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Abstract

of hepatic differentiation in live MSCs.

MSCs.

undifferentiated MSCs.

Introduction: Mesenchymal stromal cells (MSCs) are well known for their application potential in tissue
engineering. We previously reported that MSCs are able to differentiate into hepatocytes in vitro. However,
conventional methods for estimating the maturation of hepatic differentiation require relatively large amounts
of cell samples. Raman spectroscopy (RS), a photonic tool for acquisition of cell spectra by inelastic scattering,
has been recently used as a label-free single-cell detector for biological applications including phenotypic
changes and differentiation of cells and diagnosis. In this study, RS is used to real-time monitor the maturation

Methods: The MSCs were cultured on the type | collagen pre-coating substrate and differentiated into hepatocytes in
vitro using a two-step protocol. The Raman spectra at different time points are acquired in the range 400-3000 cm™'and
analyzed by quantification methods and principle component analysis during hepatic differentiation from the

Results: The intensity of the broad band in the range 2800-3000 cm”™
lipochrome in differentiated hepatocytes. A high correlation coefficient between the glycogen amount and hepatic
maturation was exhibited. Moreover, principle component analysis of the Raman spectra from 400 to 3000 cm ™
indicated that MSC-derived hepatocytes were close to the primary hepatocytes and were distinct from the

Conclusions: In summary, RS can serve as a rapid, non-invasive, real-time and label-free biosensor and reflects changes
in live cell components during hepatic differentiation. The use of RS may thus facilitate the detection of hepatic
differentiation and maturation in stem cells. Such an approach may substantially improve the feasibility as well as
shorten the time required compared to the conventional molecular biology methods.
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" reflects the amount of glycogen within

Introduction

Inelastic scattering was first discovered by Raman [1].
When molecules are excited by incident laser light, the
molecular vibration will emit scattered light. A small
fraction of this scattered light has a different frequency
from the incident laser light, approximately one of 10
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photons—a phenomenon called Raman scattering. The
Raman shifts labeled as wave number units (cm™) in the
Raman spectra are the difference in wavelength between
the scattered and incident light in the spectrum, and ex-
hibit the characteristics of molecular vibration [2]. For a
biological sample, the complex constituents (e.g., DNA,
RNA, proteins, lipids and polysaccharides) in a cell gen-
erate a ‘molecular fingerprint’ on the Raman spectra [3].
In recent years, high resolution Raman spectroscopy (RS)
has been rapidly utilized to provide an alternative tool for
the detection of different cell/tissue types [4—8], or various
cellular responses including apoptosis, necrosis and cell
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differentiation [9, 10]. Therefore, Raman spectra are able
to provide unique information related to the molecular
characteristics of live cells without labeling.

Stem cells are defined by their multidifferentiation po-
tential and self-renewal capability. For tissue engineering,
stem cells have provided a good means for growing new
tissue and organs for transplantation [11, 12]. Mesenchy-
mal stromal cells (MSCs) are adult stem cells which ex-
hibit differentiation potential into bone, cartilage and
adipose cells [13, 14]. They can also be isolated from vari-
ous kinds of somatic tissues and culture-expanded eas-
ily in vitro. In our previous studies, we reported that
MSCs were also successfully differentiated into hepatocyte-
like cells in vitro [15]. Moreover, the therapeutic effect of
MSC transplantation for liver failure in animal models sug-
gests that MSCs may be useful for treating liver diseases
[16—18]. However, estimating the maturation of differenti-
ated cells before transplantation is a key challenge, and
time-consuming conventional biological methods require
the labeling or fixation of cells, making real-time monitor-
ing impossible.

RS provides a faster and label-free biosensing approach
to obtain cell spectra which show molecular vibrations
for real-time measurement at the level of single live cells
in different phenotypes. We reason that RS may be useful
in detecting the stem cell commitment and differentiation.
The purpose of the study is to evaluate the feasibility of
using RS to measure the degree of maturation during hep-
atic differentiation of MSCs.

Methods

Isolation of murine MSCs and hepatocytes

Approval for these experiments was obtained from the
Taipei Veterans General Hospital Institutional Animal
Care and Use Committee (IACUC) regarding the use of
animals prior to the commencement of the experiments.
Murine MSCs were isolated from the bone marrow of
7—-8-week-old Balb/c mice as previously described [19],
and were cultured in low-glucose Dulbecco’s modified
Eagle’s medium (LGDMEM; Sigma-Aldrich) supple-
mented with 10 % fetal bovine serum (FBS; Gibco) and
1 % PSG (Penicillin/Streptomycin/ Glutamine; Gibco).
Primary murine hepatocytes were isolated from the
liver of Balb/c mice euthanized by intraperitoneal injec-
tion of tribromoethanol (240 mg/kg) using a two-stage
liver perfusion method reported in the literature [20,
21]. After perfusion, the liver was cut, the gall bladder was
removed, and the liver was transferred to a new dish. The
liver capsule was disrupted using tweezers, and the cells
were released in a culture medium consisting of DMEM/
F12 (Gibco) supplemented with 10 % FBS (Gibco) and 1 %
PSG. The cell suspension was filtered using 70-pm
strainers. The hepatocytes and nonparenchymal cells were
separated by centrifugation at 50 g for 5 minutes. The
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hepatocytes pellet was then washed twice in the culture
medium and the hepatocytes were cultured on type I col-
lagen pre-coated cover glass.

Hepatic differentiation of MSCs

MSCs were cultured on type I collagen (BD falcon) pre-
coated cover glass, and then treated with step 1 of the
hepatic differentiation medium consisting of Iscove’s
modified Dulbecco’s medium (IMDM; Sigma-Aldrich)
supplemented with 20 ng/mL hepatocyte growth factor,
10 ng/mL fibroblast growth factor-2, 0.61 g/L nicotina-
mide and 1 % PSG for the first week. Then the culture
condition was changed for step 2 treatment with the hep-
atic differentiation medium consisting of IMDM supple-
mented with 20 ng/mL oncostatin M, 50 mg/mL ITS,
1 pmol/L dexamethasone and 1 % PSG.

Quantitative polymerase chain reaction

The total RNA of the MSCs was collected and quantified at
different time points of hepatic differentiation. The mRNA
was reverse-transcribed to cDNA by MMLYV reverse tran-
scriptase (EPICENTRE® Biotechnologies). The 10 ng cDNA
in the total volume was analyzed by quantitative polymer-
ase chain reaction (PCR).

Albumin immunostaining

The cells were fixed using 3.7 % formaldehyde for
10 minutes, and permeablized with 0.1 % triton X-100
for 10 minutes. The cells were incubated with the primary
antibody (R&D MAB1455) overnight at 4 °C and then in-
cubated with secondary antibody (abcam ab150113) for
1 hour and washed with phosphate-buffered saline (PBS).

Periodic acid-Schiff staining

The cells were fixed using 3.7 % formaldehyde for 10 mi-
nutes, and washed with PBS three times. The cells were
then permeablized using 0.1 % triton X-100 for 10 minutes.
Subsequently, the cells were treated with 1 % periodic acid
for 5 minutes, and washed with H,O. Finally, they were
treated with Schiff’s fuchsin-sulfite solution for 1 hour,
washed lightly with H,O and dried.

Glycogen storage assay

For quantitation of glycogen storage, the cells were lysed
with H,O, and boiled for 10 minutes. The extract was used
to quantify the glycogen using the Glycogen Colorimetric/
Fluorometric Assay Kit (BioVision).

Urea production assay

The urea production of MSCs after 3 weeks of hepatic
differentiation was investigated. Cytoplasmic protein was
extracted to analyze the urea production using a Urea
Colorimetric Assay Kit (BioVision).
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Diastase treatment

The cells were fixed using 3.7 % formaldehyde for
10 minutes, and washed with PBS three times. The cells
were then permeablized using 0.1 % triton X-100 for
10 minutes and washed by PBS. Subsequently, they
were treated with 1 mg/ml diastase (Sigma) at 37 °C for
1 hour and washed by PBS.

Raman spectroscopy and data acquisition

A Labram HR 800 Raman spectroscope (HORIBA
Scientific, Japan) used He-Ne laser to excite the sam-
ples at 632.8 nm with 17 mW power. The spectro-
scope was equipped with an Olympus BX40, a 60x
water immersion M-Plan objective (NA =0.9), and a
liquid nitrogen-cooled CCD two-dimensional array
detector. The cells were seeded on cover glasses pre-
coated with type I collagen, and the cover glasses
were placed on top of mounting glasses with cells fa-
cing upwards. Then IMDM media were dropped on
the cover glasses for the purpose of detection by a
60x water immersion M-Plan objective of Raman
spectroscopy. Then the position for laser excitation in
the monitor was chosen randomly for detecting, and
the Raman spectra were acquired in the Raman shift
range 400-3000 cm™' with an integration time of
30 seconds. Cell number for data acquisition is over
10 in every measurement. The raw spectra data were
nonlinearly smoothed, baseline corrected, and ana-
lyzed using LabSpec software.

Principal component analysis

The Raman spectra (4003000 cm™") of the primary hepa-
tocytes, undifferentiated MSCs, and MSC-derived hepato-
cytes were further processed by principal component
analysis (PCA) using the Raman Processing (RB) program
written in MATLAB developed by the SSIM/CARES re-
search group at Wayne State University [22].

Statistical analysis

The quantitative data were expressed as mean + standard
deviation. Statistical significance was determined by ¢ test
(p =0.05) or one-way analysis of variance with Tukey’s
post-hoc test (p=0.05) and different alphabetical letters
indicate different levels of statistical significance at 95 %
confidence intervals.

Results and discussion

In vitro hepatic differentiation of MSCs

To test the efficiency of hepatic differentiation of MSCs,
cells were cultured on type I collagen coated cover glass
and were induced into hepatocytes using a previously re-
ported protocol [15]. The cells changed in shape from
fibroblast-like to cuboidal, and then became hepatocyte-
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like in appearance (Fig. 1a, b, and c). Albumin, the most
abundant blood plasma protein secreted by hepatocytes,
was measured in the MSC-derived hepatocytes using
immune-staining. The results indicated that albumin
expression apparently increased 3 weeks after hepatic
induction (Fig. 1d and e). The mRNA expression levels
of liver-specific genes investigated by quantitative PCR
revealed that albumin, o-fetoprotein, cytokeratin 18,
hepatic nuclear factor 4, tyrosine aminotransferase, glu-
cose 6 phosphatase, and metabolism-related cytochrome
P450 enzymes (Cypla2, Cyp2bl0, and Cyp2f2) were
highly upregulated in the MSCs after hepatic induction,
while cytokeratin 19 as a cholangiocyte marker was
downregulated (Fig. 1f). In addition, the functional as-
says including glycogen storage and urea production
were further investigated in the MSC-derived hepato-
cytes. Periodic acid—Schiff (PAS) staining and quantita-
tive assay showed that, compared to undifferentiated
MSCs, glycogen storage in the MSC-derived hepatocytes
was significantly increased (Fig. 1g and h). Urea produc-
tion was also elevated in the MSC-derived hepatocytes
(Fig. 1i). These results indicated that the MSCs were effi-
ciently differentiated into hepatocytes.

Raman spectra of lipochrome in the MSC-derived
hepatocytes

During hepatic differentiation, an increase in PAS
staining-positive granules in the cytoplasm of MSC-
derived cells was noted (Fig. 2). PAS staining is used
to detect polysaccharides such as glycogen; also, gly-
coproteins, glycolipids, lipids, and phospholipids are
positive under PAS staining. In hepatocytes, the gran-
ules are termed lipochrome (lipofuscin) which is PAS
staining-positive and composed of lipid-containing
residues of lysosomal digestion. Although lipids and
proteins are the main constituents in lipochrome, a
small amount of carbohydrate (4-7 %) is also found
in lipochrome content [23], and glycogen is the major
form of carbohydrate stored in hepatocytes. In rat liver,
more than 10 % of cellular glycogen is located within
lysosome [24]. Normally, the mean size of lipochrome
is 1 um, but larger granules are also encountered [25].
Moreover, the increased formation and size of lipo-
chrome is reported to be associated with aging [26—29].
However, lipochrome is frequently found in postmitotic
cells [30] and is also found in newborn human liver
[25]. The maturation of hepatocytes was reported by in
vitro hepatic induction of hepatic progenitor cells from
fetal mouse liver, which showed increased PAS staining-
positive granules along with induction time [31]. The
above evidence indicates that it is possible to use lipo-
chrome formation as an index of maturation level during
hepatic differentiation of MSCs. To investigate Raman
spectra between the MSC-derived hepatocytes and



Wu et al. Stem Cell Research & Therapy (2016) 7:6

Page 4 of 10

Albumin

b
= mm

HD21

a
b

14
12
10
8
6
4
2
0
undifferentiated HD14
MSCs
HNF4
[
5
4
3 a
2
o 1R
undifferentiated HD14
MSCs
Cyp1a2
10
8
6
4
2 a
a :
o il
undifferentiated HD14
MSCs
Cytokeratin 19
1.2
1.0
0.8
0.6
0.4
0.2
0.0
undifferentiated HD14
MSCs
(9)
Undifferentiated HD14
MSCs

HD21

HD21

HD21

HD21

O = N W A O

2 = N W A& 0O

o - fetoprotein

undifferentiated HD14
MSCs
TAT
b
] .
undifferentiated HD14
MSCs
Cyp2b10
b

undifferentiated HD14
MSCs

Glycogen storage

undifferentiated
MSCs

b 7
1 6
5
4
3
2
1
0
HD21
[
¢ 5
4
3
2
1
0
HD21
25
c
] 20
15
10
5
0
HD21
b
a
e
HD14 HD21

undifferentiated

Cytokeratin 18

2
= B
£
HD14

MSCs G6P

b
=
£

undifferentiated HD14
MSCs
Cyp2f2
b
— [

undifferentiated HD14
MSCs

0 E——

undifferentiated MSCs-derived
MSC:

Fig. 1 Hepatic differentiation of MSCs on cover glasses precoated with type | collagen. The MSCs were cultured on cover glasses pre-coated with
type | collagen, and differentiated into hepatocytes. Cell morphology of a undifferentiated MSCs, b hepatic differentiation at day 14 and ¢ hepatic
differentiation at day 21. Albumin staining of d undifferentiated MSCs and e differentiated cells. f The mRNA expression of MSC-derived hepatocytes.
The mRNA expression of liver-specific genes was investigated on days 14 (HD14) and 21 (HD21) of hepatic differentiation as well as in undifferentiated
MSCs. g PAS staining of the undifferentiated MSCs, and at days 14 and 21 of hepatic differentiation. Quantification of h glycogen storage and i urea
production during hepatic differentiation from the MSCs. Groups with different alphabetical letters are significantly different, whereas groups with the
same alphabetical letters are not; *p < 0.05, **p < 0.01. G6P Glucose 6 phosphatase, HNF4 Hepatic nuclear factor 4, MSC Mesenchymal stromal cell, TAT
Tyrosine aminotransferase

Urea production

'i'

HD21
HD21

HD21

P =0.00013
*%*

hepatocytes




Wu et al. Stem Cell Research & Therapy (2016) 7:6

Page 5 of 10

Undifferentiated MSCs

MSCs-derived hepatocytes

Fig. 2 The lipochrome formation in cytoplasm increased in the MSC-derived hepatocytes and primary hepatocytes. The undifferentiated MSCs,
MSC-derived hepatocytes and primary hepatocytes were stained with PAS staining. The white arrows indicate the PAS staining-positive granules

J

primary hepatocytes, the spectra were recorded in the
range 400-3000 cm™" and the assignment of the Raman
shifts highlighted in Fig. 3 are summarized in Table 1 [32—
35]. The spectra of lipochrome and nonlipochrome cyto-
plasmic position were investigated in the MSC-derived he-
patocytes and primary hepatocytes. The lipochrome was
not observed in the undifferentiated MSCs (Fig. 3a).
Lipochrome spectra in the MSC-derived hepatocytes
and primary hepatocytes both exhibited a broad band
in the range 2800-3000 cm ™" with two main peaks (2852/
2898 cm™') indicating a CH, symmetric stretch/CH
stretch (Fig. 3b and c). In addition to the broad band, the
MSC-derived hepatocytes and primary hepatocytes also
have peaks of 1301-1305 cm™ (C-H vibration, CH, de-
formation, CH;3 and CH, twisting), 1436—1439 cm™* (CH,
scissoring and CH, deformation), and 1655-1680 cm!
(Amide I) in the lipochrome spectra. However, the
peaks at 1076 cm™ for v(C-C) or v(C-O), 1263 cm™'for
triglycerides, and 1750 cm™" for v(C = C) were only found
in the lipochrome of the primary hepatocytes (Fig. 3c). In
the nonlipochrome cytoplasmic position, both the MSC-
derived hepatocytes and primary hepatocytes expressed a
broad band in the range 2800-3000 cm™ indicated as
v(C-H) as compared with the undifferentiated MSCs in
Fig. 3. In the primary hepatocytes, the spectra intensity of
the different sized lipochromes was found to increase with
lipochrome size (Fig. 3d). Also, lipochromes of large size
were observed in the primary hepatocytes, which are har-
vested from adult mice. Therefore, the lipochrome forma-
tion was found during hepatic differentiation from MSCs,
and the vibration of the chemical bonding shown in the
Raman spectrum of lipochrome could use for estimating
maturation during hepatic differentiation.

Real-time monitoring of the maturation of MSC-derived
hepatocytes by RS

Time-dependent Raman spectra were measured to moni-
tor the maturation of hepatic differentiation from the
MSCs (Fig. 4a). The Raman spectra of primary hepatocytes
were used as a reference and exhibited peaks at 968 cm},
1078 ecm ™', 1264 cm™', 1303 cm™, 1439 cm ™, 1660 cm ™,
and 1750 cm™}, and a broad band at 2800-3000 cm™*
composed of peaks at 2853 cm ™' and 2899 cm ™. Figure 4b
magnifies the ranges at 400-565 cm™Y, 1400-1500 cm™,
and 2700-3000 cm™'. The broad band intensity in the
range 400-565 cm™! was constant in the IMDM medium,
undifferentiated MSCs, primary hepatocytes, and during
the hepatocyte differentiation, indicating that signals in the
range 400-565 cm ™ resulted from the background signal
of the type I collagen coating the substrate. During the
hepatic differentiation of the MSCs, the broad band inten-
sity (2800-3000 cm™) increased at day 10 and day 14
compared with the undifferentiated MSCs. In addition, a
peak of 1439 cm™ was detected at day 14 of the hepatic
differentiation from the MSCs. However, the broad band
intensity (2800—3000 cm™) and peak (1439 cm™) in the
MSC-derived hepatocytes were lower than that for the
primary hepatocytes. Because of the positive correlation
between the broad band intensity (2800-3000 cm™) and
the duration of induction, we speculate that the signals at
2800—3000 cm ™" could be used to monitor the maturity of
hepatic differentiation from the MSCs.

As shown in Fig. 2, lipochromes were positive for PAS
staining in the MSC-derived hepatocytes. To further in-
vestigate which signal of the Raman spectra was from
glycogen, MSC-derived hepatocytes were treated with
diastase to catalyze the glycogen, and then the change in
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Raman signal was investigated. As shown in Fig. 5a, the
broad band at 2800-3000 cm™" in MSC-derived hepato-
cytes could no longer be detected after diastase treatment.
Subsequently, to investigate whether amorphous glycogen
also causes 2800-3000 cm™' Raman shift, 10 % glycogen

Table 1 Assignment of the Raman shifts

solution was tested. The result showed that the glycogen
solution also caused Raman shift (2800-3000 cm ™) com-
pared to H,O control (Fig. 5b). These results indicate that
the signal was indeed derived from glycogen formation
during hepatocyte differentiation.

Raman shift Assignments

968 cm”! Lipids

1076-1078 cm™ u(C-0) or u(C-0)

1263-1264/1301-1303 cm ™' Triglycerides (fatty acids), =C-H/C-H vibration, CH, deformation, CH; and CH, twisting
1436-1439 cm™! CH, scissoring, CH, deformation

1655-1680 cm™ Amide |

1750 cm™! uC=0

2852-2881/2899-2907 cm™" CH, symmetric stretch/CH stretch (lipids)

2800-3000 cm™ u(C—H)
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Quantification of maturation level during hepatic
differentiation from the MSCs

To quantify the Raman spectra results, the integral area
of the broad band (2800-3000 ¢cm™) was calculated and
normalized according to the background signal of the
broad band (400-565 cm™") (Fig. 6a). At day 3 of hepatic
differentiation, the ratio showed no significant differ-
ence as compared to the undifferentiated MSCs, but
the ratio increased significantly at days 10, 14, 17, and
21. Furthermore, the ratio from day 7 to day 17 in-
creased linearly and the correlation coefficient also ex-
hibited a high degree of correlation with the induction
time (R?=0.996) (Fig. 6b). The correlation coefficient
from day 7 to day 17 indicated a high correlation be-
tween qualification of signals at 2800-3000 cm™" and
the maturation level during hepatic differentiation from
the MSCs. Furthermore, it indicates gradual maturation
in hepatic phenotype. The results indicate high correlation

between the qualification of signals at 2800-3000 cm ™

and the maturation level during hepatic differentiation
from the MSCs.

PCA of Raman spectra in the MSC-derived hepatocytes
To investigate the differences and similarities among the
undifferentiated MSCs, MSC-derived hepatocytes, and
primary hepatocytes, the Raman spectra were analyzed
by PCA. As shown as Fig. 7, component scores of the
undifferentiated MSCs and MSCs under hepatic differ-
entiation for 7 and 21 days separated into three sub-
groups, indicating the different stages of hepatic
differentiation. It was found that the MSC-derived hepa-
tocytes at day 7 and day 21 were closer to the primary
hepatocytes than the undifferentiated MSCs. The results
indicate that the spectra of undifferentiated MSCs chan-
ged their Raman spectra signature to ones similar to the
primary hepatocytes during hepatic differentiation.
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A conventional molecular biology approach, such as
quantitative PCR or immunostaining, to measure the
maturation level of hepatic differentiation requires sacri-
ficing a large number of cells, which makes real-time
monitoring on live cells during hepatic differentiation
impossible. In this study, we demonstrate that RS is a
powerful tool for monitoring real-time molecular infor-
mation at a single-cell level during hepatic differenti-
ation from MSCs. The spectra of Raman scattering in
MSC-derived hepatocytes during differentiation provide
a unique fingerprint at each stage, which reflects the
characteristics of molecular vibration composed of ex-
tremely complex cell components. RS can be therefore
used for biosensing and to quantitatively evaluate the
maturation level of hepatic differentiation from the
MSCs by the signals at 28003000 cm™".

The structure of multibranched polysaccharide in the
glycogen structure contains a large amount of glyco-
sidic bonds. Furthermore, Raman shift (2800—3000 cm™?)
is also reported to represent the CH stretch from
glyosidic linkage [36]. We show that the broad band
(2800-3000 cm™) assigned for v(C-H) increased in
intensity with hepatic differentiation (Fig. 4), indicat-
ing that the broad band signal is derived from glyco-
sidic bonds of the glycogen structure in the MSC-
derived hepatocytes by digesting glycogen (Fig. 5).
Moreover, the real-time evaluation of the maturity
level during hepatic differentiation of MSCs could be
achieved by quantitative analysis of the Raman spec-
tra at 2800-3000 cm™' (Fig. 6), with the maturity
measured by Raman spectra being comparable to that
by conventional biomedical methods (Fig. 1).
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During hepatic differentiation, lipochrome formation
was also observed in the MSC-derived hepatocytes (Fig. 2).
In this study, the spectra of the MSC-derived hepatocytes
(Figs. 3 and 4) exhibit lower intensity in the broad band
(2800-3000 cm™") with two main peaks (2852/2898 cm™")
and one peak (1439 cm™) indicating less lipid accumula-
tion compared with that of the primary hepatocytes. How-
ever, primary hepatocytes exhibited the increased intensity
of the 2852/2898 peaks along with the size of lipo-
chrome (Figs. 3 and 4). It also indicates that lipids are
accumulated in lipochromes of hepatocytes from adult
mouse liver. One explanation is that the hepatocytes dif-
ferentiated from MSCs under 21-day induction are func-
tional, but are still relatively immature in comparison with
the primary hepatocytes. Furthermore, three-dimensional
scaffold structure composed of extracellular matrix sup-
port, other than induction of growth factors and cyto-
kines, is a critical factor for hepatogenesis in liver
development [37-42], but the three-dimensional scaffold
is not present in this in vitro two-dimensional hepatic dif-
ferentiation. Thus, the MSC-derived hepatocytes are not
as mature as the primary hepatocytes in this study.

MSC-derived hepatocytes (Fig. 7).

Conclusion

In summary, RS can be used as a biosensor to provide
real-time information on molecular characteristics during
hepatocyte differentiation of MSCs. The findings have un-
equivocally demonstrated the usefulness of RS in stem cell
studies. The application of RS may substantially facilitate
stem cell research by overcoming the limitation of current
molecular biological experimental methods.
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