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Abstract. The possibility of a pressure monitoring system by differen-
tial pressure sensors to detect contaminant effects on cellular cultures
metabolic activity is discussed using Saccharomyces cerevisiae, lym-
phocyte, and AHH1 cell cultures. Metabolic (aerobic and anaerobic)
processes in cells are accompanied by CO2 production that induces
changes in pressure values when cells are cultured in sealed vessels.
These values are subsequently converted in voltage units and plotted
pressure dynamics versus time. This procedure leads to a standard
curve, typical of the cellular line, which characterizes cellular me-
tabolism when all parameters are controlled, such as temperature and
nutrients. Different phases appear in the S. cerevisiae differential pres-
sure curve: an initial growth up to a maximum, followed by a decre-
ment that leads to a typical ‘‘depression’’ (pressure values inside the
test-tubes are lower than the initial one) after about 35 h from the
beginning. The S. cerevisiae differential pressure curve is successfully
used to test the effects of chemical (Amuchina®, trieline) and physical
(UV radiation, blue light, magnetic fields) contaminants. The same
technique is applied to lymphocytes and AHH1 cultures to investigate
the effects generated by a 72-h exposure to a 50-Hz, 60-mT electro-
magnetic field. Lymphocyte samples, cultured in a PHA medium,
grow less than control ones, but exhibit a greater metabolic activity:
changes in the exposure system configuration influence neither
sample growth differences nor metabolic response variations between
control and irradiated samples, while all the other irradiation param-
eters remain constant. Control and irradiated lymphocyte samples,
without PHA in culture medium, show the same behavior both during
irradiation and metabolic test. AHH1 control and irradiated samples
show no difference both in growth percentage during irradiation and
in metabolic activity. Different cell cultures respond to the same
stimulus in different manners. © 2004 Society of Photo-Optical Instrumentation En-
gineers. [DOI: 10.1117/1.1782591]
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1 Introduction
A pressure monitoring system, based on differential pressur
sensors, was designed to detect contaminant effects on th
metabolic activity of cell cultures~thus moving in the field of
environmental toxicology!, as well as the possible effects of
an electromagnetic field1–15 ~that have long been the object of
scientific debate!. It is an evolution of Hayduck’s low-scale
manometers and satisfies the necessity of a fast and noninv
sive metabolism monitoring technique.16 Cell number reduc-
tions or metabolic alterations that derive from contaminants o
a chemical or physical nature can be traced by variations i
cell cultures capability to produceCO2 . Moreover, this tech-
nique can be easily complemented by other effective diagnos
tic techniques such as mass spectrometry for the vessel atm
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sphere and Fourier transform IR~FTIR! spectroscopy both for
atmosphere~gas phase! and cell suspending medium~liquid
phase!.

Our investigation method gives the overall picture of b
havior of a cellular culture by measuring pressure variatio
in a test tube; the pressure changes because cells produceCO2

by glucose consumption. The experimental setup is show
Fig. 1. Measures are obtained strictly by differential press
sensors connected to closed sample tubes; pressure da
acquired by an acquisition board connected to a computer
give a standard curve~pressure variation versus time!, typical
of the cellular line, connected to cellular metabolism. T
curve is characterized by different phases: an initial growth
to a maximum, followed by a decrement that leads to a typ
‘‘depression.’’ This is a novel result that was presented a
discussed in detail in Refs. 17 and 18. Experiments are car
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Fig. 1 Experimental setup.
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out with test tubes in thermostatic baths so that samples tem
perature is maintained constant and in presence of suspensi
medium control vessels to give constant monitoring of pres
sure baseline. The differential pressure monitoring techniqu
was been performed on different cell types:Saccharomyces
cerevisiae, lymphocytes, and AHH1 culture samples. We used
S. cerevisiaeboth because this unicellular eucariote is a good
and cheap model for complex biological problems and be
cause yeast is the most important microbial group scientifi
cally and commercially used. Lymphocytes are a common
cellular model because they are well-characterized cells as fa
as culture conditions and growth factor requirements are con
cerned. They are relatively easy to obtain in an amount suffi
cient to run complex experiments and can easily undergo pu
rification. A lymphocyte is usually obtained as a resting cell
from peripheral blood, but it can be induced to enter the cel
cycle, thus mimicking a naturally occurring activation pro-
cess. Moreover the lymphocyte is suitable to study receptor
ligand interactions and ion fluxes across the cellular mem
brane: phenomena affected by~electromagnetic field! ~EMF!
effects. AHH1 cells, B-lymphocytes immortalized by Epstein
Barr virus, were used to detect EMF effects on virus activity.
Saccharomyces cerevisiaecell samples were used both to test
pressure monitoring technique and detect the effect of phys
cal ~UV, blue light, magnetic fields! or chemicals
~Amuchina®, trieline! contaminants, while lymphocytes and
AHH1 samples were used to analyze both the growth and th
Journal of B
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metabolic responses under 50-Hz, 60-mT magnetic field ex-
posure. The pressure monitoring technique can be compl
with nuclear magnetic resonance~NMR! and near-IR analy-
ses, which are useful to detect variation in culture medi
composition. Possible effects of EMF interactions, and in p
ticular human exposition effects to extremely low frequen
magnetic fields~ELF-EMFs!, generated by electricity distri
bution and use, is a subject of public interest. Many stud
both in vivo and in vitro, have been conducted to detect po
sible effects of EMF exposure on human health,1–14 even
though the results obtained have often shown contradictio
difficulties of interpretation, and low reproducibility.15

2 Materials and Methods
2.1 Saccharomyces Cerevisiae

2.1.1 UV radiation
We resuspended 80 mg of dehydratedS. cerevisiaeyeast cells
~Aboca! in 40 ml of deionized water. To minimize the forma
tion of cell clusters, the cell suspension was aspirated w
insulin needles into sterile syringe for 10 times 2 ml of 0.2
S. cerevisiaecell suspension have been transferred in a P
dish: cells, disposed in a monolayer, were irradiated with
UV light lamp for 2 to 12 min. Samples were placed at
distance of 55 cm from the center of the lamp. During irr
diation, the experimental environment is characterized by
solute darkness. Yeast cells were then resuspended in 2%a D
glucose solution obtaining 4 ml of 0.1% yeast culture that h
been used for metabolic tests. TheS. cerevisiaecontrol
samples were transferred in Petri dishes and resuspended
ml 2% a D glucose solution as irradiated samples, but w
kept in darkness for the same time used to irradiate samp

2.1.2 Blue light
Saccharomyces cerevisiaesamples were irradiated following
the same method used for UV irradiation.

2.1.3 Magnetic field
The 0.2%S. cerevisiaeyeast cell suspension was divided
two subcultures: the former has been exposed to a magn
field ~50 Hz, 60mT, in which coils were divided by a distanc
equal to their diameter! for 72 h, while the latter, the contro
culture, was not irradiated. After irradiation, 4 ml of eac
culture, collected in vessels and resuspended in 2%a D glu-
cose minimum medium, were used for metabolic measu
ments in sealed bottles connected to a differential press
digital sensor system.

2.1.4 Amuchine
We used 4 mlS. cerevisiaesamples with cells number/ml
progressively decreasing~0.2 to 0.025%! to test Amuchine
pollution ~disinfection! effects. Both control and polluted
yeast cultures were incubated in the usual minimum med
with 2% a D glucose concentration.

2.2 Lymphocytes
We obtained 12 ml of peripheral blood from healthy volu
teers and collected it in heparinated tubes. Mononuclear c
were isolated by Histopaque-1077~Sigma Diagnostic, Milan,
Italy! and resuspended in 2 tissue culture flasks~irradiated
iomedical Optics d September/October 2004 d Vol. 9 No. 5 1075
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Milani et al.
and control! using 10 ml of RPMI 1640 medium with 15%
fetal bovine serum~HyClone, Logan, Utah, USA!, glutam-
mine 1% and penicillin 1%. An aliquot of 400ml for each
flask was counted, using both a Burker camera and a Coulte
STKS, and cell numbers per microliter was recorded. Then
both suspensions was incubated in a 5%CO2 incubator at
37 °C and the irradiated culture was exposed to EMF. The
irradiation system was maintained in the incubator. After 72 h
both control and irradiated cell cultures were counted as pre
viously described. We used 4 ml of cell suspensions~irradi-
ated and control!, with replicas, for metabolic measurements
in sealed bottles connected to a differential pressure sens
digital system. Cell number per microliter in the control and
irradiated samples was determined at the end of metabolic te
to check for culture growth. Control and irradiated lympho-
cyte growth, during both irradiation and metabolic test, were
compared to data obtained in previous experiments16–18 in
which control and irradiated samples had been cultured in
PHA medium~0.6 ml!.

2.3 AHH1 Cellular Line
AHH1 cells, B-lymphocytes immortalized by Epstein Barr vi-
rus, have been described as linfoblastoid and characterized b
a large cytoplasm necessary to sustain an intense trascri
tional activity.19–23 AHH1 cells are characterized by a cell
division cycle of 20 to 30 h and, in culture, make clusters, but
do not stick to the flask’s plastic walls. The virus genome,
formed by a great number of episomes~up to some hundreds!,
remain in a latent form. Magnetic field exposures of Epstein
Barr immortalized cell lines have been studied to detect a
possible increase of the litic form as consequence of irradia
tion effects.24 Possible cells number reduction can be detected
both by differences in control and irradiated AHH1 samples
growth percentages and with metabolic tests. AHH1 culture
have been prepared starting from frozen samples containin
53106 cells in a culture medium made of RPMI 1640, fetal
bovine serum 10%, glutammine 1%, and DMSO 10%. De-
frosted AHH1 cells were used to prepare maintenance ce
cultures with a cellular concentration of 300 cells/ml kept into
a 5%CO2 incubator at37 °C. The exhausted culture medium
was replaced every 48 h. A cell culture sample was transferre
in a new flask containing 5 ml of fresh culture medium~made
of RPMI 10%, fetal bovine serum 10%, glutammine 1%!
maintaining a cell concentration of 300 cells/ml.

AHH1 culture samples, coming from the same mainte-
nance culture, were used to prepare two subcultures~200
cells/ml!: the former was exposed to a magnetic field(2r , 50
Hz, 60mT! for 72 h, while the latter, the control culture, was
not irradiated. After 72 h, an aliquot of 400ml for each flask
was counted, using both a Burker camera and a Coulte
STKS, and cell numbers per microleter was registered. W
used 4 ml of cell suspensions~irradiated and control! for
metabolic tests.

2.3.1 Magnetic field sources
The exposure system consists in a pair of coils of abou
140-mm diameter, in axial disposition, placed in two different
configurations: in the first one with coils are separated by a
distance equal to their diameter(2r field! and in the second
one coils are placed in Helmoltz configuration: the distance is
1076 Journal of Biomedical Optics d September/October 2004 d Vol. 9
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equal to their radius~r field!. In both configurations, the ex
posure system generates a linearly polarized, 50-Hz, 60mT
magnetic field: magnetic induction~peak value! ranges from
60 mT at the center to 58mT at radial position corresponding
to the outer edge of the flasks. In averaged irradiation, fie
can be therefore considered reasonably constant in all the
occupied by cell cultures. Magnetic field measurement w
performed using a calibrated ELF magnetic field detector
frequencies25 lower than 100 Hz.Saccharomycesand AHH1
samples were irradiated with a2r , 50 Hz, 60mT, while lym-
phocytes samples were irradiated with the magnetic field
both configurations. Using an inductive exposure syst
~coils!, the primary component is the magnetic field. If such
field is static, no electric field will be present, however,
magnetic field varies with time, an induced electric field
produced according to Faraday’s law of induction. Anoth
important physical issue is the control of thermal effects d
to presence of electromagnetic field. Extremely low frequen
electromagnetic fields~ELF-EMF! at the intensity used in
most experiments, do not produce any appreciable ther
effect on the biological system as a result of the Jo
effect.26–28

2.3.2 UV and blue light sources

UV irradiation. Cells, disposed in a monolayer, were
irradiated with an UV light lamp (l5253 nm)
for 2 to 12 min. Samples were placed at a distance of
55 cm from the center of the lamp.

Blue light irradiation. Yeast cells were irradiated with a
75-W Fotolight Krugg lamp, with a maximum
wavelength emission at 480 nm, for 20 to 120 s at a
distance of 4 cm from the lamp metal point.

2.4 Metabolic Measurements
Irradiated and control samples were introduced in sea
bottles and the increase of pressure in the sealed vessel, d
CO2 production, was measured by differential pressure s
sors ~Miteco AM5305DV and Motorola MPX2010GP!, re-
cording pressure differences as voltage changes:1 mV
52.024 mbar~Miteco! and1 mV52.182 mbar~Motorola!. A
thermostatic bath maintains a uniform temperature dur
data acquisition:33 °C for S. cerevisiaesamples and37 °C
for both lymphocytes and AHH1 culture samples. Press
data were saved on a computer by means of an acquis
board and then plotted by suitable software.16–18 Both yeast,
lymphocytes and AHH1 samples yield differential pressu
curves ~Figs. 2–5!. The spikes shown in Figs. 4 and 5 a
artefacts due to sudden changes in laboratory atmosphere
are differently recorded by the set of sensors. Different c
cultures do not show the same differential pressure curve

Figure 2 shows the differential pressure curve for an av
age of 12 samples of 0.2%S. cerevisiaegrown in a a D
glucose 2% minimum medium, whose shape, starting slo
and maximum are used to detect physical and chemical c
tamination. A biochemical interpretation of differential pre
sure curve was used to identify five phases~Fig. 3!:

1. 0 to 5 h: the presence of a Crabtree effect enables o
the fermentative pathway
No. 5
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Fig. 2 Differential pressure curve average of 12 samples of 0.2% S.
cerevisiae in a D glucose 2% minimum medium.
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2. 5 to 15 h: slowing down of fermentative pathway and
start of oxidative respiration; presence of a Pasteur ef
fect

3. 15 to 30 h: disappearance of Crabtree effect~13 h!:
increase in oxidative respiration and oxygen consump
tion; complete consumption ofa D glucose.

4. 30 to 50 h: ethanol used as energy and carbon source b
oxidative respiration; depression phase

5. 50 to 80 h:S. cerevisiaecells use cytoplasmic reserves
of glycogen, with both fermentative and oxidative path-
ways, and finally trehalose.
ion
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y

Usually whena D glucose is given to cell suspension, after
h they follow the same metabolic curve: a slight reduction
starting slope and the curve maximum can be ascribed
variations both in cell vitality. A control test on cell numbe
dynamics shows that no relevant alteration in cell numbe
present. Contaminants of chemical or physical nature can
fect the different phases ofa D glucose metabolism, inducing
alteration both in shape, starting slope, and curve maximu

3 Results
3.1 Saccharomyces Cerevisiae

3.1.1 UV radiation
Figures 6 and 7 show the differential pressure curves yiel
by 0.1%S. cerevisiaesamples, growth in aa D glucose 2%
minimum medium, after a progressively increasing irradiat
time.

Fig. 4 Differential pressure curve yielded by a lymphocyte sample in
a PHA medium.
Fig. 3 Different metabolic phases in the differential pressure curve S.
cerevisiae samples growth on minimum medium (a D glucose 2%) as
reported in Fig. 2.
 Fig. 5 Differential pressure curve average for AHH1 samples.
iomedical Optics d September/October 2004 d Vol. 9 No. 5 1077
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Fig. 6 Differential pressure curves yielded by 0.1% S. cerevisiae
samples after 2 to 12 min exposure to UV light.
s

3.1.2 Blue light
Figure 8 shows the differential pressure curves yielded by
0.1% S. cerevisiaesamples, growth in aa D glucose 2%
minimum medium, after a progressively increasing exposition
to blue light ~20-40-120 s!.

3.1.3 Magnetic field
The differential pressure curve~Fig. 2! can be used as a pat-
tern in the study of magnetic field effects. Figure 9 shows a
differential pressure curve for an average of six sample
yielded by 0.2%S. cerevisiaesamples irradiated for 72 h with
a 2r , 50-Hz, 60-mT magnetic field.
1078 Journal of Biomedical Optics d September/October 2004 d Vol. 9
Fig. 8 Averages of the differential pressure curves yielded by 0.1% S.
cerevisiae samples after 20-40-120 s blue light irradiation. Plot (b)
shows a particular of plot (a).
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Fig. 7 Differential pressure curves yielded by 0.1% S. cerevisiae
samples after 14 to 18 min exposure to UV light.
3.1.4 Amuchine
Table 1 reports differential pressure curve maximums for b
control samples and experimental samples containing grow
percentages of Amuchine.

Data reported in Table 1 are related to four different cel
lar concentrations: when cell numbers per microliter d
creases, differences in differential pressure curves morp
ogy, caused by the low concentration of the pollution fact
can be observed. The same differences are not seen u
higher cellular concentrations. Figure 10 shows the variati
of differential pressure curve maximums when different c
lular concentrations are used with the same Amuchine c
centration. Differential pressure technique can be used
identify CO2 production, and indirectly metabolic activity, o
small culture samples. In Fig. 11 the differential pressu
curves are related to a sample of only 1000 cells. In s
No. 5
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Fig. 9 Effects of 2r, 50-Hz, 60-mT magnetic field on the S. cerevisiae
0.2% differential pressure curve.
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cases, large culture volumes must be used~100 ml!.

3.2 Lymphocyte Cells
Many authors29–31 report that the exposure of cultured lym-
phocytes to an EMF does not modify the spontaneous prolif
eration rate(@3H# thymidine incorporation!. When mitogens,
usually phytohemoagglutinin~PHA!, are added, lymphocytes
enter cell cycle and proliferate. One major reproducible find-
ing from our laboratories is that the exposure to pulsed EMF
~PEMF! is able to increase the number of proliferating cells.
Table 2 reports cell number per microliter values for both
irradiated and control cultures at the beginning and after 72
irradiation with anr , 50-Hz, 60-mT magnetic field. Both cul-
tures, grown in a culture medium without PHA, show nega-
tive values of growth percent.

Figure 12 shows the differential pressure curves yielded b
two control and two irradiated lymphocytes samples, coming

Table 1 Fluctuations of differential pressure curves maximum due to
Amuchine percentage concentration increase.

Amuchine %
Concentration

Curve Maximum

Yeast
0.2%

Yeast
0.1%

Yeast
0.05%

Yeast
0.025%

0 39.12 15.06 7.09 5.86

0.0625 — — — 2.5

0.125 38.16 — 7.94 1

0.25 37.03 15.06 4.15 —

0.5 31.08 9.71 — 0

1 0.93 2.78 0 —

1.5 0 0 — —
Journal of B
from the same donor, grown in a culture medium witho
PHA. Metabolic pressure curves were obtained by subtrac
the culture’s pressure data due toCO2 production for both
experimental environment’s atmospheric pressure variati
and pressure variations due to culture medium. Figure
shows the average of control and irradiated differential pr
sure curves yielded by lymphocyte samples resuspended
culture medium without PHA after 72 h irradiation with
50-Hz, 60-mT magnetic field in the Helmoltz configuration
The cell count values of control and irradiated lymphocy
samples when exposure system is used in a2r configuration
and culture medium is without PHA are reported in Table

Fig. 10 Variations in the morphology of 0.1 and 0.05% S. cerevisiae
differential pressure curves when culture medium contains 0.25%
Amuchine.

Fig. 11 Effects of 0.005% Amuchine (50 ppm) on the differential pres-
sure curve yielded by a sample of only 1000 cells.
iomedical Optics d September/October 2004 d Vol. 9 No. 5 1079
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Control and irradiated differential pressure curves yielded
by lymphocyte samples resuspended in culture medium with
out PHA, when magnetic field is used in a2r configuration
are shown in Figs. 14 and 15.

Fluctuations in cell number per microliter in control and
irradiated samples during metabolic test can be seen in Tab
4. The averages of the differences between irradiated and co
trol lymphocyte samples growth percentage~I1-C1%, I2-
C2%, etc.! in both configurations are shown.

3.3 AHH1 Cellular Line
Figure 16 shows the differential pressure curves yielded b
the AHH1 control and irradiated samples and Fig. 17 shows
the averages of the differential pressure curves yielded by
control and 3 irradiated AHH1 samples. Table 5 reports cel
number per microliter values of both irradiated and control
AHH1 cellular line cultures after 72 h irradiation with a2r ,
50-Hz, 60-mT magnetic field. Both cultures at time 0 h have
200 cells/ml.

The appendix shows an IR qualitative analysis of contro
and irradiated culture mediums.

Table 2 Cell count values at the beginning and after 72 h irradiation
with an r, 50-Hz, 60-mT magnetic field when lymphocytes are resus-
pended in a culture medium in which PHA is absent.

Case

Time 0 h Time 72 h Growth %

I–C%Contr. Irrad. Contr. Irrad. Contr. Irrad.

1 724 704 610 690 215.7 21.99 13.7

2 490 484 423 463 213.7 24.4 9.3

3 564 590 526 551 26.7 26.6 0.1

4 820 852 588 576 228.3 232.4 24.1

5 1248 1168 900 840 227.9 228.1 20.2

6 632 630 572 600 29.5 24.8 4.7

7 980 988 864 776 211.8 221.5 29.7

8 980 975 848 984 213.5 1 14.5

9 650 700 708 684 8.9 22.3 211.2

10 520 500 490 450 25.8 210 24.2

11 840 830 759 796 29.6 24.1 5.5

12 505 492 470 510 26.9 3.7 10.6

13 853 860 776 775 29 29.9 20.9

14 464 420 348 324 225 222.9 2.1

15 532 536 372 372 230.1 230.6 20.5

16 688 648 456 476 233.7 226.5 7.2
1080 Journal of Biomedical Optics d September/October 2004 d Vol. 9
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4 Discussion
4.1 Saccharomyces Cerevisiae
Effects of electromagnetic fields on microorganisms ha
bond been noted.28–34 Since then, a number of studies with
variety of different devices for generating magnetic fiel
have indicated the effects on growth of bacteria, yeasts,
protozoa either stimulatory or inhibitory.35–38

Fig. 12 Differential pressure curves produced by control samples
(dashed curve) and irradiated samples (solid curve) in case 3 of Table
2. Medium without PHA, r configuration.

Fig. 13 Average of 12 control samples grown in a culture medium
that does not contain PHA (solid curve) and average of 12 irradiated
samples (dashed curve) for a medium without PHA in the r configu-
ration.
No. 5
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4.1.1 UV radiation
Figures 6 and 7 show a progressive reduction of both differ
ential pressure curves starting slope and curve maximum

Table 3 Cell count values (cell number per microliter) at the begin-
ning and after 72 h irradiation with a 2r, 50-Hz, 60-mT magnetic field
when the growing medium does not contain PHA.

Case

Time 0 h Time 72 h Growth %

I–C%Contr. Irrad. Contr. Irrad. Contr. Irrad.

1 775 795 640 600 217.4 224.5 27.1

2 620 600 532 520 214.2 213.3 0.9

3 880 860 710 707 219.3 217.8 1.5

4 970 944 902.5 796 26.9 215.7 28.8

5 827 860 747 800 29.7 27 2.7

6 336 348 332 316 21.2 29.2 28

7 736 724 604 568 217.9 221.5 23.6

8 468 462 468 452 0 22.2 22.2

9 600 580 560 544 26.7 26.2 0.5

10 846 830 748 700 211.6 215.7 24.1

11 832 832 852 792 2.4 24.8 27.2

12 880 836 628 640 228.6 223.4 5.2

13 540 568 424 412 221.5 227.5 26

14 928 880 596 596 235.8 232.3 3.5

15 783 757 668 644 214.7 214.9 20.2
tiv-

ted
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when irradiation time increases. The same behavior, both
curve maximum and of the starting slope, has been obse
in differential pressure curves yielded byS. cerevisiae
samples with progressively decreasing cellular concentrati
A reduction of differential pressure curve starting slopes,
served in irradiated samples when compared with con
ones, can be explained by a smaller number of metabolic
active cells.

Figure 18, obtained from maximum curve values, sho
curve maximum reductions when UV irradiation time in
creases. Although maximum reductions seem follow a cur
this is a linear function~coefficient of linear correlationr
520.97 with P.99.5% being part of a straight line!. A
further indication of progressive decrease of metabolic ac
ity when UV irradiation time increases is given bya D glu-
cose concentration analysis in culture medium of irradia
samples when the metabolic test stops~Fig. 19!. The a D
glucose concentration in culture medium increases when i
diation time increases: when cell numbers decrease, the
ture’s ability to use glucose is reduced.

4.1.2 Blue light
Differential pressure curves shown in Fig. 8 are characteri
by the same starting slope and, excluding the curve m
mum, by a similar behavior during the metabolic test. There

Fig. 15 Average of four control samples grown in a culture medium
without PHA (solid curve) and average of four irradiated samples
grown in a culture medium without PHA (dashed curve) with the 2r
configuration.
Fig. 14 Differential pressure curves produced by control samples
(dashed curve) and irradiated samples (solid curve) in case 2 of Table
3. Both samples are grown in a culture medium without PHA in the 2r
configuration.
Table 4 Averages of the differences in growth percentage between
irradiated and control samples during metabolic test after a 72 h ex-
posure to a 50-Hz, 60-mT magnetic field.

Growth % Difference I1-C1 I2-C2 I1-C2 I2-C1

r configuration 2764 265 262 2364

2r configuration 263 669 8610 368
iomedical Optics d September/October 2004 d Vol. 9 No. 5 1081
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Fig. 16 Differential pressure curves yielded by an AHH1 control
sample (dashed curve) and by an AHH1 irradiated sample (solid
curve).
r

p

no liner correlation between irradiation time and curve maxi-
mum. Error bars shown in Fig. 8 are not statistically signifi-
cant, but the low number of samples~seven or eight! cannot
exclude that increasing the number of irradiated samples fo
both the irradiated and control differential pressure curves laid
one upon the others. If really present, cell damage as a con
sequence of culture exposure to blue light are light.

4.1.3 Magnetic field
A 2r , 50-Hz, 60-mT magnetic field exposure does not yield
macroscopic variations ina D glucose catabolism~Fig. 9!.
Both fermentative, oxidative processes, and ethanol consum
tion are unchanged.
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4.1.4 Amuchine
Differential pressure curves maximum fluctuation reported
Table 1, due to Amuchine percentage concentration incre
were used to create plots correlating maximum fluctuatio
with pollution factor increase. Different cellular concentr
tions show different curves~Fig. 20!. As the figure shows,
when the Amuchine concentration is increased, the cu
maximum decrease is not a linear function. The curve’s m
phology, representing maximum fluctuation as a function
Amuchine percentage concentration, changes whenS. cerevi-
siaecell concentration decreases.

When cell number per microliter decreases, differences
differential pressure curve morphology, caused by low c
centrations of the pollution factor, can be observed. The sa
differences are not seen using high cellular concentratio
According to Amuchine technical sheet,39 a concentration of
0.005% Amuchine~50 ppm Amuchine/l water! can sterilize
water highly contaminated with 10.2 cells/ml bacteria. No
that 100 ml of S. cerevisiaeculture containing 1000 yeas
cells ~10.2 cells/ml!, a D glucose 2%, and 0.005% Amuchin
yielded a differential pressure curve, which does not sh
significant differences from the control curve. At this conce
tration, Amuchine does not sterilize aS. cerevisiaeculture
~Fig. 11!.

Table 5 AHH1 cell number per microliter in control and irradiated
samples after 72 h irradiation with a 2r, 50-Hz, 60-mT magnetic field.

Case

Time 72 h Growth %

I–C%Contr. Irrad. Contr. Irrad.

1 3130 2210 1465 1005 2460

2 3160 2970 1480 1385 295

3 2860 2850 1330 1325 25

4 2500 2510 1150 1155 5

5 3230 3240 1515 1520 5

6 3090 3150 1445 1475 30

7 2500 2600 1150 1200 50

8 2270 2990 1035 1395 360

9 2500 2720 1150 1260 110

10 2820 2630 1310 1215 295

11 1820 1800 810 800 210

12 1360 1790 580 795 215

13 2100 2000 950 900 250

14 2060 1820 930 810 2120

15 2050 1960 925 880 245

16 2270 2560 1035 1180 145

17 2280 2173 1040 987 254
Fig. 17 Differential pressure curve average of 3 AHH1 control
samples (solid curve) and 3 AHH1 irradiated samples (dashed curve).
No. 5
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Fig. 18 Curve maximum reduction during UV irradiation.
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4.2 Lymphocyte Cells
The exposure to EMFs in industrial countries has create
great concern. A number of sources of EMFs to which hu-
mans are exposed, for occupational reasons or because
electromagnetic pollution, is very high. Several epidemiologi-
cal studies indicate that EMF exposure may increase canc
incidence.40–42
Journal of B
of

r

These data are far from clear, as contradictory results h
been reported. In addition, PEMF have been introduc
recently into chemical practice for therapeutic purposes
very high magnetic fields are being used for diagnos
imaging. For these reasons, a careful investigation
possible genotoxic effects of EMFs is of fundamental imp
tance.
Fig. 19 Increase of a D glucose concentration during UV irradiation.
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Fig. 20 Curve maximum reduction when the Amuchine percentage is
increased.
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Tables 2 and 3 show that during irradiation, with anr or
2r 50-Hz, 60-mT magnetic field, both control and irradiated
cultures decrease when PHA is absent from the culture me
dium. Both cultures behave in the same manner: the averag
of the differences between irradiated and control lymphocyte
samples growth percentage is262% when the EMF is used
in Helmoltz configuration and2261 when used in the2r
configuration. The same results can be observed during met
bolic tests: in both configurations(r or 2r ), when PHA is
absent from the culture medium, control and irradiated
samples decrease and the average of the differences betwe
control and irradiated sample growth percentages is centere
on zero~Table 4!. A variation of the magnetic field’s configu-
ration (r to 2r ) does not seem to influence the behavior of
lymphocyte samples grown in absence of PHA.

Control and irradiated differential pressure curves overlap
There are no significant differences between the average o
the differential pressure curves yielded by irradiated sample
when exposed to EMF in both configurations~Fig. 21!. Inde-
pendently of magnetic field configuration, the irradiated
samples yield the same metabolic answer.

On the contrary, independent of exposure system configu
ration (r or 2r ), the absence of significant differences be-
tween the averages of control and irradiated differential pres
sure curves, the presence of negative values of growt
1084 Journal of Biomedical Optics d September/October 2004 d Vol. 9
-
e

-

en
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percentage during irradiation and positive values during me
bolic tests suggest a greater metabolic activity in irradia
samples if compared with control samples when PHA
present in the culture medium.

Tables 6 and 7 show the averages of control and irradia
lymphocytes samples growth percentage both during irra
tion and during metabolic tests when samples are irradia
with an r , 50-Hz, 60-mT magnetic field~Table 6! and with a
2r , 50-Hz, 60-mT magnetic field~Table 7!. Independently
from magnetic field configuration(r or 2r ) during irradiation
the growth percentage of both control and irradiated samp
cultured in a PHA medium, decrease more than that
samples grown in absence of PHA. During the metabolic
the situation reverses: the control and irradiated samp
grown in a PHA medium, show a growth percentage grea
than that of lymphocytes samples grown in absence of PH
The growth percentage shown by control and irradia
samples, both cultured in the presence and in the absence
PHA, shows similar values independent of exposure sys
configuration~Tables 6 and 7!. Data reported confirm the in
crease in proliferating cells number seen by Cadossi et al.43 as
increase in@3H# thymidine incorporation in lymphocytes
stimulated by PHA and irradiated with a pulsed elctroma

Fig. 21 Differential pressure curves (solid curve) average of 12
samples irradiated with a r, 50-Hz, 60-mT magnetic field and (dashed
curve) average of 8 irradiated samples with a 2r, 50-Hz, 60-mT mag-
netic field.
Table 6 Average of growth percentage shown by control and irradiated samples, grown both in the
presence and the absence of PHA, during irradiation (with an r, 50-Hz, 60-mT magnetic field) and during
metabolic test.

Irradiation Metabolic Test

C I C1 C2 I1 I2

With PHA 23465 24767 171625 169627 226637 209626

Without PHA 21563 21363 253610 25868 26066 256610
No. 5
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Table 7 Average of growth percentage shown by control and irradiated samples, grown both in the
presence and the absence of PHA, during irradiation (with a 2r, 50-Hz, 60-mT magnetic field) and during
metabolic test.

Average of Irradiation Average of Metabolic Test

C I C1 C2 I1 I2

With PHA 226610 23769 102646 105654 172671 174660

Without PHA 21463 21662 25463 25565 25264 24964
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in
netic field. EMF radiation exerts a modulatory effect on lym-
phocyte activation even if it is unable to trigger lymphocyte
entry into the cell cycle per se.

4.3 AHH1 Cellular Line
Control and irradiated AHH1 samples show the same behav
ior ~see Fig. 22!. The average of the differences between ir-
radiated and control AHH1 samples growth percentage is cen
tered on zero. The average of cell number per microliter in the
control samples is24716525 cells/m l and in irradiated
samples24696488 cells/m l. A x2 test confirmed the normal
distribution of both control and irradiated AHH1 cellular
populations~control samples:x250.89, P537%; irradiated
samples:x252.5, P511%).

The averages of the differential pressure curves yielded b
control and irradiated samples do not show significant differ-
ences~Fig. 17!. Irradiated samples originate pressure data
equal to control samples starting from the same cellular popu
lation. Both differential pressure curves and differences in
growth percentage seem to show the absence of differences
cell number per microliter between control and irradiated
AHH1 samples caused by an increase in the expression of th
Journal of B
-

-

n

e

litic form of Epstein Barr virus.24 Small differences in the
composition of the growing medium of control and irradiat
samples, after 72 h irradiation with a2r , 50-Hz, 60-mT mag-
netic field, can be observed with IR analyses, but the mean
is unknown~see Fig. 23!.

5 Conclusions and Perspectives
The metabolic curves ofS. cerevisiaecells provide a fast and
accurate probe for the detection of pollution factors of bo
chemical and physical nature. Summarizing the obtained
sults:S. cerevisiaecultures show both a curve maximum an
staring slope decrease when exposed to UV light and
Amuchine. Nothing can be said after an exposure to b
light. Magnetic field exposure ofS. cerevisiaecells does not
yield macroscopic variations ina D glucose catabolism. Irra
diated lymphocytes samples, cultured in a PHA mediu
grow less than control ones, but exhibit a greater metab
activity: changes in the exposure system configuration in
ence neither sample growth differences nor metabolic
sponse variations between control and irradiated samp
Control and irradiated lymphocyte samples, without PHA
Fig. 22 Normal distribution of control and irradiated AHH1 samples for (solid curve) control samples (in cell number per microliter) and (dashed
curve) irradiated samples (cell number per microliter).
iomedical Optics d September/October 2004 d Vol. 9 No. 5 1085
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Fig. 23 Differences in FTIR spectra shown by culture medium of AHH1 control (on the left) and irradiated samples (on the right).
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Contaminant effect on cellular metabolic differential . . .
the culture medium, show the same behavior during both ir
radiation and metabolic tests. Control and irradiated AHH1
samples show no difference in both growth percentage durin
irradiation and metabolic test. The proposed technique an
experimental setup provide good statistics for all the per
formed tests. The same cell culture exhibits completely differ-
ent responses to different investigation objectives as differen
chemical and physical consequences on living systems. Mag
netic field exposition effects depend on both culture condi-
tions ~culture medium, temperature! and cellular type used.
The pressure monitoring technique is fast, for a low time
scale, is relatively noninvasive, and of low cost. It can be used
for on site detection of chemical pollution and nuclear radia-
tion mapping.

The proposed simple model points to the following con-
clusions:

1. A normal living system, being in stable steady state,
does not change its state when exposed to electrica
perturbations of reasonable magnitude.

2. The same perturbations may move a system from
pathological to a normal state i.e., from the charged to
its reference state.

3. Very sensitive normal living systems in unstable steady
states may be affected by weak perturbations and ma
become shifted to pathological states.44

6 Appendix
An IR qualitative analysis was performed of control and irra-
diated culture mediums after a 72-h magnetic field exposure
Small differences in culture medium composition spectra are
present in the regions around 5000, 1700, and600 cm21.
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