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Abstract Our purpose was to characterize human dental
pulp cells isolated by various methods and to examine the

behavior of cells grown under various conditions for the
purpose of pulp/dentin tissue engineering and regeneration.
We compared the growth of human pulp cells isolated by
either enzyme digestion or the outgrowth method. Expres-
sion of dentin sialophosphoprotein, Cbfa1, and two types
of collagen (I and III) in these cells was examined by
Western blot or reverse transcription/polymerase chain re-
action. Growth of pulp cells on dentin and in collagen gel
was also characterized. We found that different isolation
methods give rise to different populations or lineages of
pulp cells during in vitro passage based on their collagen
gene expression patterns. Cells isolated by enzymediges-
tion had a higher proliferation rate than those isolated by
outgrowth. Pulp cells did not proliferate or grew minimally
on chemically and mechanically treated dentin surface and
appeared to establish an odontoblast-like morphology with
a cytoplasmic process extending into a dentinal tubule as
revealed by scanning electron microscopy. The contraction
of the collagen matrix caused by pulp cells was dramatic:
down to 34% on day 14. Our data indicate that (1) the
choice of the pulp cell isolation method may affect the
distribution of the obtained cell populations, (2) a treated
dentin surface might still promote odontoblast differenti-
ation, and (3) a collagen matrix may not be a suitable
scaffold for pulp tissue regeneration because of the marked
contraction caused by pulp cells in the matrix. The present
study thus provides important information and a basis for
further investigations pre-requisite to establishing pulp
tissue engineering/regeneration protocols.
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Introduction

The ultimate goal of this study is to regenerate dental pulp
tissue, a task that is generally considered to be difficult.
Recent attempts to engineer dental pulp in vitro and in animal
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models by using modern tissue engineering technologies
have shed light on pulp regeneration (Bohl et al. 1998;
Mooney et al. 1996). Regenerated pulp tissue should be
functionally competent, e.g., capable of forming dentin to
repair lost structure. Reports have shown that isolated pulp
cells can be induced to differentiate into odontoblast-like
cells and generate dentin-like mineral structure in vitro
(About et al. 2000; Tsukamoto et al. 1992). The in vivo
evidence for pulp cells being capable of generating dentin
was demonstrated by Gronthos et al. (2000) who trans-
planted pulp cells mixed with hydroxyapatite/tricalcium
phosphate into immunocompromised mice; within 6 weeks,
pulp-like tissues surrounded by a dentin-like structure were
observed adjacent to an odontoblast-like layer. These pulp
cells isolated from adult human dental pulps and expanded
in vitro were designated by Gronthos et al. (2000) as dental
pulp stem cells (DPSCs). When these DPSCs are seeded
onto human dentin surface and implanted into immunocom-
promised mice, reparative dentin-like structure is deposited
on the dentin surface (Batouli et al. 2003). The studies
mentioned above signify the possibility that a protocol for
pulp tissue regeneration and new dentin formation for
clinical therapeutic purposes can be established.

To engineer tissues in vitro, the first step is to isolate
cells with the right phenotype and propagate them in
suitable culturing environments. Normally, these cells are
grown on a two-dimensional surface before being trans-
ferred to a three-dimensional scaffold construct (Lee and
Mooney 2001; Vacanti et al. 1991; Vacanti 2003). Syn-
thetic matrices fabricated from naturally derived (e.g.,
collagen) or synthetic materials (e.g., polyglycolic acid;
PGA) are often utilized as a delivery vehicle for these cells
and to guide the process of tissue formation (Alsberg et al.
2001; Drury and Mooney 2003; Lee and Mooney 2001).
Fibroblasts cultured from human adult dental pulps seeded
onto PGA form new tissue similar to that of native pulp
after being implanted into mouse subcutaneous space
(Buurma et al. 1999). Based on current tissue engineering
principles, several questions need to be asked before
establishing an in vitro protocol for pulp tissue engineering.
(1) Do different pulp cell isolation methods give rise to a
same pool of pulp cell population? Pulp cells have been
isolated either by the well-known outgrowth method, i.e.,
cells outgrow from pulp tissue explants (About et al. 2000;
Couble et al. 2000; Nakao et al. 2004; Saito et al. 2004;
Tsukamoto et al. 1992) or by enzyme digestion (collage-
nase/dispase/trypsin; Gronthos et al. 2000; Nakashima
1991; Onishi et al. 1999). However, no report has
compared the cells derived from the two isolation methods.
(2) Will pulp cells grow on treated dentin surface? To
regenerate pulp tissues in root canals that have been
mechanically filed and chemically cleansed, pulp cells
must be able to grow on this treated surface. (3) Is a
collagen matrix a suitable scaffold? Collagen gel is a
convenient carrier of pulp cells and can be injected into the
canal space to regenerate pulp clinically (Lee and Mooney
2001). Unfortunately, collagen is known to contract under
the influence of fibroblasts (Haas et al. 2001; Zhu et al.

2001). Would pulp cells cause the contraction of collagen
to such an extent that it affects pulp tissue regeneration?

In this study, we have addressed the above questions as a
first step toward establishing pulp tissue engineering/re-
generation protocols. We have examined the expression of
several genes related to odontoblast lineages in pulp cells
isolated by the two above-mentioned methods and have
characterized the growth behavior of pulp cells on a dentin
surface and in a collagen matrix and compared this with
growth on a culture dish. Our data presented herein provide
new insights and raise new questions regarding the future
directions of pulp tissue engineering/regeneration.

Materials and methods

Sample collection and cell culture

Tooth sample collection (n=24) and the growth of pulp
cells followed protocols described previously (Gronthos
et al. 2000; Park et al. 2004). Extraction of third molars
from healthy patients (aged 16–26 years) in the Depart-
ment of Oral Surgery conformed with a protocol approved
by the UCLA Medical Institutional Review Board. Pulp
cell cultures were established via two approaches. (1)
Enzyme digestion was carried out according to Gronthos
et al. (2000). Minced pulp tissues were digested in a
solution of 3 mg/ml collagenase type I and 4 mg/ml
dispase (Sigma, St. Louis, Mo., USA) for 30–60 min at
37°C. Cell suspensions were obtained by passing the
digested tissues through a 70–μm cell strainer (Becton/
Dickinson, Franklin Lakes, N.J., USA). Single cell
suspensions (1×105 cells/flask) were seeded in 5×10 cm
culture flasks containing α-minimum essential medium
(α-MEM; Life Technologies/GIBCO BRL, Gaithersburg,
Md., USA) supplemented with 20% fetal bovine serum
(FBS), 2 mM L-glutamine, 100 μM L-ascorbic acid-2-
phosphate, 100 U/ml penicillin-G, 100 μg/ml streptomy-
cin, and 0.25 μg/ml fungizone (Gemini Bio-Products,
Woodland, Calif., USA) and maintained under 5% CO2 at
37°C. Cells were grown to confluence and continuously
passed at a 1:3 ratio when confluent. These pulp cells were
designated as human dental pulp cells/digestion method
(HDPCs-d). (2) The outgrowth method was performed
according to Park et al. (2004). Pulp tissue explants
(2×2×1 mm fragments) were placed in 6-well plates with
Dulbecco’s modified Eagle’s medium (DMEM) supple-
mented with 10% FBS and antibiotics as above. The
outgrown cells at confluence were transferred to 5×10 cm
culture flasks (passage 1), grown to confluence, and
continuously passed at a 1:3 ratio when confluent. These
cells were designated as human dental pulp cells/out-
grown method (HDPCs-o). The above cells obtained were
harvested and kept frozen in liquid N2 until experimenta-
tion. NIH 3T3 cells (ATCC CRL-1658) were grown in
DMEM (Life Technologies/GIBCO BRL), supplemented
with 10% FBS and antibiotics as above.
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Cell proliferation on culture dishes

The proliferation rate of subconfluent cultures (passage 3)
of HDPCs-d and HDPCs-o seeded in chamber slides
(NUNC, Naperville, Ill., USA) was assessed by bromo-
deoxyuridine (BrdU) incorporation for 6 h, by using a
Zymed BrdU staining Kit (Zymed Laboratories, San
Francisco, Calif., USA). Cells were fixed and stained
according to the manufacturer’s instructions. Positively
stained cells were counted in randomly selected areas under
a light microscope. Percentages of positive cells were
calculated and compared statistically by using Student’s
t-test.

Western blot analysis

Pulp cells were lysed in a buffer system (Mammalian Pro-
tein Extraction Reagent, Pierce Biotechnology, Rockford,
Ill., USA), sonicated and centrifuged, and the supernatant
was collected. NuPAGE LDS sample buffer (Invitrogen,
Carlsbad, Calif., USA) and 2-mercaptoethanol (final con-
centration: 2.5%) was added to the supernatant and
incubated at 70°C for 10 min. After quantitation of the
collected total proteins, 5 μg protein from each sample was
separated on a 10% NuPAGE gel (Invitrogen), transferred
onto polyvinylidene fluoride membranes and blocked with
4% bovine serum albumin and 1% non-fat dry milk for 1 h
at room temperature. The membranes were then incubated
at 4°C overnight with the following antibodies against
specific human proteins: mouse anti-dentin sialoprotein
(DSP; LF-21, 1:500 dilution; Dr. Larry Fisher, NIDCR/
NIH, Bethesda, Md., USA), rabbit anti-Cbfa1 (final con-
centration, 0.2 μg/ml; EMD Biosciences, Darmstadt,
Germany) and rabbit anti-HSP90 (heat shock protein;
final concentration, 1 μg/ml; Santa Cruz Biotechnology,
Santa Cruz, USA). HSP90 was used as a loading control.
The membranes were then washed and incubated with goat
anti-mouse or anti-rabbit IgG conjugated to horseradish
peroxidase (Santa Cruz Biotechnology) for 1 h at room
temperature, followed by being washed and reacted with
Super Signal Chemiluminescent Substrate (Pierce Biotech-
nology) according to the manufacturer’s recommendations.
Signals were visualized with Kodak BIOMAX MR films
(Kodak, Rochester, N.Y., USA). The intensities of the
signals were analyzed by NIH Image software ImageJ.

RNA isolation and reverse transcription/polymerase
chain reaction

Total RNA of pulp cells was isolated by TRIzol (Invitro-
gen/Life Technologies, Carlsbad, Calif., USA). Reverse
transcription/polymerase chain reaction (RT-PCR) was
carried out with the RT-for-PCR kit (Clontech laboratories,
Palo Alto, Calif., USA) to synthesize cDNA from 1 μg
total RNA. Appropriate amounts of the cDNA, specific
primers for human dentin sialophosphoprotein (DSPP),
collagen I, and collagen III or for human glyceraldehyde-3-

phosphate dehydrogenase (GAPDH, from RT-for-PCR kit,
Clontech) and pfu DNA polymerase (Stratagene, La Jolla,
Calif., USA) were used for PCRs as follows: 1 min at 94°C
(denaturing), 45 s at 55°C (annealing), and 1 min at 72°C
(extension) for 30 cycles; 7 min at 72°C as the final step.
PCR products were size-fractionated on a 1% agarose gel
and visualized by ethidium-bromide staining. The inten-
sities of the PCR products were analyzed by Scion Image
software (Scion, Frederick, Md., USA). The primer se-
quences were as follows: DSPP (target size, 488 bp), sense,
5'-GCAGTGATGAATCTAATGGC-3'; antisense, 5'-CT
GATTTGCTGCTGTCTGAC-3'; collagen-I (target size,
183 bp), sense, 5'-TCAGAGAGGAGAGAGAGGCT-3';
antisense, 5'-ATTCAGGGGAACCTTCGGCA-3'; colla-
gen-III (target size, 410 bp), sense, 5'-GCCAATCCTTT
GAATGTTCC-3', antisense, 5'-CAATAGGTAGTCTCA
CAGCC-3'; hGAPDH (target size, 1041 bp), sense, 5'-
TGAAGGTCGGAGTCAACGGATTTGGT-3', antisense,
5'-CATGTGGGCCATGAGGCTCACCAC-3'. The DSPP
gene encodes two major tooth matrix proteins dentin
sialoprotein (DSP) and dentin phosphoprotein (DPP). DSP
and DSPP are considered to arise from a single transcript,
the product of which is cleaved into the two proteins
(MacDougall et al. 1997).

Cell growth on dentin surface

Dentin specimens were prepared from collected human
third molars after the pulp tissue had been removed to
obtain pulp cells. The coronal dentin was cut into a disc
shape (approximately 1 mm thick) with a diameter approx-
imating that of a well of a 96-well plate, and the surface of
the dentin disc was polished with 600-silicon-carbide sand-
paper. The dentin discs were treated with: 17% EDTA for
10 min and 19% citric acid for 1 min to remove the smear
layer (Di Lenarda et al. 2000; Froes et al. 2000); betadine
and 5.25% NaOCl for 30 min each to sterilize; 1×phos-
phate-buffered saline (PBS; several rinses and a soak) for
2–7 days to remove residual sterilization agents. The above
chemical treatments of dentin produced a replica of the
dentin surface of a root canal wall subjected to cleansing
during clinical endodontic procedures. HDPCs (104 cells)
and NIH 3T3 (4,000 cells) were seeded onto each dentin
disc inserted into a 96-well plate or directly onto the wells
(4,000 cells/well of both HDPCs and NIH 3T3) of the 96
well-plate. At various time points, cells were trypsinized
and counted to plot the growth curves.

Scanning electron-microscopic analysis of pulp cells
grown on dentin discs

Pulp cells were seeded on dentin disc surfaces in 96-well
with 5×104 cells/dentin disc. For scanning electron-
microscopic (SEM) analysis, cells were washed three
times with PBS, fixed in Karnovsky fixative (2% para-
formaldehyde, 2.5% glutaraldehyde in 0.1 M cacodylate
buffer with 0.02% CaCl2), rinsed in cacodylate buffer, and
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dehydrated in a graded series of ethanol. They were
further dehydrated in hexamethyldisilazane and air-dried.
After gold coating, the preparations were observed with a
Cambridge 360 Scanning Electron Microscope (Carl
Zeiss SMT, Thornwood, N.Y., USA).

Cell proliferation in collagen gel matrix

Cultured cells were trypsinized and mixed with NaOH-
neutralized type I collagen solution, plated into culture
wells, and incubated at 37°C, under 5% CO2, for 60 min to
allow gelation. Cell culture medium was then added to the
wells, and cells in the collagen gel were removed at dif-
ferent time points for cell counting by incubating the gels
with a 3 mg/ml solution of type I collagenase (Sigma) in
PBS for 45 min.

Two types of collagen solutions were used and prepared
according to maufacturer’s instruction with minor mod-
ifications. (1) Rat tail type I collagen solution (3.97 mg/ml;
BD Biosciences, Bedford, Mass., USA) was prepared as
follows: 9 parts type I collagen, 0.023 part 1 N NaOH, 1
part 10× buffered cell culture medium (DMEM) or 10×
PBS. (2) Bovine type I collagen gel solution (Vitrogen 100,

3.1 mg/ml; Cohesion, Palo Alto, Calif., USA) was prepared
as follows: 8 parts type I collagen, 1 part 0.1 N NaOH, 1
part 10× DMEM. Our preliminary experiments showed no
observable difference in cell growth or contraction behav-
ior between the two types of collagen matrix. Therefore,
both types were used in the cell proliferation and gel
contraction studies described below.

Collagen gel contraction assays

The mixtures of cultured cells and collagen gel were placed
into wells of 96-well plates (100 μl/well) and allowed
gelation. Culture medium (200 μl/well) was then added into
each well causing the cell/collagen mixture to lift off from
the well bottom and to be suspended in the medium. The
plates were incubated at 37°C under 5% CO2, and the
medium was changed every 2–3 days. The diameters of the
gels were measured at various time points by using the built-
in grid in an ocular lens of the microscope. Because the gel
did not contract uniformly to produce a perfectly round
shape, three diameters that divided the circle into six equal
sections per gel were measured, and the average of the three
measurements was recorded.

Fig. 1 HDPCs-d colonies
formed after digestion and being
plated in culture dishes. Colo-
nies generally formed in 7–
14 days and had the following
appearance: high density (a),
median density (b), low density
(c), pattern-forming (d), endo-
thelial-/epithelial-like (e), long
slender single cells (f). Original
magnifications: ×40

Fig. 2 HDPCs-o out-growing
from a pulp fragment (lower left
dark region). HDPCs-o at 1–
2 weeks (a). Cells becoming
confluent around the fragment
in 2–3 weeks (b). Some pulp
samples took longer to produce
outgrown cells. Original
magnifications: ×40
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Fig. 3 Proliferation studies of
pulp cells on culture dishes as
measured by BrdU labeling.
Pulp tissues were obtained from
four third molars of one patient
(aged ~20 years). Pulp cells
were isolated by using the two
methods described except the
medium for both type of cells
was the α-MEM plus the sup-
plements, and were subcultured
into chamber slides (passage 3,
2×104 cells/well). a BrdU-posi-
tive cells display brown nuclei
(representative data). Original
magnifications: ×200. b Per-
centage of BrdU-positive cells
of total cells counted per se-
lected area (n=4). *P=0.0004,
statistically significant (t test).
Error bars indicate standard
error (SE) of the mean

Fig. 4 Top Western blot analy-
sis of DSPP (DSP) and Cbfa1.
Pulp cells used were the same as
those described in Fig. 3. At
passages 1 and 5, cells were
harvested, and 5 μg protein
from each sample were analyzed
(P1, P5 cell passages 1 and 5).
Bottom Bar chart of the relative
signal intensities. Signals from
each band were normalized to
the corresponding HSP90 level
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Results

Cell growth on culture dishes

We first observed morphological differences of pulp cells
isolated by either the digestion method to obtain HDPCs-d
or the outgrowth method to obtain HDPCs-o. HDPCs-d
formed colonies within 1–2 weeks after initial plating, and
typical colonies contained fibroblast-like cells triangular or
stellate in shape (Fig. 1a–c); this was maintained after five
or more passages. The appearance of the colonies of
HDPCs-d in the initial stage could be categorized into three
main types: (1) high to median densities (Fig. 1a,b); (2) low
density (Fig. 1c); (3) spindle-shape pattern-forming cells
(Fig. 1d). Other different types of colonies (minority)
included cells of endothelial-like or epithelial-like mor-
phology (Fig. 1e), and single cells with long extending
processes (Fig. 1f) were also observed. HDPCs-o appeared
as fibroblast-like cells with various sizes and shapes
(Fig. 2a) when first migrating out of the pulp fragments.

Morphological differences among these cells were more
difficult to discern than in those cells that were isolated by
the digestion method and that formed colonies. The
HDPCs-o later became confluent and presumably repre-
sented a heterogeneous population of cells (Fig. 2b).

Proliferation on culture dishes

While characterizing the morphologies of these cells from
different donors, we observed that HDPCs-d appeared to
grow faster than HDPCs-o. To assess this phenomenon
more accurately, we collected four third molars from one
patient and divided pulp tissues in half, each undergoing
the different isolation methods. At passage 3, both HDPCs-
d and HDPCs-o were subjected to proliferation studies by
using BrdU incorporation and Zymed BrdU staining. As
shown in Fig. 3, HDPCs-d proliferated at a faster rate than
HDPCs-o grown on culture dishes (Student’s t test,
P<0.05).

Fig. 5 Top Expression of DSPP
and collagen types I and III in
pulp cells analyzed by RT-PCR.
Pulp tissues were obtained from
four third molars of a 17-year-
old male patient. Pulp cells were
isolated with the two methods
described (P1, P5 cell passages
1 and 5). Bottom Bar chart of the
relative signal intensities. Sig-
nals from each band were nor-
malized with the corresponding
GAPDH level
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Expression of DSPP, Cbfa1 and collagen types I
and III in cultured pulp cells

We next determined potential differences in the expression
of DSPP, Cbfa1 and collagen types I and III between
HDPCs-d and HDPCs-o. The data presented in Fig. 4
demonstrate protein expression of DSPP and Cbfa1 from
pulp cells derived from the same donor used for the
proliferation studies shown in Fig. 3. No difference were
observed in the expression of the two gene products
between HDPCs-d and HDPCs-o at different passages,
except a slightly lower expression level of DSPP at pas-
sages 5 compared with that at passage 1 of HDPCs-o.

Pulp cells from another donor were also processed in the
same manner as the above, and at different passages, RT-
PCR was performed to examine the expression of DSPP
and collagen types I and III. The results (see Fig. 5) showed
that the expression levels of DSPP in both HDPCs-d and
HDPCs-o, based on the observed signal bands, were sim-
ilar at passages 1 and 5; however, after adjusting the signal
intensities against GAPDH, differences were found in the
expression levels between passages. DSPP levels de-
creased in HDPCs-o, whereas they increased in HDPCs-d
from passages 1 to 5.

The expression of collagen type I changed more
noticeably over passages. At passage 1, HDPCs-d ex-
pressed a higher level of type I collagen than HDPCs-o. At
passage 5, the relative expression levels reversed. Collagen
type I expression level in HDPCs-d decreased, whereas it
increased dramatically in HDPCs-o. The relationship of
collagen type III expression levels between the two types of
cells was similar to that of collagen type I. At passage 1,
there was minimal level of type III collagen in HDPCs-o,
but this markedly increased at passage 5. For HDPCs-d, the
type III collagen expression level was slightly reduced
from passage 1 to passage 5.

Cell growth on the dentin surface

According to previous reports, pulp-derived cells seeded
on a dentin surface are useful for dentin barrier tests
(Schmalz et al. 1996; Schmalz et al. 2001). SV40 large T-
antigen-transfected bovine pulp-derived cells proliferate
extensively on a dentin surface, but not to the same degree
as those grown on culture dishes (Schmalz et al. 2001). To
utilize isolated primary pulp cells to generate new dentin on
existing dentin, it is necessary to know whether they pro-
liferate and reach confluence on a dentin surface.

Our results showed that HDPCs-d plated onto the dentin
surface proliferated minimally, if at all, compared with
platings in culture dishes (96-well plates), whereas NIH
3T3 cells, which served as a comparison, proliferated
similarly on dentin surfaces and in culture wells (Fig. 6).
Statistical analysis revealed that the numbers of HDPCs-d
on dentin discs on days 6 or 9 were not significantly
different from those on day 3 (t test, P>0.05), whereas NIH
3T3 cell numbers on days 5, 7, and 9 were all significantly
higher than those on day 3 (P<0.05). Both HDPCs-d and

NIH 3T3 grown on culture dishes, in comparison, in-
creased in cell number significantly after day 2, except for
NIH 3T3 on day 6. Moreover, only 10%-20% of HDPCs-d
seeded attached to the dentin surface vs ~50% of NIH 3T3
cells. HDPCs-o from a different donor were also seeded
onto dentin surfaces, and similarly, no proliferation was
observed (data not shown).

To visualize the cells on a dentin surface, we selected
HDPCs-d and applied SEM analysis. The results (Fig. 7)
agreed with the previous findings (Fig. 6), viz., HDPCs-d
hardly proliferated on dentin surfaces. Cell densities
appeared decreased in this representative experiment
between the day-1 group (Fig. 7a) vs the day-16 group
(Fig. 7b). There was also a morphological change in day-
16 pulp cells on dentin discs. Instead of having a typical
fibroblast-like cell morphology, as seen in the day-1 group,
individual HDPCs-d appeared condensed and spherically
shaped. At higher magnification, some cells were observed
to possess a single cytoplasmic process extending into a

Fig. 6 Proliferation of cells grown on dentin discs or in 96-well
plates. Representative experiments of cells seeded onto dentin disc
surfaces (4,000 NIH 3T3 cells/dentin disc and 104 HDPCs-d/dentin
disc) in 96-well plates (a) or in wells (4,000 cells/well, both NIH
3T3 and pulp cells) of 96-well plates (b) in duplicate or triplicate.
Cells were harvested with trypsin and counted at various days after
seeding. Cells were confluent on day 8 in 96-well plates (error bars
SE). HDPCs-d were at passage 3
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dentinal tubule (Fig. 7c,d) exhibiting odontoblastic char-
acteristics, whereas such features were not observed on
day 1. In particular, the polarized odontoblast-like cells
had a cell body shape varying from round, to cuboidal
(Fig. 7d), to columnar (Fig. 7c), a common presentation of
odontoblasts at different stage of maturity (D’Souza 2002;
Smith 2002).

Cell proliferation in collagen gel matrix

Collagen is a commonly used scaffold matrix to grow cells
in three-dimensions, especially for the purpose of tissue
engineering. Therefore, the determination of the growth of
pulp cells in collagen matrix is important in order to know

the suitability of collagen as a matrix for pulp tissue
engineering.

HDPCs-d and HDPCs-o (from different donors) were
both cast in collagen gel, and NIH 3T3 was used as a
comparison. Pulp cells and NIH 3T3 proliferated in col-
lagen gels (pH 7.0), but much more slowly than in culture
dishes (Fig. 8). On days 11 and 14, all three types of cells
increased in cell number significantly compared with those
on day 1 or day 2 (P<0.05). In several independent ex-
periments, we noted that both HDPCs-d and HDPCs-o
caused contraction of the gel constructs at some points after
casting. The reduced gel volume after contraction limited
the cell growth. In the experiment presented in Fig. 8,
HDPCs-d had a much slower growth than HDPCs-o after
day 11, because HDPCs-d started to show gel contraction

Fig. 7 SEM images of HDPCs-d
(passage 3) grown on a human
dentin surface. Cells were seeded
onto dentin discs placed in a 96-
well plate (5×104 cells/dentin
disc) and grown for 1 day (a) or
16 days (b–d) before being fixed
and processed for SEM. Medium
was changed every 3 days for the
16-day group. Note HDPCs on
dentin surface (arrows in a, b)
and cell bodies of odontoblast-
like HDPCs (large arrows in c,
d), each with a process extending
into the opening of a dentinal
tubule (small arrows in c, d). One
cell body, presumably of an od-
ontoblast-like HDPC has no
clearly revealed cell process (ar-
rowhead in d), possibly because
of the angle of view. Original
magnifications: ×200 (a, b),
×3,500 (c), ×2,500 (d)

Fig. 8 Proliferation of cells
grown in collagen gel. Repre-
sentative experiment (performed
in duplicate or triplicate) of cells
mixed in a collagen
gel solution and placed into
96-well plates (0.2–2×104 cells
in 0.1 ml/well). After gelation,
0.2 ml culture medium was
added into each well and changed
every 2 days. At each time
point, cells were removed for cell
counting by incubating the gels
with type I collagenase (error
bars SE). Rat tail collagen (pH
7.0) was used for NIH 3T3 and
bovine collagen (pH 7.0) for
HDPCs-d (passage 2) and
HDPC-o (passage 4)
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on day 11 vs HDPCs-o on day 17, possibly explaining this
growth discrepancy. NIH 3T3 did not grow extensively
until later in the experimental period. Although a different
pulp cell source and passages were used for the studies, the
findings confirmed that pulp cell proliferation took place in
collagen matrix.

Collagen gel contraction assays

In the studies of cell growth in collagen (see above), both
HDPCs-d and HDPCs-o were equally potent on contract-
ing collagen. To determine quantitatively the extent of
collagen gel contraction affected by the concentration of
pulp cells, various numbers of cells were mixed with
collagen and cultured in 96-well plates. HDPCs-o were
used in representative studies. At 1.5×105 cells/well and
5×104 cells/well, the collagen matrix contracted down to
30%–34% in 14–21 days, and at 104 cells/well down to
35% after 21 days, whereas the collagen gel without cells
exhibited no contraction (Fig. 9a). It took 3, 5, and 15 days
for collagen gel matrix in cultures with 1.5×105, 5×104, and
104 cells/well, respectively, to become half the size of their
original diameter. Statistically significant contraction of col-
lagen with 1.5×105 and 5×104 cells/well occurred on day 2
onward and for 104 cells/well group from day 8 and onward

(P<0.05). The data indicated that the degree of contraction
was proportionate to the number of cells cast in the gel.

The contraction property of pulp cells was compared
with that of NIH 3T3 cells. We found that NIH 3T3 cells
required slightly different pH values in the collagen gel to
improve their adaptation to the environment. NIH 3T3 cells
in collagen at pH 7.0 (NIH 3T3a group) grew much more
slowly (as depicted in Fig. 8), and therefore only minimal
contraction was observed (statistically significant only
after 16 days; Fig. 9b). When collagen gel was prepared at
pH 6.0, NIH 3T3 grew more extensively and caused
significant contraction of the gel at a similar rate as pulp
cells (NIH 3T3b vs pulp cells). Pulp cells grew well at
pH 7.0 in both types of collagen gel used.

Discussion

The present study aimed to address several issues pre-
requisite to establishing a protocol for pulp tissue engi-
neering and regeneration. First we wished to determine the
difference, if any, of pulp cell phenotypes isolated by two
methods, viz., enzyme digestion and the outgrowth meth-
od. The latter has been widely used by many investigators
to study various aspects of pulp cell physiology (Chen et al.
2005; Hosoya et al. 1996; Nakao et al. 2004; Patel et al.

Fig. 9 Collagen gel contraction
assays. HDPCs-o (passage 3) at
different cell numbers per well
(a) or HDPCs-o and NIH 3T3,
both at 3×104 cells/well (b),
were mixed with rat tail or
bovine collagen and plated in
96-well plates (100 μl/well) in
duplicate. The diameters of the
gels were measured at various
time points (error bars SE).
HDPCs-o and NIH 3T3a in rat-
tail collagen (pH 7.0); NIH
3T3b in bovine collagen
(pH 6.0)
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2003) or cell subpopulations potentially capable of
differentiating into odontoblasts or mineral-forming cells
in vitro (About et al. 2000; Couble et al. 2000; Saito et al.
2004; Tsukamoto et al. 1992). About et al. (2000) and
Couble et al. (2000) have used the outgrowth method to
obtain pulp cells and have been able to induce pulp cells to
differentiate into odontoblast-like cells and generate den-
tin-like mineral structure in vitro. Tsukamoto et al. (1992)
have isolated nodule forming pulp cells by using the
outgrowth method. Gronthos et al. (2000) and Batouli et al.
(2003), on the other hand, have applied enzyme digestion
to isolate DPSCs and verified their differentiation into
odontoblast-like cells and their production of dentin in
vivo. Both methods appear to give rise to pulp cells con-
taining odontoblast progenitor cells, although no report has
established the in vivo capacity of pulp cells isolated by the
outgrowth method to form dentin.

The advantage of isolating pulp cells via the outgrowth
method perhaps is its convenience, although more time is
needed to allow sufficient numbers of cells to migrate out of
the tissue (up to 2 weeks). Fibroblasts in pulp tissue are
reported to proliferate while migrating out into the culture
dish (Vidic et al. 1972). We allowed pulp fragments to
exhaust the outgrowth of cells by consecutively transferring
explant fragments to a new well (24-well plate) ap-
proximately once a week until no further outgrowth was
seen (up to 6 transfers). No live cells were observed in the
exhausted tissue fragments observed by histological exam-
ination (data not shown), suggesting that perhaps all the cells
migrated out into the dish or that the non-migrated cells
disintegrated within the tissue. The digestion method
supposedly releases all cells from the tissue; however, the
process is technically difficult and inevitably some degree of
cell damage and loss occurs. Nonetheless, this method
allows different types of colony formation, and the single
colonies may be further characterized for their stem cell
characteristics, as previously reported (Gronthos et al. 2002).
Our observation regarding the in vitro morphological
categorizations of HDPCs-d outlined above agrees with
that of Gronthos et al. (2000) in that DPSCs isolated by
enzyme digestion form compact and loose types of colonies.
Since this method releases all cell types in the pulp tissues,
the observation of cells of different morphologies is
unsurprising, as reported by other investigators (Gronthos
et al. 2000; Nakashima 1991). To date, only a few types of
adherent cells in pulp tissue are known to be capable of
dividing; these include mesenchymal cells, pulp fibroblasts,
endothelial cells, and pericytes. Shi and Gronthos (2003)
have identified STRO-1-positive cells around blood vessels
and perineurium in pulp tissues, and the majority of STRO-
1-positive DPSCs expresses the pericyte marker, 3G5,
suggesting that DPSCs may be pericytes. Shi and Gronthos
(2003) have also found that the STRO-1 fraction represents
approximately 6% of the total pulp cell population. Whether
pulp cells derived from the outgrowth method constitute a
similar or different percentage from that of STRO-1 cells
requires further investigation.

The expression of DSPP, Cbfa1, and collagen types I and
III in pulp is currently considered to be as follows: DSPP is
dentin-specific and expressed mostly by odontoblast cells
(MacDougall et al. 1997); the transcriptional factor Cbfa1
is expressed in mouse dental pulp clonal cell lines (Priam et
al. 2005); both type I and III collagen are produced by pulp
fibroblasts; collagen produced by odontoblasts is almost
exclusively type I (Okiji 2002). Since pulp cells isolated by
the different methods in our study exhibit differences in
morphology and growth rate, they probably constitute dif-
ferent populations of cells. The passage of cells in vitro is
considered a major factor in the loss of the capacity of stem
cells to differentiate. Examination of the expression of
DSPP, Cbfa1, and collagen types I and III of HDPCs-d and
HDPCs-o from passages 1-5 represents a simple approach
to detect differences, if they exist, in these cells. The
conclusion that can be made from the results in Figs. 4 and
5 is that the two isolation methods indeed yield different
populations of cells. The isolation of pulp cells with the
potential to differentiate into odontoblasts is a critical step
toward pulp tissue regeneration and new dentin formation.
Therefore, further exploration is required to identify other
differences in pulp cells isolated by these two methods,
especially concerning changes occurring during passage.
Although enzyme digestion appears to give rise to pulp
cells of greater proliferation potential (a characteristic of
energetic stem cells), additional investigations are required
to demonstrate which method is superior to acquire pulp
cells for the purpose of pulp tissue regeneration.

The range of pulp cell types produced in vitro can
normally be observed when these cells are grown on the
surface of culture dishes. Whether cells behave similarly
when they are grown on the surface of human dentin in vitro
is unclear. Batouli et al. (2003) have seeded DPSCs onto
human dentin surfaces treated with citric acid and implanted
them into immunocompromised mice. They have observed
scattered reparative dentin-like structure deposited on the
dentin surface. The reason that the entire dentin surface is not
covered by newly formed dentin is unknown, as is whether
the seeded DPSCs proliferate on the existing dentin. If pulp
regeneration in a pulpless canal is possible clinically, then
the canal space needs first to be cleansed chemically (at least
with NaOCl and EDTA) and shaped mechanically during a
routine endodontic procedure. To produce new dentin by the
regenerated pulp tissue, the pulp stem cells would have to be
able to attach to the treated dentin wall and subsequently
proliferate and differentiate into odontoblasts in order to
make new dentin. Our in vitro data of pulp cell growth on
treated dentin surface indicate that pulp cells proliferate only
to a limited extent on dentin, unlike their growth on culture
dishes.Most interestingly, our findings indicate that HDPCs-
d that attach to the dentin surface are capable of
differentiating into cells of odontoblast morphology with
processes (one major process per cell) extending into
existing dentinal tubules (Fig. 7). This finding is different
from that reported by Schmalz et al. (2001) who have shown
that SV40 large T-antigen-transfected bovine pulp-derived
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cells proliferate extensively on processed dentin and do not
show odontoblast-like morphology after 14 days. Whereas
recent reports suggest that newly differentiated odontoblasts
extend their processes into existing dentinal tubules after
pulp injury in rats in an in vivo setting (Nakakura–Ohshima
et al. 2003; Ohshima et al. 2003), our finding is the first
evidence for the phenomenon that human pulp cells of
odontoblast-lineage differentiate into odontoblasts in vitro
upon contact with dentin, even if it has been treated
mechanically and chemically. The chemical treatment of
dentin (e.g., by EDTA) may solubilize various noncollagen-
ous dentin matrix components and growth factors, such as
transforming growth factor-β1, which may have an
inductive effect on the differentiation of odontoblast
progenitor cells (Smith 2002). With regard to the promotion
of pulp cell proliferation on dentin before their differentia-
tion into odontoblasts, other avenues may be explored in the
future (Nakao et al. 2004; Nakashima et al. 2004).

Although collagen is a commonly used matrix in which
to grow cells in three-dimensions, several cell types (es-
pecially fibroblasts) are known to cause the contraction of
collagen (Carlson and Longaker 2004; Grinnell 2000;
Vernon and Sage 1996). To fabricate engineered mucosal
tissue, methods are available to prevent collagen matrix
contraction by gingival fibroblasts (Igarashi et al. 2003) or
allow contraction to reach its maximum before the seeding
of the keratinocyte layer (Okazaki et al. 2003). For pulp
tissue engineering, it is important to know whether the
collagen contraction caused by pulp fibroblasts is con-
siderable enough to affect the outcome of pulp tissue re-
generation. Collagen lattice contraction by pulp cells has
been recently reported (Chan et al. 2005). Our data con-
form with the published report and demonstrate that pulp
cells markedly cause the contraction of collagen with a
reduction down to ~30%. Depending on the density of the
cells in the matrix, the collagen gel shrinks to half of its
original size by 3–15 days. NIH 3T3 cells also demonstrate
a potent ability to contract collagen if given optimal growth
conditions in collagen gels. It may be reasonable to predict
that all fibroblastic cells can cause the contraction of a
collagen matrix. We have observed that, after significant
contraction, cells tend to migrate out of the collagen matrix.
Additionally, our data have revealed that, although pulp
cells proliferate more slowly in gels than in culture dishes,
they still increase in number over time, thereby causing
further contraction of the gel. Thus, if pulp tissue engi-
neering protocols involve the mixing of pulp cells and
collagen solution followed by the insertion of the mixture
into a cleansed canal space in vivo to regenerate pulp
tissue, then the mixture would shrink and could interfere
with pulp tissue regeneration. Contraction-resistant scaf-
folds should therefore be tested or developed for pulp tissue
engineering (Lee et al. 2001).

Before the development of a protocol to engineer and
regenerate pulp tissue with differentiated odontoblasts ca-
pable of forming dentin, certain aspects of pulp cell behav-
ior in vitro need to be investigated. Our present studies set
the stage for further multi-directional investigations. Our

data indicate that (1) different isolation methods give rise to
different populations or lineages of pulp cells during in vitro
passage, (2) direct contact of pulp cells with mechanically
and chemically treated dentin may promote pulp cells to
differentiate into odontoblasts with processes extending into
dentinal tubules, and (3) collagen matrix alone may not be a
suitable scaffold for pulp tissue engineering.
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