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A simple and efficient tool to isolate epithelial cells from bacteria-contaminated samples has been devel-
oped using two different microparticles functionalized with chemical molecules. The epithelial cells could
be captured simply by biocompatible anchors for membranes (BAM), consisting of poly(ethylene gly-
col) functionalized with oleyl-chain-conjugated NHS (N-hydroxysuccinimide) on glass microparticles,
whereas bacteria were adsorbed on 3-aminopropyltrimethoxysilane (ATPS)-functionalized magnetic
microparticles. In the case of samples highly contaminated with bacteria, epithelial cells were not iso-
lated successfully by both of the single BAM- and antibody-functionalized microparticles. Therefore, serial
Bacteria removal isolation steps of these two different chemical functionalized microparticles were introduced. The con-
Anchoring molecule centration of bacteria was decreased dramatically by using APTS-functionalized magnetic particles prior
BAM to the isolation of epithelial cells by BAM microparticles. With these serial processes, successful isolation
Physical adsorption of epithelial cells was achieved from bacteria-contaminated epithelial samples. The applicability of this
method was verified with bacteria-contaminated intestinal samples biopsied from a BALB/C mouse for
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1. Introduction

Cells or tissues have been widely researched in the clinical
and biomolecular fields to define cancer cell characteristics and
behaviors, and to develop anti-cancer drug screenings [1,2]. The
cultivation of primary cells from biopsy samples has been per-
formed frequently in the drug-screening field [3], because it may
not be guaranteed that the characteristics of commercially available
stabilized cell lines accurately represent in vivo cells or tissues.

Various processes to release and culture cells that primarily
come from a biopsy sample have been developed [4]. Normally,
biopsy samples are chopped prior to collagenase treatment. This
representative method has been widely utilized, but primary cul-
tivation has often failed because of sample contamination by
bacteria, inherently short passages, and low proliferation time [5,6].
As such, the initial concern for primary cell cultivation is the purifi-
cation of cells against bacteria. Even a single bacteria cell can have
a tremendous negative effect on primary cell cultivation, because
bacteria grow at least 15 times faster than general epithelial cells
[7,8]. Bacteria contamination continually occurs when a biopsy is
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performed from digestive organs, such as the stomach or intestine
[9].

Penicillin streptomycin and gentimicin are powerful antibiotics,
and have been widely used to prevent bacterial contaminations
[10]. However, high doses of antibiotics might be required to elim-
inate highly concentrated bacteria in biopsy samples from digestive
organs, which may induce antibiotic resistance [ 11]. Therefore, fast
and effective isolation of epithelial cells from bacterially contam-
inated samples, or at least a dramatic concentration reduction in
the production of bacteria in cultivated samples, is needed to min-
imize the usage of antibiotics, which may induce variation in the
cell characteristics.

Physical methods such as percoll gradients and centrifugation
due to density differences have been widely used in primary cell
cultivation procedures. Biological methods involving enzymatic
reactions and antibody affinities have also been employed [12-14].
These tools have not provided perfect environments (for long-term
primary cell cultivation free of bacteria, because processes that
include antibacterial drugs or severe washing steps may reduce cell
concentration, and induce ambiguous culturing conditions with
chemical complexes.

Microfluidic and microbead-assisted isolation methods of
epithelial cells from various sample matrices have also been
reported. Magnetic bead-assisted antibody affinity [15,16], elec-
tronic field flow [17], and hydrophobic interaction [18] were
employed to isolate epithelial cells from samples. However, the
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effective isolation of epithelial cells from bacteria-contaminated
biopsied samples has not yet been published. This may be due to the
fact that biopsied samples are normally to highly concentrated with
large volume to be applied to microfluidic systems. Magnetic beads
combined an antibody specific to epithelial cells have been applied
to Magnetic-assisted cell sorting systems (MACS) [19], which are
an alternative to FACS (Fluorescence assisted cell sorters)

Magnetic microparticles (MMP) are one of the effective tools
used to separate certain targets from a biomatrix. Various
biomolecules such as DNA, RNA, and proteins have been isolated
from a biomatrix using MMPs [20]. Bacteria could be also separated
from samples by magnetic nano structures [21]. Epithelial cells
were separated from a sample using antibody [ GAPDH]-conjugated
magnetic microparticles. The antibody-assisted magnetic micro-
particles provide high separation efficiency for epithelial cells from
a sample, and have been commercialized by Bioclone, Invitrogen,
and others. However, antibody-conjugated magnetic particles have
demerits regarding cost, shelf life, and separation time, because
they utilize the affinity of antibodies to a specific protein to cap-
ture epithelial cells. Moreover, their ability to completely remove
bacteria has not been verified.

Biocompatible anchors for membranes (BAM) are one of the
representative anchoring molecules, and consist of poly(ethylene
glycol) functionalized with oleyl-chain-conjugated NHS (N-
hydroxysuccinimide) [22]. The oleyl chain is an unsaturated fatty
acid, and can be inserted into epithelial cell membranes since it
has a similar cell membrane composition. This molecule has been
widely utilized to selectively immobilize epithelial cells, although
itis unavailable as an anchoring molecule in serum conditions [23].

The purpose of this study is to develop a simple and fast
epithelial cell isolation method/KIT from biopsy samples highly
contaminated with bacteria, using non-biological BAM molecules.
To achieve easy concentration and purification to isolate epithe-
lial cells from the sample, two different chemically functionalized
microbeads were utilized as a separation platform.

A two-step procedure was employed, the first of which was
for bacteria removal using surface-modified magnetic microbeads,
and the second involved epithelial cell isolation steps with BAM-
functionalized silica glass beads, because of the size difference
between bacteria and epithelial cells, as shown in Fig. 1. Bacte-
ria are adsorbed and captured on the positively charged magnetic
particles by electrostatic interaction [24], whereas epithelial cells
are concentrated on the BAM-functionalized glass beads [25]. The
epithelial cell isolation efficiency of BAM molecules over time was
compared with that of GAPDH antibody. The epithelial cell isolation
process developed was enhanced by the employment of a pretreat-
ment step for the removal of bacteria. This method was confirmed
and verified by introduction to a primary cell cultivation process
from an intestinal biopsy sample from a mouse.

2. Materials and methods
2.1. Cultivation of epithelial cell and bacteria

Human mammary cell lines (AGS, WI-38, PC3, HeLa) were purchased from ATCC
(US), and cultivated using RPMI-1640 (PAA, Austria) containing 10% FBS (GIBCO, NY,
US), 1% penicillin-streptomycin (GIBCO, NY, US), and 1% GutaMAX (GIBCO, NY, US).
A commercial culture dish used as a positive sample was purchased from Falcon (NJ,
US). Mammalian cells were cultivated under normal conditions of 37 °C and 5% CO5,
with aninitial seeding amount of 5 x 10°/3.8 cm?. E. coli (ATCC43895) was cultivated
using 3% TSB (Becton, Dickinson and Company, France) under normal conditions of
37°Cat 150 rpm.

2.2. Preparation of the functionalized micro beads

Glass (silica) microparticles (SP, D=100wm) and magnetic micro-
particles (MP, 2um, MoBiTec, Germany) were silanized with 100 mM
3-aminopropyltrimethoxysilane (APTS, Gelest Inc., PA, US) in 95% ethanol for
1 h at room temperature. After washing with 100% ethanol, microbeads were dried
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Fig. 1. Schematic illustration of 2-step isolation of epithelial cells from bacteria-
contaminated samples.

for 1h at 85°C. The MP had a positively charged surface (MP-APTS). To achieve
SP-APTS-BAM, SP-APTS was functionalized with 100 wM oleyl-O-poly(ethylene
glycol)-succinyl-N-hydroxy-succinimidyl esters (BAM, NOF Corporation, Japan) in
PBS buffer for 10 min. Antibody-functionalized SP (SP-APTS-antibody) was fabricate
by functionalizing with 1 wg/1 mL of GAPDH antibody (Santa Cruz Biotechnology
Inc., CA, US) in PBS buffer (10 mM, pH 7.4) for 30 min at room temperature. The
prepared beads are shown in Fig. 2.

2.3. Isolation of epithelial cell and bacteria by using the functionalized micro
beads

The 2-step isolation of epithelial cells from bacteria-contaminated samples is
illustrated in Fig. 1. MP-APTS was first applied to a mixture of AGS cells (5 x 10°
cells) and E. coli (10° CFU) in 1 ml of PBS buffer (10 mM, pH 7.4), and incubated for
10 min at room temperature. Then, bacteria-bound MP-APTS was separated from
the solution using a magnet.

The supernatant containing epithelial cells was transferred into a tube contain-
ing SP-ATPS-BAM and incubated for 10 min at room temperature. Finally, the second
supernatant was gently removed, and SP-ATPS-BAM was rinsed 3 times with PBS
buffer solution. The remaining SP-ATPS-BAM (epithelial-bound) was transferred
onto a cell culture dish for primary cell culture. The epithelial cells immobilized
on the micro beads were cultured with RPMI 1640 containing 10% FBS for 42 h at
37°C with 5% CO,.

2.4. Counting of epithelial cells and bacteria

For the quantification of E. coli and AGS cells isolated by MP-APTS and SP-APTS-
BAM, real-time PCR was utilized with a Total RNA Isolation NucleoSpin® RNA II
kit (Qiagen, Germany) and commercialized PCR master mixture (SyBr Premix Ex
Taq™ (Takara, Japan)). Real-time PCR results were verified with agar plating for
bacteria, and a hemocytometer for epithelial cells. All experiments were conducted
in quintuplicate.

2.5. Preparation of primary cell sample from the intestinal tissue of mouse

Intestinal tissue sample was biopsied from a 4-week-old BALB/C mouse, and
washed with PBS buffer (10 mM, pH 7.4). The sample was finely chopped and incu-
bated in 200 p.l of collagenase (Sigma-Aldrich, MO, US) for 1 h at 37°C. This tissue
sample was re-washed by PBS buffer and re-suspended with DMEM (Gibco, NY, US).
The cells from the mushy tissue samples (by collagenase) were isolated using a cell
strainer (BD Falcon, PA, US) and incubated for 48 h at 37 °C with 5% CO,. After all
procedures, the cells and all impurities including bacteria were treated by trypsin
EDTA prior to finally preparing a primary cell solution (bacteria contaminated) in
PBS buffer.
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Fig. 2. SEM images of (a) SP (silica micro particles) and its surface (a1) before and (a2) after the modification with BAM molecules, and (b) silica coated magnet particle (MP)

and its surface (b1) before and (b2) after the modification with APTS.

3. Results and discussion
3.1. The capturing efficiency of ATPS and BAM modified surface

Both the gram-negative and positive bacteria could be adsorbed
on the positively charged surface, because it is likely that most
bacteria have a net-negatively charged cell wall containing pep-
tidoglycan in neutral pH [24]. We tested the bacteria adsorption
on the positively charged surface with respect to the APTS concen-
tration loaded on the surface, as shown in Fig. 3. The adsorption
% of E. coli on the surface was proportional to the amount of
amine residue (APTS molecules). This implied that the E. coli (net-
negatively charged particles) could be adsorbed on the APTS surface
by electrostatic interaction, and bacteria adsorption could be accel-
erated by increasing the positive charge and surface area. This result

corresponds well with previous results, which showed E. coli or
salmonella had net-negative charge, and were well adhered to a
positively charged surface [21,24].

We chose BAM molecule as a capturing molecule specific to
epithelial cells from the sample, because oleyl group in BAM could
penetrate into cell membrane. We confirmed this capability of BAM
with 4 different mammalian cells (AGS (human gastric cancer cell),
WI-38 (human lung fibroblast cell), PC3 (human prostate cancer
cell), and HeLa (human cervical cancer cells)), and red blood cells.
These cells were spread out onto a BAM-coated glass surface and
washed out 10 min later. 5 different cells (3 epithelial cells, 1 fibro-
blast,and 1 endothelial cell) were captured by BAM in a short period
of time, as shown in Fig. 4. This result showed good agreement with
other published results, which indicates BAM molecules can pen-
etrate mammalian cell membranes in the absence of serum [23].



1432 J.Y. Won et al. / Process Biochemistry 48 (2013) 1429-1435

47 —&— NH, amount - T 80
O Bacteria adsorption + —_
T S
= 3 60 =
= I /” g
£ s
S 2 T vd 40 3
= =
. [ // E
o QD
z 1{1[1] A 20 2
/ /M
7
0 0
1 3 5 8 10

Input APTS conc. [mM]

Fig. 3. The effect of positive charge (APTS amount) on bacteria adsorption [based
on Kaiser Test].

More ever, this result implies that BAM molecules might be one
of the best materials compared with antibodies for the isolation
of mammalian cells from bacteria-contaminated biopsied samples,
with regard to processing cost, material price, process time, and the
shelf life of materials.

We also investigated the selectivity of BAM and APTS-
functionalized surfaces on the epithelial cells (AGS cells),
gram-negative bacteria (E. coli), and gram-positive bacteria (B.
cereus), as shown in Fig. 5(a). The BAM-functionalized surface had
great selectivity for AGS cells compared with bacteria. Bacteria
were not adhered to or captured by the BAM-functionalized sur-
face, whereas a high adsorption of bacteria was found on the

Fig. 4. The capability of BAM modified surface to capture 5 different mammalian
cells (epithelial cells: AGS, PC3, HeLa, Fibroblast: WI-38, Endothelial cell: Red Blood
Cell).
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Fig. 5. The selective binding of epithelial cells and bacteria by using BAM and APTS
surfaces: (a) the recovery rates and (b) microscopic images of epithelial cells and
E. coli and B. cereus on BAM surface and APTS surface.

APTS-functionalized surface. This result was confirmed by a visual
experiment, as shownin Fig. 5(b). The AGS epithelial cells were well
adhered on the BAM functionalized surface, whereas no cells were
found on the APTS surface.

3.2. Isolation and re-cultivation test of epithelial cell (AGS cells)
using SP-APTS-BAM

When silica microbeads (100 wm in diameter) were utilized
instead of a flat surface, the simple adhesion of epithelial cells
was observed with SEM and microscopic images. As shown in
Fig. 6(a), the epithelial cells could bind to the BAM immobilized sil-
ica microparticles (SP-APTS-BAM). It was also confirmed that AGS
cells captured by SP-APTS-BAM could spread out well and prolifer-
ate on the culture dish, because cell transfer from the beads to the
surface (re-cultivation or re-proliferation) is important in primary
cell cultivation from tissue.

To separate and re-collect epithelial cells from the samples, an
antibody specific to housekeeping protein such as GAPDH and 3-
actin can be utilized [26]. Therefore, the epithelial cell-capturing
efficiency using BAM was confirmed and compared with that by
GAPDH-specific antibody over time, as shown in Fig. 6(b). The
adsorption rate of epithelial cells (AGS cells) by SP-APTS-BAM was
much faster than that by SP-antibody. The recovery rate was almost
saturated at 10 min, whereas that by SP-antibody was less than 10%
when the reaction time was 10 min. The saturation of the recovery
rate seems to depend on the amount of BAM. According to this
result, BAM materials could be a great alternative to antibody to
isolate epithelial cells from a sample, because its rate of binding
epithelial cells is faster than the antibody’s rate. Moreover, this
material is an organic chemical that can be handled and stored
easily.
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Fig. 6. The capabilities of BAM molecules to capture and release epithelial cells: (a)
the demonstration of cell capturing and releasing procedures by BAM-modified sil-
ica microparticles (SP-APTS-BAM) and (b) the comparison of BAM and anti-GAPDH
antibody for the epithelial cell isolation.

3.3. Bacteria effect on the epithelial cell isolation by BAM

Prior to applying SP-APTS-BAM to real samples, with various
artificial sample mixtures (1 mL) of AGS cells and E. coli (0, 101,
102, 103, 104, and 10° CFU), the bacteria effects on the isolation
capability of SP-APTS-BAM (10,000 ea) on the epithelial cells were
investigated and compared with the antibody-assisted method.
As shown in Fig. 7, in cases of both SP-APTS-BAM and SP-APTS-
antibody, AGS cells isolated were contaminated with bacteria when
the concentrations of bacteria were in the sample were relatively
high. However, the number of bacteria separated from epithe-
lial cells by BAM or antibody was very low (less than 200 CFU),
which could induce severe problems, since bacteria grow quickly
compared with epithelial cells. This result means that these BAM
and antibody-assisted methods to isolate epithelial cells are not
perfect for application to real research, and antibiotics are still
required after physiochemical isolation. This result also provides
a clue to isolate epithelial cells from samples if the bacteria
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Fig. 7. The comparison of BAM and anti-GAPDH antibody for bacterial removal
efficiency.

concentration is relatively low (~102 CFU/mL). Therefore, we added
bacteria removal steps to this process.

3.4. Two-step optimization on cells separation

Two sequential steps, a bacteria removal step using MP-APTS
and an epithelial isolation step by SP-APTS-BAM, were utilized to
isolate epithelial cells completely from the bacteria-contaminated
samples (over 10° CFU/mL). MP-APTS was utilized as a first step
for the easy removal of bacteria from the sample. Fig. 8 shows
the % concentration (defined as % concentration/input concentra-
tion=C/C, %) of bacteria and AGS cells in the samples in each
step. The % concentration of bacteria was dramatically decreased
after the removal process (first step, 10 min) by MP-APTS, whereas
that of AGS cells remained in the tube, because bacteria have a
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Fig. 8. The step by step the epithelial cell isolation efficiencies of 2-step process.
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Fig. 9. The primary cell cultivation from the intestine biopsy of the mouse by using 2-step isolation process.

net-negatively charged surface at neutral pH [24]. It was clear that
epithelial cells could adhere to the positively charged surface, but
in this case, they could not bind to MP-APTS, because it could
not adhere to the small area of the MPs [27]. In the first step, we
could decrease the bacteria concentration to less than 103 CFU/mL,
which means that epithelial cells would be perfectly isolated by SP-
APTS-BAM, because the sample contains bacteria at arelatively low
concentration (see Fig. 7). As a second step, the SP-APTS-BAM was
added and incubated for 10 min in the remaining solution (from
which most bacteria was removed). The solution was replaced with
PBS buffer 3 times after 10 min of incubation. As a final result, a
60% recovery rate of epithelial cells from the sample without any
bacteria could be achieved.

3.5. Primary cell cultivation from mouse intestinal sample

The successful isolation of AGS cells from samples contaminated
with E. coli has been demonstrated using two different particles,
MP-APTS and SP-APTS-BAM. To verify its applicability, this method
was applied to real tissue sample treatment. An intestinal sample
(upper-left in Fig. 9) from a mouse was selected, because digestive
could achieve such as the stomach and intestine normally have var-
ious bacteria in high concentration. The tissue was biopsied from
a BALB/C mouse and thoroughly washed to remove visible impuri-
ties. After normal treatment for the primary culture of tissue cells,
cells were cultivated on a culture dish for 2 days. As expected, bacte-
ria were cultivated more quickly than epithelial cells (upper-right
in Fig. 9). The 2-step operation to remove bacteria (using MP-APTS)
and isolate epithelial cells (using SP-SPTS-BAM) was applied to this
bacteria-contaminated intestinal primary cultivation sample. We
were able to isolate epithelial cells by SP-APTS-BAM (bottom-left),
and verified that the epithelial cells were bacteria-free by 24 h of

cultivation after removing SP-APTS-BAM (bottom-right). As shown
in figure, bacteria could be removed from the sample in 20 min
without the use of any antibiotics.

4. Conclusion

In cell-based research, it is mainly considered that the chem-
ical, biological, and physical factors of the micro environments
of cells may affect the cell characteristics, which could restrict
the application of cell-based research to clinical research. There-
fore, it is scientifically and empirically important to minimize the
use of additives such as antibiotics to cultivate cells. We have
developed a simple and effective tool to isolate epithelial cells
from bacteria-contaminated tissue samples, by simply using two
different chemically functionalized microparticles, MP-APTS and
SP-APTS-BAM.

Bacteria-free primary cell cultivation could be achieved by only
chemical methods. This methodology did not depend on antibiotics
to remove bacteria and biological reactions (in antibodies). The
method could reduce processing time and cost as well as increase
the shelf life of a separation KIT. Also, this method could be easily
automated by the introduction of microfluidics, because we used
simple magnetic particles and silica particles. After adjusting the
operating parameters for microfluidics, we anticipate the devel-
opment of an automated cell treatment device for primary cell
cultivation.
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