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Analysis of Sodium Ion, Potassium Ion and
Monoethanolamine in Alkaline Cleaners by Capillary Electrophoresis

Kazuo Isama®, Masa-aki Kaniwa, Toshie Tsuchiva

Japanese law for the control of household products containing harmful substances provides the

volume of sodium hydroxide and potassium hydroxide in household cleaners with liquid form must not
exceed 5%. The alkali volume is determined by acid-base titration which is the legally authorized
method. The cleaner which contained monoethanolamine (MEA) in addition to sodium hydroxide is
marketed recently. The MEA is not regulated by the law, but it is notorious as skin sensitizer. It is
necessary to measure the concentration of MEA. Therefore, we applied capillary electrophoresis to the
simultaneous determination of sodium ion, potassium ion and MEA. We analyzed 7 commercial alkaline

cleaners, and sodium ion was detected from all products but potassium ion was not detected. Moreover.,
MEA was detected with concentration of 16.3 mg/ml from one product. Capillary electrophoresis is
useful for the simultaneous determination of sodium ion, potassium ion and MEA in alkaline cleaners.

Keywords: capillary electrophoresis, alkaline cleaner, sodium ion, potassium ion, monoethanolamine
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Table 1 Samples of alkaline cleaners and those quality labels
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Fig. 1 Electropherogram of the standard solution®
* The standard solution contained 25 zg/ml of Na', 25 ug/ml of
K* and 10 zg/ml of MEA.
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The alkaline cleaners were purchased at retail stores in Tokyo in 2006. The manufacturers of all samples were different.
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Fig. 3 Measurement precision profiles of Na*, K* and MEA®
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* The measurement precision profiles were made with TOCO version 2.0 by the signals and noise on the electropherograms of standard

solutions.

Table 2 Detection limits and determination limits of Na*, K* and MEA

Test chemical

Detection limit /zg-ml™

Determination limit /zg-ml™

Na’ 0.0810 0.2696
K’ 0.1844 06142
MEA 0.1267 0.4224

The detection limit and determination limit in the test solution were calculated with TOCO version 2.0 by the signals

and noise on the electropherograms of standard solutions.
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Fig. 4 Electropherograms of sample No. 6 and No.7 of alkaline cleaners

Table 3 Contents of Na*, K™ and MEA in alkaline cleaners

No. Concentration / mg-ml™
Na’ K’ MEA
1 128 ND* ND
2 15.0 ND ND
3 17.7 ND ND
4 283 ND ND
5 18.1 ND ND
6 35.0 ND ND
7 324 ND 16.3

Values are expressed as means at 1-3 times of measurement. * Not detected.
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Safety evaluation of surgical materials by cytotoxicity testing

Abstract The cytotoxicity of three kinds of commercially
available absorbable hemostats [oxidized cellulose (Surgi-
cel, gauze and cotton types), microfibrillar collagen
(Avitene), and cotton-type collagen (Integran)] and one
adhesion barrier [sodium hvaluronate and carboxymethyl-
cellulose membrane (Seprafilm)] were comparatively
assessed by a colony assay using V79 cells and a minimum
essential medium (MEM) elution assay in combination with
a neutral red assay using L929 cells. Strong cytotoxicity was
detected for Surgicel by both the MEM elution assay and the
colony assay. For Avitene, both methods revealed weak
cvtotoxicity. For Seprafilm, no cytotoxicity was detected by
the MEM elution assay, while a moderate degree of cytotox-
icity was observed in the colony assay. For Integran cytotox-
icity was not detected by either the MEM elution or the
colony assay. The results of the different methods showed
some inconsistency in terms of the degree of cytotoxicity of
the materials. It is proposed that the combination of two or
more sensitive cytotoxicity testing methods for the evalua-
tion of biomaterials is necessary to avoid false-negative
results for biomaterials at the preclinical stage. Further-
more, investigation of the correlation between the cytotox-
icitv and the extraction period of the surgical materials is
helpful for predicting the effect of prolonged in vivo use of
biomaterials on surrounding cells, tissues, and organs.

Key words Safety evaluation - MEM
elution assay - Colony assay

Surgical materials -

Introduction

Many types of biomaterials have been utilized in surgical
techniques and tissue engineering. Assessment of the cyto-
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toxicity based on several sensitive and quantitative cytotox-
icity testing methods is a necessary step in the evaluation of
biocompatibility of all biomaterials. In particular, it is an
important step in the safety evaluation of implants, absorb-
able biomaterials, and biomedical devices. At present,
although a number of cytotoxicity testing methods have
been developed and safety evaluations are being standard-
ized and described by various national and international
standardization institutes,"” there are still many reports
of problems caused by clinically utilized biomaterials.””
To avoid false-negative results, the safety of biomaterials
should be sufficiently assessed at the preclinical stage.

In the present study, we comparatively assessed the cyto-
toxicity of three kinds of commercially available absorbable
hemostats [oxidized regeneration cellulose (Surgicel, gauze
and cotton types), microfibrillar collagen (Avitene), and
cotton-type collagen (Integran)] and an adhesion barrier
[sodium hyaluronate and carboxymethylcellulose mem-
brane (Seprafilm)] by two different cytotoxicity testing
methods. These surgical materials have been widely utilized
in clinical applications; however, in reports by the US Food
and Drug Administration of clinical problems caused by
biomedical devices, Seprafilm, Surgicel, and Avitene were
reported to have been implicated in 226, 44, and 24 events,
respectively, in the period from January 1, 1996, to August
30, 2006." It was reported that inhibition of bone regenera-
tion, foreign-body reaction, inflammation reaction, and
abscess formation were caused by using these materials in
the clinical setting. Although the frequency of significant
adverse reactions was not clear, wound infection, abscessus,
peritonitis, and sepsis have also been reported."”

The MEM elution assay is commonly used for qualitative
evaluation of polymeric materials and has been widely used
as a standardized safety evaluation method in various
nations. To quantitatively assess the cytotoxicity of the
sample materials, the neutral red (NR) assay was combined
with the MEM elution assay. The colony assay cytotoxicity
testing method developed by Tsuchiya et al. is recognized
as a sensitive, quantitative, and reproducible cytotoxicity
testing method for medical devices.! The main feature of
the colony assay is the use of a few cells in the test, testing



the effect of biomaterials on the colony formation ability of
the cells, and the testing period is 1 week. This method can
obtain results similar to those of in vivo testing and can also
predict the effect of prolonged in vivo use of biomaterials.”
In contrast, the MEM elution assay in combination with the
NR assay uses a great number of cells to test the effect of
biomaterials on the survivability of cells, and the testing
period is 24 h.

The cytotoxicities of the three hemostats and one adhe-
sion barrier were assessed using these different testing
methods, and the experimental results will be discussed
comparatively. The main purpose of present study was not
only detection of the cytotoxicity of each sample, but also
investigation of the correlation between the cytotoxicity of
biomaterials and clinical problems, and finding a definitive
cytotoxicity testing methodology for biomaterials at the
preclinical stage.

Furthermore, to predict the prolonged in vivo effect of
these surgical materials on surrounding cells, tissues, or
organs, the relationship between the degree of cytotoxicity
and the extraction period used to prepare the sample for
the assay was evaluated by the colony assay cytotoxicity
testing method using V79 cells. The experimental results
were compared with those of the standard reference materi-
als evaluated by the same procedure.

Materials and methods

Three kinds of locally absorbable hemostats [oxidized
regeneration cellulose (Surgicel, gauze and cotton types),
microfibrillar collagen (Avitene), and cotton-type collagen
(Integran)] and one type of adhesion barrier [sodium hyal-
uronate and carboxymethylcellulose membrane (Sepra-
film)] were tested in this study. In addition, two kinds of
segmented polyurethane films containing 0.1% zinc dieth-
yldithiocarbamate (SRM-A) and .25% zinc dibutyldithio-
carbamate (SRM-B) were used as positive standard
reference materials, and a high-density polyethylene sheet
(SRM-C) (thickness about 0.5 mm) was used as the nega-
tive standard reference materials for colony assay. All
standard reference materials were kindly provided by
Hatano Research Institute, Food and Drug Safety Center
(Kanagawa, Japan).

Table 1. Biomaterials utilized to assess cytotoxicity
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Sample preparation

The product names, and ingredients of the tested materials
are summarized in Table 1. Several pieces of the sterile
sample were placed in a sterilized tube and culture medium
was added at a ratio of sample/medium of 6 cm*ml."” Eagle’s
MEM supplemented with 10% fetal calf serum (FCS) (10%
FCS-MEM) (MEM, Gibco, Grand Island, NY, USA) was
used for the MEM elution assay in combination with the
NR assay, and Eagle’s MEM supplemented with 5% FCS,
nonessential amino acids, and 1 mmol/l sodium pyruvate
(5% FCS-GMNP) was used for the colony assay method.
After incubation at 37°C in a saturated humidified atmo-
sphere of 5% CO, and 95% air for 1 day, the extract solu-
tion designated as 100% extract was separated by
centrifugation and decantation. The pH of the extract
medium solution was measured and the detailed results of
all samples are summarized in Table 1. The 100% extract
was serially diluted with the corresponding medium to give
50%, 25%, 12.5%, and 6.25% extract solutions. Extracts
showing acidity were neutralized with 1 M NaOH aqueous
solution to a pH value of 7.4 and the neutralized extracts
were also used in the assays.

Cytotoxicity test
MEM elution assay in combination with NR assay

In this study, the MEM elution was performed according to
USP XXII(87) Biological Reactivity Tests, in Vitro. Murine
fibroblast 1.929 cells were obtained from the Japanese
Health Science Research Resources Bank (Osaka, Japan)
and were grown in 10% FCS-MEM medium supplemented
with nonessential amino acids at 37°C in a saturated humid-
ified atmosphere of 5% CO, and 95% air.

1929 cells (5 x 10%) in 0.5 ml of 10% FCS-MEM were
seeded in each well of a 24-well plate and incubated at 37°C
in the saturated humidified atmosphere for 24 h. The
medium was replaced with or without serially diluted
extract. The cells were observed microscopically after 24-h
exposure to the extract.

NR is a vital dye that is actively endocytosed within
lysosomes of viable cells and provides an index of cell via-
bility. After the MEM elution assay, the cytotoxicity of the

Sample Form Material Extraction conditions
Surface area/medium (cm®/ml) Weight/medium (g/ml) pH

Surgicel Gauze type Oxidized cellulose 6 0.021 29+0.1

Cotton type 6 0.079 28101
Avitene Sheet Microfibrillar collagen 6 0.09 42+01
Integran Sheet Cotton type collagen 6 0.012 8401
Seprafilm Sheet Sodium hyaluronate and 6 0.029 68+01

carboxymethylcellulose

SRM-A Sheet Polyurethane (0.1% ZDEC) 6 0.12 72 ED1
SRM-B Sheet Polyurethane (0.5% ZDBC) 6 0.12 72+01
SRM-C Sheet Polyethylene 6 0.12 72201

SRM, standard reference material; ZDEC, zinc diethyldithiocarbamate; ZDBC, zinc dibutyldithiocarbamate
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serially diluted extract on the 1929 cells was quantitatively
assessed by measuring uptake and accumulation of NR by
the viable cells.

NR was dissolved in 10% FCS-MEM at a concentration
of 50 pg/ml and the fine dye crystals were removed by cen-
trifugation at 2000 xg for 10 min. After observation of the
MEM elution assay, the medium was replaced by 0.5 ml of
medium containing NR and incubation was continued for
3 h at 37°C. After washing away the excess NR solution
using phosphate buffered saline (PBS) (-) three times, the
cells were fixed with 0.5 ml of 1% formalin and 1% CaCl,
(v/v) and the dye was extracted by 0.5 ml/well of 1% acetic
acid in 50% (v/v) ethanol solution. Absorbance of the
obtained extract solution was recorded at 540 nm using a
uQuant microplate reader (Bio-tek, Winooski, VT, USA).

Colony assay

The colony assay using V79 cells followed the Japanese
Guidelines for Basic Biological Tests of Medical Materials
and Devices-Part I1I: Cytotoxicity Test. Chinese hamster
fibroblast V79 cells were obtained from the Japanese Cancer
Research Resources Bank (Tokyo, Japan) and were grown
in Eagle’'s MEM supplemented with 10% FCS at 37°Cin a
saturated humidified atmosphere of 5% CO, and 95% air.
Several pieces of the sterile samples were placed in a steril-
ized tube and Eagle's MEM supplemented with 5% FCS,
nonessential amino acids, and 1 mmol/l sodium pyruvate
(5% FCS-GMNP) was added so that the sample/medium
ratio was 6 cm’/ml. After incubation at 37°C in the humidi-
fied atmosphere for 1,7, and 14 days, the extract, designated
100% extract, was separated by centrifugation and
decantation.

A cell suspension (0.5 ml) with a concentration of 100
cell/ml was placed in each well of a 24-well plate and the
plate was incubated for 4 h. Then, the medium was replaced
with 0.5 ml of the serially diluted extract solution or the
medium without extract (as a control), and the cells were
cultured for 7 days. After the 7-day culture, the cells were
fixed with methanol and stained with 5% Giemsa staining
solution. The number of cell colonies in each well was
counted, and the relative colony forming rate was calcu-
lated as the ratio of the number of cell colonies in the
sample to that in the control. The cytotoxicity of the extracts
was quantitatively expressed as 1Cy, (%), which is the
extract concentration corresponding to the colony forming
rate of 50%.

Data presentation and statistical analysis

The viability index for the NR method was calculated as
follows: % sample viability = (A/B) x 100, where A is the
optical density of cells cultured with an extract (sample) and
B is the optical density of cells cultured without the extract
(as control). All values were obtained from three or four
sets of the same experiments and expressed as mean values
= SD. Differences among the groups were evaluated using

analysis of variance (ANOVA), and P < 0.05 was consid-
ered statistically significant.

Results

Figure 1 shows results of the MEM elution assay with and
without (as a control) the extract from Surgicel (gauze type,
Surgicel 1) (Fig. 1A,B) and quantitative assessment of Sur-
gicel 1 by the MEM elution assay combined with the NR
assay (Fig. 1C-J). As shown in Fig. 1A, more than 50% of
the cells in the 100% extract of Surgicel 1 had a round
shape. However, after staining with NR (Fig. 1C), all the
cells were confirmed not to be viable, indicating that the
MEM elution assay alone is not adequately sensitive and is
unsatisfactory for the evaluation of biomaterials. In the
control (Fig. 1D), all the cells were clearly stained with NR.
For a 50% extract of Surgicel 1 (Fig. 1E), less than 20% of
the cells were visible compared to the control, but almost
all of the existing cells took up and accumulated the viabil-
ity dye, NR. Overall, Fig. 1 clearly shows that the viable cell
ratio increases with a decrease in the concentration of the
extract both before and after neutralization. After neutral-
ization, the viable cell ratio was higher compared to that for
the same concentration of the extract solution before
neutralization.

Figure 2 shows the relative colony forming rate of V79
cells cultured with various concentrations of extract solu-
tion of Surgicel 1 in the colony assay. The colony forming
rate decreased with increasing extract concentration, and
the colony formation of V79 cells was not observed when
the concentration of the extract was greater than 25%. The
calculated 1C;, value for Surgicel 1 was very low at an
extract concentration of about 16.5%. Moreover, the cyto-
toxicity of Surgicel 1 extract solution was slightly reduced
after neutralization, but the 1Cy, was still very low at
18.5%.

The cytotoxicity of cotton-type Surgicel (Surgicel 2) was
also evaluated by the same testing methods. Figure 3 shows
the results of the MEM elution assay combined with the NR
assay for various concentrations of the Surgicel 2 extract,
More than 50% and 70% of cells were round in the 100%
extract and 50% extract solutions, respectively. After stain-
ing with NR, as clearly shown in Fig. 3A-F, only cells in
extract solutions concentrations of less than 25% endocy-
tosed and accumulated the NR dye. Figure 3G,H shows the
corresponding cell viability indices (% of control) of the
various concentrations of extract solution of Surgicel 2
before and after neutralization. To compare the morphol-
ogy of dead and viable cells, Giemsa staining was performed
after the NR assay. It was clearly shown that the dead cells
had a much more angular shape than the viable cells.

Figure 4 shows the results of the colony assay with
various concentrations of the extract solution from Surgicel
2 before and after neutralization. The colony formation of
V79 cells was not observed in extract solutions with concen-
trations above 25% and 50% before and after neutraliza-
tion,respectively. The IC,; of the extract before neutralization
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was calculated to be 22.5%; however, after neutralization,
it dramatically increased to the much higher value of 68.5%,
indicating that the cytotoxicity of Surgicel 2 is strongly
related to the acidic condition. In the extract solutions both
before and after neutralization, the colony size decreased
with increasing extract concentration.

The results of the MEM elution assay, NR assay, and
Giemsa staining for 50% and 100% extract solutions of
Avitene and 100% extract solutions of Seprafilm, Integran,
and the control are shown in Fig. 5. Except for cells in the
100% extract solution of Avitene, all the rounded cells took
up and accumulated NR dye. There was no significant dif-
ference between the viability of L1929 cells cultured with
medium extracts of Seprafilm, Integran, and the control,
indicating that cytotoxicity was not detected for Seprafilm
or Integran in the MEM elution assay. For Avitene, the
viability of L929 cells cultured with a 50% extract solution
also showed no significant difference with that of the 1L929
cells cultured with the control. The L929 cell viability cul-
tured with various concentrations of extract solutions of
Avitene, Seprafilm, and Integran are plotted in Fig. 6. The
viability indices of 1929 cells in the extract solutions of
Avitene decreased steeply with increases in extract concen-
tration when the extract concentration was above 50%,
while no significant variation was observed for that of the
L1929 cells in the extract solutions of Seprafilm and
Integran.

Figure 7 shows the results of the colony assay with
various concentrations of extract solutions of Avitene,
Seprafilm,and Integran. Moderate cytotoxicity was observed
in the extract solutions of Separafilm at concentrations
above 25%, and a weak cytotoxicity was detected in the
extract solutions of Avitene at concentrations above 50%.
For Integran, the colony forming rate decreased gradually
with increasing extract concentration, and the relatively
high colony forming rate of 37.4% was obtained even at
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Fig. 6. Cell viability of L929 cells cultured with the extracts of Avitene,
Seprafilm, and Integran

100% extract concentration. The 1C, of the extract solu-
tions were calculated to be 72.5% for Avitene, 31.5% for
Seprafilm, and 87.5% for Integran.

The results of the MEM elution assay and the colony
assay for the 100% extract solutions of the materials are
summarized and compared in the Table 2. Based on our
results, the cytotoxicity of all tested materials was grade 2
or zero in the MEM elution assay. However, the NR assay
indicated that only a few cells survived in the extract from
Surgicel and Avitene. Furthermore, in the colony assay,
colony formation (nearly 40%) was observed only in the
100% extract solution of Integran.

In this study, we also carried out cytotoxicity assessments
of extract solutions of these biomaterials extracted for dif-
ferent periods by using the colony assay. The relationship
between the cytotoxicities of the samples and the extraction
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Table 2. Results of the MEM elution and the colony assays for 100% extracts of various surgical materials and the relationship between their

cylotoxicities and extraction period

Sample 100% Extract (1 day) Colony assay 1Cs, (%) Adverse effects

MEM elution assay Colony assay 1 day 7 days 14 days

Grade of MEM  Relative O.D. Colony forming

elution assay at 540 nm (NR) rate (%)
Surgicel gauze 2 (pass) 5.12 (3)" (fail) 0 14.5 9.5 9.0 Inhibited bone regeneration
Surgicel cotton 2 (pass) 536 (3)" (fail) 0 26.5 - -
Avitene 2 (pass) 7.74 (3)* (fail) 0 72.5 425 35 Abscess formation
Integran 0 71.4 (2)* (pass) 37.37 78.5 -
Seprafilm 0 100 0 315 29 28 Foreign body reaction,
SRM-A - - 0 145 1.55 4.1 inflammation reaction, and
SRM-B - - 0 365 34 33 abscess formation
SRM-C - - 85.93 - - -
ZDEC - - 0 0.25 (ug/ml) 0.75 (ug/ml) >4 (ug/ml)
Control 0 100 100 100 100 100

MEM, minimum essential medium; O.D., optical density; NR, neutral red: IC;,. extract concentration corresponding to a colony forming rate

of 50%: -, not tested

*Numbers correspond to the grade of MEM elution assay by the NR assay method

period is summarized in Table 2. The 1C, values obtained
by the colony assay slowly decreased with increases in the
extraction period up to 7 days for Surgicel 1, Avitene, and
Seprafilm, indicating that the cytotoxicities of these materi-
als increase with increases in the extraction period. Not
much change was observed for the 1C,, values of SRM-A
and SRM-B.

Discussion

In this study, the cytotoxicities of four kinds of widely uti-
lized biomaterials were tested by the MEM elution assay in
combination with the NR assay and a colony assay. The
MEM elution assay in combination with the NR assay
assesses the cytotoxicity of biomaterials through testing the
survivability of a great number of cells in the extract solu-

tions of biomaterials. The colony assay assesses the cytotox-
icity of biomaterials by testing the proliferation ability of a
few cells in the extract solutions of biomaterials. The number
of tested cells, cell behavior, and the testing periods are
different between these cytotoxicity testing methods, so
that they reveal different cytotoxic effects of biomaterials.

For Surgicel 1 and Surgicel 2, both methods revealed
strong cytotoxicity, indicating that these absorbable hemo-
stat materials not only affect the survivability, but also
affect the proliferation ability of surrounding cells. For
Avitene, both methods revealed weak cytotoxicity. Mean-
while, no cytotoxicity was detected for Integran in either
method. In the MEM elution assay, no cytotoxicity was
detected for Seprafilm; however, a moderate degree of cyto-
toxicity was observed in the colony assay, indicating that
Seprafilm considerably affects the proliferation ability of
surrounding cells, even though it does not affect the surviv-
ability of surrounding cells. The proliferation ability of cells



is more critical for the healing of surgical incisions, so this
may reveal the reason for the adverse effects caused by
Seprafilm.

Furthermore, the results of the MEM elution assay
revealed that the cytotoxicity of Surgicel 2 is higher than
that of Surgicel 1. However, the colony assay revealed that
the cytotoxicity of Surgicel 1 is higher than that of Surgicel
2. Similar results were also observed for Avitene and Sepra-
film. Seprafilm showed no cytotoxicity in the MEM elution
assay, and Avitene showed the strongest cytotoxicity among
Seprafilm, Avitene, and Integran. However, in the colony
assay, much stronger cytotoxicity was observed for Sepra-
film than for Avitene. These results suggest that there must
be different mechanisms by which biomaterials affect the
survivability and proliferation ability of cells. Therefore, we
consider that for assessing the cytotoxicity of biomaterials,
it is necessary to use a combination of two or more sensitive
and quantitative methods to test the effect of biomaterials
on both the survivability and proliferation ability of cells.
Methods focusing on testing either the effects on the surviv-
ability of cells alone or testing the effects on the prolifera-
tion ability of cells alone are not adequate for completely
revealing the cytotoxicity of biomaterials at the preclinical
stage, which is critical for reducing the clinical risks.

In clinical use, absorbable hemostats and adhesion bar-
riers are always utilized as plomb and are in contact with
the surgical incision for a long time. The proliferation ability
of cells is critical for the healing of surgical incisions, and in
this respect, understanding the correlation between the
extraction period and the degree of cytotoxicity of an
absorbable hemostat or adhesion barrier through colony
assays may provide a way to predict prolonged in vivo cyto-
toxic effects. Thus, the increasing cytotoxicity with increases
in the extraction period observed in this study suggests that
these surgical materials (Surgicel 1, Avitene, and Seprafilm)
can affect the surrounding cells, tissues, or organs during
long utilization after a surgical procedure. Based on a com-
prehensive understanding of the cytotoxic effects of each
biomaterial, in clinically utilizing biomaterials, we consider
it to be preferable to choose an appropriate material with
a suitable utilization method according to the practical sur-
gical conditions.

Conclusion

The cytotoxicities of three kinds of commercially available
absorbable hemostats and one adhesion barrier were
assessed by two different cytotoxicity testing methods. The
different testing methods detected different degrees of
cytotoxicities for the materials studied. Cytotoxicity was
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detected for Seprafilm in the colony assay, whereas no cyto-
toxicity was detected in the MEM elution test. To the best
of our knowledge, this is the first report in which cytotoxic-
ity has been detected for Seprafilm in vitro. We consider
that the very low 1Cy; value in the colony assay may provide
an answer to the clinical problems that can result from the
use of Seprafilm. In conclusion, a combination of two or
more sensitive and quantitative methods for safety evalua-
tion is necessary to avoid false-negative results for bioma-
terials at the preclinical stage. We propose that investigation
of the correlation between the cytotoxicity and extraction
period may provide a way to predict the prolonged in vivo
toxicity of absorbable biomaterials,
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Study of evaluation methods for cell culture system using three-dimensional scaffolds

Hideyuki Sakoda®, Ryusuke Nakaoka, Atsuko Matsuoka and Toshie Tsuchiya

In tissue engineering and related studies, in vitro evaluations are often carried out by a three-
dimensional cell culture, where cells are inoculated in three-dimensional scaffolds. Cell number is one of
the most fundamental parameters in cell cultures and especially important in three-dimensional cell
cultures because cell behavior is sometimes dependent on the cell density. However, there are many
studies where cell number is not specified, probably due to the difficulty of evaluating cell number in
the three-dimensional cell culture.

In this study, we examined if existing methods to evaluate cell number established {or conventional
two-dimensional cell cultures could be applied to the three-dimensional cell cultures using collagen
composite scaffolds and human articular chondrocytes as an example of the three-dimensional cell
culture. The cells were inoculated on the conventional cell culture plate or the scaffolds and the cell
number was estimated by different methods and the results were compared with each other. Firstly,
DNA quantification method was shown to be able to estimate cell numbers in either two-dimensional
or three-dimensional culture. Secondary, the results of non-destructive cell number estimation method
using alamarBlue reagent were found to be consistent with those of DNA quantification method in
either two-dimensional or three-dimensional culture. However, the results of the other non-destructive
cell number estimation method using TetraColor ONE reagent were not consistent with those of other
methods in the three-dimensional culture.

It was concluded that when applying existing evaluating methods established for the two-dimensional
cell cultures to a three-dimensional cell culture, it is important to validate them for the three-

dimensional cell culture.

Keywords: three-dimensional cell culture, scaffold, tissue engineering, cell number

1. &8

FaEEReZCETIWRTIE, MREERMHAT
ARSI NAZRITAF Y 7+ — 0 FICHEHL
BERRATIZENEV. TOL) BERTHEERONE
RIS 1, ZRCERRICBVWTHELIAD
DDEETHDL I EDRE VA, ZRTEERITIZLTIC
TR L%, SHRETEERIIRVWIFEOMBE LY, £
NoOFEMHFE~OBEEIZOWTHRHT LILENH L.

BRI, SRTCIERFR TIE— N OEREITH
To whom correspondence should be addressed:
Hideyuki Sakoda; Kamiyoga 1-18-1, Setagava, Tokyo
158-8501, Japan; Tel: 03-3700-9264;
Fax: 03-3700-1478; Email: sakoda@nihs.go.jp

iz, HECHBERE o R oML S MR
2HF LT AR oL TH L. L
L, ZRTHERRTIZ, A%+ 7+ — N FOHELFE
OFiE EETAMBEEICE DEEFARE(R2TY
Tow, HEEMBENTH- THEFMBEEEETAHIE
PELV. L 2bod, MRFEERICIBVTRLE
BT A=Y ThDHMBEEFEST LRI, Tal
LEEFIZEBL TRV IEBAMEINS.

Ir, MREOSMIIOVTEBTLLENHLNDL=
KREHBRROFETHS. “RITEERTIL, £2{0E
BRICBVWTHERE-KTHIZH—IIFHLTWwAI L
AR L - TWD, —F, ZRTHEERTIE, TO5
HAZRTMIC L LT TRL, AFy 72— FOH
He@dohEizlh), HELLAFy 74—V FOFE



EWTLAF v 7 4 — b F B #lass %50 FE 7 i ok 7

Wit Hfas R 5L, S LLY—Iiafise
HIENTERV, ZRITERFRIZB T2 Mg
Gk Vo LIEEFIE, A3 % 74— FOMERTH 4
v, BREEFL2LIEZLLAA, MRFELZLICLEES
na® ZraHohTEY, MEECEESH O
X, ZREERFZRTIIFICEEL 25T 5.

NGO FA—-YOFMEIZIE, Mo L HIZZ®RT
Ml RRICBTHISh v GHT A Lo
LY, AFy 7+ — NV FOBEED-DIEREHEL D
DLHhI, FOAFY 71— FOFMERZ~DOEE
oW THoDULHEBRLTB{LENHD. 2. H
KEDF WL ARy VHROAFx 7+ — IV FTIE, £
OHBILEITNLEUEEL2IRET LI LIEMTS
Lz, HAZFERICECTEOBRMOFAEI M
LAHAIENEZLNS.

AR TIE, SRICHERRIZBIT 5 8Y MR OF
fliHEOHREE, AFx 7+ - L FIZLA2EEIIOW
T, L PERBBEMRL=EKRTIS SV AF v 74—
WA LEBL T/ 2642, FZOILEMEL
T, ZRTIF—FYAF+ 7 +— b FRTEEL#K
FHlEOBRMIcOVWT LR 2 To 7

2. BEBLUFE
2—1 #©#

FFETIE, b PEWBKEMIE (Lonza Walkersvill,
Walkersville, MD, USA), #EMILHEM (Lonza), =
WL —4 WEHEAF ¥ 7+ — I F (Becton, Dickinson
and Company, Franklin Lakes, NJ, USA) # FhFhjk
ALTHALE AFx7+— 0V FIRILEDB L F100
pm?* 5200 pm@ AR Y VIRT, EENS mm, & 254
mmOARERTH o7 ZOAF vy 73— Pl
WTFT2E, BLES Lo RIFL.

2—2 DNARD S OHREMTE ORI
FEDAREEOHREEREZ, A3 72—V FH
RETEZLEBBTHA50 uLHFLIAF T 74+—0
FERBEL.
DNARDHIZREREL 2S5V F—¥E0Zo0H
ETITo7 HEEETIE B ICR@mEHEH (02 %
Triton X-100, Sigma-Aldrich, St. Louis, MO, USA) #*
A 7-TERSE 10 mmol/LFV AL FOFIAFLT
/A%, lmmo/LXF VL VT3 AR, Invi-
trogen, Carlsbad, CA, USA) #1 mLi#EML, @& N
Hiolo#ilasai L7, ZoOH®I00 LIZDNA L &%
&3 HHKHAE (PicoGreen, Invitrogen) MMz, #
DHENBENSDNARZBRELL. a5 ¥ F—¥HET
B, EFNo AW (BAME X)) a7y r—¥

A (Roche Diagnostics, Penzberg, Germany) #*0.1%70
AIEREHERIIS00 pLinz, 37CT1 BefdRE 5 ¥
BIET, AFv 74— NVFEFBLE KIZ, 04%
OREEERBFRZ500 LNz, HESEE EEOMNE
riro i

2—3 HROBERUVHERIHOME

AFX 74— FIZIE, RTEEELEOHEEOS
ETHRTBE L. BWTHETIX, 50 pLoiEhiz] ~
xS ThALSHML, A r0EAy
FCAXFX 74— FOLIZW- ) LFHTLTHHL
7. EOETIE, 15 mLlOFTFAF v Z78LEITH L %
107 oMM % &L HBEBEIO mLEAF Y 74—V ¥
ZAN, 180xgT24m80 LAY, EOBIZEHHEE L
CHEBLTEOEFHET Y, &84 BEL%1T- T
TARE L7

#li B 53 46 12 calcein-AM & ethidium homodimer-174» &
e HE¥EFE (Live/Dead Kit, Invitrogen) 12 & ¥ 5F
fli L7:. calcein-AMIZ, MIBEERIZELWATH, A7
F=H¥IL X NHEWREOHXERT ScalceiniZ ARG
fEahan, Calceinld iR EB L 2 vizd, HEMN
CEMROAREBICRE IS, TRIZH Lethidium
homodimer-113, #EBIREEA, SEAL THERL#E
T Az, ORI HVREOELEERTS. Ml
PHE L AF 7V FERERMEREL &
1.6 pumol/L. @ calceinrAM & 4 gymol/L @ ethidium
homodimer-1 & & LB TIOFHBEREEL, A5+ 7+
=V FEAOBRE{To7:. F0#%, AF+ 74—V F
EAZATYML, BETBRELL.

B, HEOZRITHEETIZS ~80x10% /well DAL
FU7NVTL— ML, FROBH LT

2—4 FERENFEICE D ERKFNE
ZRTERU=ZRT Tl L -l —ehis i L7,
FEMR A EI L ZMBMFEREE T4 BR&MIZ,
MROFEEIC L VEFERLTELIEN HDVIIR
KL W ERBOBEASTHEL 2%, TetraColor ONE
(#{b%# T%, HHE) K UalamarBlue (Invitrogen) @
“HEOREZMHEALL Jhbid, Ml#EEHEW
W, EHE DM T 5 LIk DR L TR
BETh), ZREEERIICHATENIZFOFAKES
W, 72720, MRS OFEN—ETHE L EHR
ELTHIRBEEETA2LOTH ), MENLFHELE
AR} -0

SITR, ZRTERUSRTTHEE L oML — B
L% B ZThFLORELI%EL L OICRH
L, 237:02 6 RS R ICHOEMAED 5 W IIWEE %



78 3] AL

it # #1265 (2008)

e L7

FHIEM A ETTHFMER LAV TY, #ido
HETDNARDBEEZTo/. FOERL-RERE
AV TDNAMR A &850 L 7oA 8 & JERiRny )7 3 Tt
ESNACHEEE THEBRE L, FRENAECLIZHE
el BRI o0 & 251 2 BFE L 7

2—5 ZARTERICHTIERBEFEOIFFENE

BTFEBLIUVELETAFy 7+— )V FIZEEL -4
R Al % alamarBlue TFFE L7z, W FH#Tiz 8 x10°
OB ESTHBMERS LEFTLTHELL.
RO _RTEFIIDVTHRBOEEE T2 =
WTCHEETIZ 1 ~ 8 x 10" /wellDHE T 247 2 VT L —
Mo L7z, FhFhifflite1, 4, 7, 140 H oMl
¥ % alamerBluelZ & ) AZBEAYIZFREME L 7=,

2—6 EAMICLADNARBIE~ADEY

DNARHZOBRIZRATATREOH LMEICL 2
ME~DEBIIDVTHE ZITo 7. TERBRIZE
BLFas—F5 ooz s hEFn10%EmLi-ioz
AELE LA £, BEEAHICEIDRELZAF YT
+— ) Flifh, #fkas—4%> (3 mg/mL, HHES
Fr, KEM), 01%as¥+—EficowTHAX
7. ThooWBIz#HERE (PicoGreen) #4014,
DNARTE & Mz E B2z L7,

2—7 HEOBEEEOTFHERE

AXx 7+ — 0 FABRIZ BT 2L HEED I Z I B
5z LU HEMRE Z G/ /o o, TetraColor ONE X
alamarBlueM A2 F ¥ 7 4 — W FHh Lo EHEEIZD W
TTFmma 7o, BAMIZIE, BB Li-th
FHOREIIBELTBVWAZAFy 74— L FEHLL
Hapici L, FHOUREES B v 2ot L £ R 2
e L.

3. BZ§
3—1 DNAED 5 OMRAKHEE OHREE
SOEHLI-a7— Y AFy 7+ — L Nid, —HHE
WEELERERETLIIEEEAETH- . FO
¥, MlEEEOAROBES &, 50 (Lo EEA
PERETHE T 7.
MEBEREOAOHE, B EDNAROM IZHE
LHMEEES LN (MRLTWEWY) OT, ZhERE
X oMEEHVTDNAR Z MRS L 2.
Fig. | IR EBHE A Fy 7+ — L FOREHIZo
W, HEE 0545 EPETDNARETMEL A&
RERT. WThoFETL, BEWISEMNL M

L, DNAfASHEE s -k EdNTiT—F L, DNA
PEEDIT—F rNORELEDER IV EHIET
7720, DEOHEREEEDATIT- 2

2 80,000 jy=u%%ﬂ’ . ) I
= 2_ | [
2 60000 (R =09836)
g ] ///T
T 40,000 —
. | B
2 20,000 —— !
&4 , ‘

0 | —d

0 20,000 40,000 60,000 80,000
Added cell number
(a) Direct method

g —T— ]
2 80,000 .y - 0589x
5 lp2_
Z 60000 R =09884
8
= 40,000
g ‘
£ 20,000 =
2 | | J

0 —

0 20,000 40,000 60,000 80,000
Added cell number

(b) Collagenase method

Fig. 1 Relationship between added cell numbers and estimated
cell numbers in mixtures of cells and scaffolds by DNA
quantification
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(a) 2D (b) Drop, surface (c) Centrifuge, surface

(d) Drop, section (e) Centrifuge, section

Fig. 2 Cell distribution in (a) two-dimensional culture (x100)
and (b)-(e) three-dimensional culture (x40)

(a) 2D (b) Drop, surface (c) Scaffold only

Fig. 3 Distribution of red fluorescence (dead cell marker) in (a)
two-dimensional culture, (b) three-dimensional culture and (c)
scaffold only (% 100)
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Fig. 4 Relationship between estimated cell numbers from non-destructive methods (TetraColor ONE assay and alamarBlue assay) and

those from the measurements of quantity of DNA
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Fig. 5 Cell proliferation in 2D-culture (added cell numbers: 1, 2,
4,8x10") and 3 D-culture (n = 34).
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