion activity, membrane potential, and 
electrode position. The pH and temperature in the 
medium were also controlled continuously. By 
injecting a stain pulse into the medium, the flow 
pattern in the chamber could be observed in the 
stereomicroscope (Fig. 2 b). This showed irregu- 
lar flow patterns with strong convection in the 
upper parts of the medium. However, there 
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FI6.1. Three-micrometer sections ~stained with hematoxylin} of methacrylate embedded spheroids 
used in these measurements, a, Human glioma, U-118 MG; b, human thyroid cancer, HTh-7. 
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FIG. 2. a, The  experimental  set up for microelectrode measurements .  The  circulating med ium 
(=10 ml /min)  is heated (37 ~ Ct and  equilibrated with culture gas. Old medium is sucked out  into the 
waste medium barrels. T he  valve at the inflow side is used to regulate the  flow rate. The  valve at  the  
outflow side is opened when the chamber  is to be emptied. A microscope lamp is shown above the 
chamber  and  an objective below. The  objective is connected to a TV camera-monitor  system. The  fine 
movements  of the microelectrode are made  with a hydraulic microdrive. The  movements  and  the elec- 
trode signals are registered on a mult ichannel  recorder, b, Dimensions  of the perfusion chamber .  
The  a r r o w s  in the chamber  indicate the  flow directions of the medium,  as seen in a stereomicroscope. 
The  spheroid and the thin cover glass are indicated on the  bot tom of the  chamber .  
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seemed to be a very slow flow, with almost no con- 
vection at the bottom of the chamber. All the 
equipment used is located and all the measure- 
ments were performed at  the Max-Planck-Inst i tut  
for Systemphysiology in Dortmund. The experi- 
mental set up and the general techniques for 
mic roe lec t rode  measurements  in cel lular  
spheroids (mainly oxygen measurements) are also 
described in detail by Acker et al. (14L 

Microelectrode measurements. The electrodes 
were calibrated in well defined ion solutions (I0 
and I00 m M  KCI for K § and CI- electrodes and 
0.2 and 2.0 m M  CaCI2 for Ca 2§ electrodes) before 
and after the measurements. In  some cases, a drift 
of both the calibration levels, from the precalibra- 
tion to the recalibration, could be observed. In 
these cases, a linear drift all through the measure- 
ments was assumed. The drift of the electrodes 
was less than 4 % / h  I16). After calibration, the 
electrode was positioned in an accurate relation to. 
the spheroid. This positioning was made possible 
by using two independent optical systems working 
along different axes (14). After final adjustment of 
the position, the electrode was moved by a 
hydraulic microdrive (David Kopf Instruments) 
along an axis through the center of the spheroid. 
When the electrode tip hit the spheroid surface, a 
signal was recorded in the potential measuring 
channel of the double barrelled electrode. The hit 
position was determined by this signal. The move- 
ment was stopped when the electrode tip was 
located in the central parts of the spheroid. This 
position was determined by measurement of the 
spheroid diameter, careful positioning of the elec- 
trode tip, and continuous reading of the electrode 
position on the multichannel recorder during the 
electrode insertion. The ion activity in the central 
parts of the spheroid (mainly necrotic region) was 
recorded and thereafter the concentration of the 
investigated ion was increased in the surrounding 
medium. The ion activity increase inside the 
spheroid could then be read on the multichannel 
recorder. The ion concentration was increased by 
injecting an ion solution into the small medium 
bath to the left in the perfusion chamber (Fig. 2). 
The injections used were 0.33 ml of 1.5 M KC1 
for K § 1.2 ml of 1.5 M KCI for CI-, and 0.35 ml 
of 0.15 m M  CaC12 for Ca 2+ measurements. The 
normal medium flow (=10 ml/min) was con- 
tinued all through the measurements. 

Between five and seven measurements were 
made for each ion in each type of spheroid. The 
corresponding measurements were also made with 
the electrode tip located about 300 ~m beside the 

spheroid but in exactly the same position in rela- 
tion to the bottom of the chamber. These 
measurements gave the time pattern for the ion 
concentration changes in the medium. 

Autoradiography. Most of the spheroids were 
incubated in medium containing [3H]thymidine 
( ] g C i / m l ,  from the Radiochemical Centre, 
Amersham, England) for I h after the measure- 
ments. These spheroids were then fixed in glutaric 
aldehyde (2% glutaric aldehyde in 0.1 M sodium 
cacodylate and 0.1% sucrose, pH 7.2 with HCI) 
for 1 h. The spheroids were then stored in 70% 
ethanol. Preparations for light microscopy, auto- 
radiography, and evaluation of labeling index 
were carried out as described previously (8,9). 

Determination of extracellular space. The volu- 
metric fraction of extracellular space was deter- 
mined for both spheroid types by the Delesse prin- 
ciple (17), using electron microscope photo- 
graphs. According to this principle, the volume 
fraction of a component in the tissue is equal to 
the area fraction of that  component, provided that  
the analyzed sections are randomly selected. This 
method has been described previously in detail by 
Carlsson and Brunk (18). 

RESULTS 

The central parts of the spheroids used in these 
measurements (650 _+ 150 ~m diam) consisted of 
degenerated regions, even though massive necro- 
sis had not yet appeared in the smallest ones. The 
critical size for appearance of necrotic regions and 
other growth characteristics of the spheroids have 
been described previously (13). The ion activi- 
ties in the central regions of the spheroids before 
the injection of ion solution were recorded 
as 14 _+ 3 m M  K ~, 144 _+ 34 m M  C1-, and 
1.2 +- 0.3 m M  Ca ~+. These values are about the 
same as the ion activities measured in the sur- 
rounding medium. 

The calculated increase of ion concentration 
due to the amount of ions injected into the per- 
fusion chamber {volume about 20 ml~ was 25 m M  
for K § 90 m M  for CI-, and 2.6 m M  for Ca 2§ 
However, due to the somewhat irregular flow pat- 
tern in the perfusion chamber (see Material  and 
Methods and Fig. 2) the concentration was some- 
times a little higher or lower near the bottom (in 
the medium surrounding the spheroid). This gave 
rise to some variations in the absolute values of 
the ion activity increases after different injections. 
Thus, the relative ion activity increases were used 
instead of the absolute values. The ion activity 
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m e a s u r e d  before an  inject ion was set to zero and  
the  m a x i m u m  activity m e a s u r e d  af ter  the  injec- 
t ion was set to one .  D r a w i n g s  f rom or iginal  
recordings  of ion act ivi ty increases and  the  curves  
descr ib ing the  corresponding,  relat ive act ivi ty in- 
creases are  shown in Fig. 3. T h e  i rregular i t ies  in 

the  or ig inal  recordings  are ma in ly  due  to 
mechan ica l  a n d  electronic  d i s tu rbances .  

T h e  m e a n  ra te  of the  act ivi ty increases  for the  
di f ferent  ions in the  di f ferent  sphero ids  are shown 
in T a b l e  1. T h e  inverse  of th is  increase  ra te  gave  a 
measu re  o f  the  pene t ra t ion  t ime.  T h e  difference 
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FIG. 3. Drawings from examples of original recordings of the Ca 2+ (a and b) and K + id and el activity 
increases after injection of 0.35 ml of 0.15 M CaCI: or 0.33 ml of 1.5 M KC1, respectively and the 
utilization of these recordings for the calculation of the penetration delay, At (c and f). a and d, Record- 
ings of the ion activity increase with the electrode tip located in the medium, beside the spheroid (open 
circles indicate points used for the construction of the curves in c and f, respectively), b and e, Record- 
ings of the ion activity increase with the electrode tip located in the central parts of the spheroids (solid 
circles indicate points used for the construction of the curves in c and ], respectivelyl, c and f, Curves 
describing the increase of the relative ion activity, in the medium (open circles) and in the spheroids 
(solid circles), as a function of time after the injection of ion solution. The dashed lines have the same 
slopes as the central parts of the curves and the indicated time difference visualizes the penetration 
delay, At. At can also be calculated as the difference between the inverse of the slopes (At ---- b-' - -  a-' 
for Ca 2+ and At = e-' - -  d-' for K~). 
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TABLE 1 

MAXIMUM INCREASE n ATE OF THE I ON.A CTIVITY a 

485  

Rate of Ion Activity Increase iChange in Relative Activity/SI 

Measurements Made in K* CI-  Ca 2+ 

U-118 MG spheroids 0.036 -+ 0.008 b 0.017 + 0.004 0.009 _+ 0.002 
HTh 7 spheroids 0.037 - 0.014 0.022 -+ 0.007 0.011 _+ 0.001 
The surrounding medium 0.214 -+ 0.086 0.113 -+ 0.041 0.032 -+ 0.011 

a The ion activity increase was measured as a function of time after the injection of ion solution. In general, the in- 
crease rates were maximal and rather constant in the range between 0.2 and 0.6 of the maximal activity (see curves in 
Fig. 3). The ion activity increase was evaluated in this part of the curve. 

D The values are mean (-+ SD) from five to seven experiments. The significance of the differences between the 
mean values was tested using the t-distribution. The differences between the different types of ions are significant at 
the 1% level, except for the differences between K + and CI- in HTh 7 and in the medium, which are significant at the 
10% level. 

be tween this  t ime,  measu red  in a spheroid,  and  
the  cor responding  t ime,  measu red  in the  sur- 
r ound ing  med ium,  was def ined as the  pene t ra t ion  
delay, At. A visual izat ion of how At was def ined is 
shown in Fig. 3 c a n d f .  

T h e  pene t ra t ion  delay was shor tes t  for  K § 
(about  25 s) for bo th  cell types.  I t  was in termedi-  
a te  for CI- (about  40 s for H T h - 7  and  50 s for U -  
] 1 8  M G )  and  longest  for  C a  2§ l a b o u t  55  s for 
H T h - 7  and  abou t  90 s for U-118 M G L  T h e  At 
values for the  three  ions in bo th  the  spheroid  types 
are shown in F i g .  4 .  I t  can  be  seen t ha t  the  differ- 
ence between the  At values  for the three  ions is 
somewha t  smaller  for H T h - 7  t han  for U-118 M G  
spheroids .  

After  the  measurement s ,  mos t  of the spheroids  
were incuba ted  in [3H]thymidine for 1 h. These  
spheroids  were sect ioned and  s tudied by l ight  
microscopy.  I t  was impossible  to see any  t race  of 
the  electrode in the  sections lFig.  1). D u r i n g  the  
t ime in [3H]thymidine med ium,  the  t race  prob-  
ably d isappeared .  Thus ,  the  inser t ion of the  elec- 
t rode did not  cause any  severe mechan ica l  
damage .  These  observa t ions  are in accordance  
wi th  earl ier  observa t ions  (14L In au to rad iog rams  
of the  spheroid  sections it was seen t h a t  a n o r m a l  
n u m b e r  of prol i ferat ive cells existed in the  
spheroids  af ter  the  microelect rode measu remen t s .  

T h e  resul ts  of the  de te rmina t ion  of the  volu- 
met r ic  f rac t ion  of extracel lular  space in the 
spheroids  fi.e. t he  volume not  consis t ing of cells in 
re la t ion  to the  to ta l  spheroid  volume)  are  shown in 
Fig. 5. T h e  f ract ion of extracel lu lar  space was 
h igher  in the  thyro id  cancer  spheroids  t h a n  in the  
g l ioma spheroids .  Th i s  was especially t rue  in the  
per iphera l  regions.  

D ISCUSSION 

T h e  resul ts  presented were based  on several  
i ndependen t  measu r em en t s  for each combina t ion  

of ion a n d  spheroid  type. The  var ia t ions  wi th in  a 
g roup  of m e a s u r e m e n t s  were small ,  c o m p a r e d  
wi th  the  differences ob ta ined  be tween  the  groups .  
T h e  smal l  va r ia t ions  in the  slopes a n d  shapes  of 
ind iv idua l  curves  t h a t  were ob ta ined  m i g h t  have  
been  due  to i r regular i t ies  in the  flow p a t t e r n  in the  
perfus ion chamber .  
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FIG. 4. Penetration delays, At, for the three ion types 

in the spheroids. Mean values -+ SD iSE also indicated) 
of At are given for the ions K + lround symbolsL C1- 
(squaresL and Ca z~ (triangles} in U-I18 MG spheroids 
~open symbols) and HTh-7 (solid symbols). Each value 
is based on five to seven experiments. The difference be- 
tween the mean values for C1- and K + is significant on 
the 1% level for U-118 MG and on the 10% level for 
HTh 7. The difference between the mean values for Ca 2§ 
and CI is significant on the 10% level for U-118 MG 
and on the 5% level for HTh 7. The difference between 
the two mean values for K ~ is not significant on the 10% 
level, nor is the difference between the two mean values 
for CI . The difference between the two mean values for 
Ca 2§ however, is significant on the 10% level. The sig- 
nificance tests were performed using the t-distribution. 
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If the Einstein-Smoluchowski equation, 
x 2 = 2 D t  (where x = mean diffusion length, D --- 
diffusion constant and t = time) is used (19), an 
approximate calculation of the diffusion time of 
the ions into the central parts of the spheroids can 
be made. The diffusion coefficients of Ca 2§ and 
CI- in a dilute solution of CaC6 are about 
0.8 x 10 -5 and 1.9 x 10 -s cm~/s, respectively 
(20). According to the molecular weight the dif- 
f u s ion  c o e f f i c i e n t  s h o u l d  be a b o u t  
1.3 x 10 -5 cm2/s for all three ions. It  can be as- 
sumed that the diffusion coefficient in the system 
used in this study was in the range between 
0.7 x 10 -5 and 2.0 x 10 -5 cm2/s for all ions 
studied. Then, calculations according to the equa- 
tion above give penetration times of between 
25s  (D -= 2.0 x 10 -5 cm2/s) and 75s  (D = 
0.7 x 10 -5 cm2/s) to the central parts, assuming a 
mean radius of 325/~m. All the At values pre- 
sented in Fig. 4 are within the range of the calcu- 
lated diffusion times. It  seems reasonable that the 
Ca 2§ ions should have a slower diffusion than the 
others, because they have a double charge and 
thereby interact more efficiently with charges on 
cell surfaces and extracellular matrix com- 
ponents. Such interactions have been studied pre- 

viously for Ca z+ in other systems (4,21). The 
double charge also leads to Ca 2§ organizing more 
water molecules around it. I t  is difficult to specu- 
late about why K § seems to have a faster diffusion 
than CI-. It  is reasonable to believe that this has 
to do with differences in the interaction with 
charged or polar components. In summary it 
seems that the main mechanism for the penetra- 
tion of K § CI-, and Ca 2§ ions is free diffusion 
through the extracellular spaces. Charged and 
polar groups at the cell surfaces or in the extra- 
cellular matrix do not prevent ion diffusion. 
Charge interactions can at most cause a few 
seconds delay. 

There are different possibilities for a substance 
to reach the central parts of a spheroid. Some sub- 
stances might diffuse through the cell membrane, 
the cytoplasm, and the extracellular spaces. Other 
substances might diffuse only through the extra- 
cellular spaces. The substances may interact with 
the plasma membranes or other cell organelles, 
giving a slow penetration. Phenomena such as 
active or passive transport through the mem- 
branes may also alter the penetration pattern. 
The hydrophobic interior of the cell membranes 
should present a diffusion barrier for ions. There 
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FIG. 5. Volumetric fractions of the extracellular spaces as a function of depth in human glioma U- 
118 MG (solid circles and continuous linel and human thyroid cancer HTh-7 (open circles and dashed 
line) spheroids. Error bars indicate SD of at least 12 repeated measurements. 
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are, however,  possibilities for ions to penetrate  the 
cell membranes  by ATP-dependen t  t ransport  
(22,23) or  by ion channels (23,24). 

The  diffusion seemed to be slower in the U- 
118 M G  spheroids than in the HTh-7  spheroids, 
especially for Ca ~§ This  is in accordance with the 
results showing that  the U-118 M G  spheroids 
have a denser structure with less extracellular 
space than the HTh-7  spheroids (Fig. 5). This  
correlation indicates that  microelectrode measure- 
ments of ion penetrat ion might  be used to investi- 
gate changes in the extracellular space caused by 
different treatments,  such as drug treatment ,  
radiation, hyper thermia,  hypoxia,  et cetera. 

This  study has presented a new application of 
microelectrode measurements ,  n ic roe lec t rodes  
have been used previously to measure membrane  
potentials,  intracellular ion activities (25), and 
oxygen gradients (26,27) in cellular spheroids. 
The  penetrat ion of substances through poorly 
vascularized tissue has been studied before by 
histological and autoradiographical  techniques 
(1,2). In the future, it is possible that  microelec- 
trodes sensitive to interesting substances, such as 
different nutrients and drugs, may be developed 
(enzyme electrodes). The  methods described in 
this work can then be used to study the penetra- 
tion properties of these substances in an easy and 
reproducible way. 
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