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ABSTRACT

The overarching aimof this study is to assess the feasibility of using periosteal tissue from the femoral
neck of arthritic hip joints, usually discarded in the normal course of hip replacement surgery, as an
autologous source of stem cells. In addition, the study aims to characterize intrinsic differences be-
tween periosteum-derived cell (PDC) populations, isolated via either enzymatic digestion or a migra-
tion assay, including their proliferative capacity, surface marker expression, and multipotency,
relative to commercially available humanbonemarrow-derived stromal cells (BMSCs) cultured under
identical conditions. Commercial BMSCs and PDCs were characterized in vitro, using a growth assay,
flow cytometry, as well as assay of Oil Red O, alizarin red, and Safranin O/Fast Green staining after
respective culture in adipo-, osteo-, and chondrogenic media. Based on these outcome measures,
PDCs exhibited proliferation rate,morphology, surface receptor expression, andmultipotency similar
to those of BMSCs. No significant correlation was observed between outcome measures and donor
age or diagnosis (osteoarthritis [OA] and rheumatoid arthritis [RA], respectively), a profound finding
given recent rheumatological studies indicating that OA and RA share not only common biomarkers
and molecular mechanisms but also common pathophysiology, ultimately resulting in the need for
joint replacement. Furthermore, PDCs isolated via enzymatic digestion and migration assay showed
subtle differences in surface marker expression but otherwise no significant differences in prolifer-
ation or multipotency; the observed differences in surface marker expression may indicate potential
effects of isolation method on the population of cells isolated and/or the behavior of the respective
isolated cell populations. This study demonstrates, for the first time to our knowledge, the feasibility
of using arthritic tissue resected during hip replacement as a source of autologous stem cells. In sum,
periosteum tissue that is resected with the femoral neck in replacing the hip represents an unprec-
edented and, to date, unstudied source of stem cells fromOA and RA patients. Follow-up studies will
determine thedegree towhich this new,autologous sourceof stemcells canbebanked for futureuse.
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INTRODUCTION

The net aging of the population, and associated
need fordisease treatments andaugmentedheal-
ing strategies, provides great impetus to develop
novel stem cell therapies, implants, and associ-
ated regenerative medicine solutions [1]. In turn,
these advances call for a safe and reliablemethod
to acquire and bank stem cells [2]. Nonembryonic
stemcells fromsources includingperinatal tissues
[3], bonemarrow [4], adipose tissue [5], and den-
tal pulp [6] have been shown to be possible can-
didates for cell banking and cryopreservation.
However, today’s aging adults were born a gener-
ation too early to benefit from banking of peri-
natal tissues. Furthermore, periosteum-derived
cells (PDCs) from long bone diaphyses have gar-
nered increased interest of late, showing great
potential as a source of adult multipotent stem
cells [1, 7]. Although not as easily accessible as
adipose tissue or dental pulp for cell banking,

previously published studies have demonstrated
PDCs’ in vivo capacity for bone and cartilage for-
mation [8–10].However, therehavebeenconflict-
ing reports regarding the relative advantages of
using PDCs versus multipotent cells derived from
other tissues for regenerative medicine purposes
[11–13]. Furthermore, in theabsenceof traumaor
tumor resection, access toperiosteal tissueof long
bone diaphyses, the tissue source of most previ-
ous studies, is limited.

In hip replacement surgery, the femoral head
and part of the neck are resected to accommo-
date the neck of the implant. Typically this tissue
is discarded after pathologic examination, yet this
discarded tissue may provide an unprecedented
and untapped source of autologous progenitor
cells for aging adults who were born a generation
too early to benefit from banking of, for example,
perinatal tissues. Interestingly, in contrast to the
bone marrow niche and its resident stem cell
population, which have been characterized as
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a function of age and diseases states, including cardiac disease
and osteoarthritis [14], to our knowledge, not a single study
has been published on periosteum-derived stem cells from ar-
thritic patients. Given the increasing population of elderly in
the United States (12.9% of the current population, 20% of the
population in 2030), the number of people affected by arthritis
and the associated number of total hip arthroplasties are
expected to increase significantly [15]. Hence, the aim of this
study is to compare periosteum-derived cell properties from ar-
thritis patients with those of bone marrow-derived stem cells to
determine the feasibility of using the patient’s own tissue, re-
moved during routine joint replacement, to potentially heal
and/or repair failing organs and to treat diseases.

In addition, although historically characterized as different
diseaseswith distinct etiologies, recent advances in the fielddem-
onstrate that osteoarthritis (OA) and rheumatoid arthritis (RA)
share similar biomarkers [16] and common molecular mecha-
nisms [17]. Interestingly, although little is known regarding the
effect of chronic inflammation on the regenerative potential of
mesenchymal stem cells, a recent study of muscle stem cells
showed no differences in regenerative potential between satel-
lite cells of OA and RA patients, although mean telomere length
was shorter in the RA than in the OA group [18]. Furthermore,
chemokines common to the synovial fluid of OA and RA patients
may play a role in progenitor cell recruitment to microfractured
areas of subchondral bone [19]. Finally, no differences in osteo-
genic differentiation capacity have been reported for human-
derived bone marrow stem cells from OA and RA patients [20].
Ultimately, the pathophysiologic effects of OA and RA lead to loss
of joint structure and function over time, necessitating joint
replacement.

According to the U.S. Centers for Disease Control and Preven-
tion, approximately 327,000 total hip replacements are per-
formed in the U.S. each year [15], and the resected tissue is
discarded as medical waste. Whereas human femoral neck peri-
osteum has been shown to be less cellular than mid-diaphyseal
periosteum [21], no significant correlation has been shown be-
tween age and cellularity of mid-diaphyseal periosteum in aging
patients from 68 to 99 years of age [22]. Aging individuals would
benefit greatly fromaccess to autologous tissue serving as a niche
for stem cells, as the incidence of virtually every adult onset dis-
ease increases with age. Furthermore, banking and use of
a patient’s own tissues or cells prevents risks associated with
use of donor tissue, including the risks of immune system rejec-
tion and disease transmission. A critical first step in translation of
the concept is to assess the feasibility of using periosteal tissue,
discarded in the normal course of hip replacement surgery, as
an autologous source of adult stem cells.

Furthermore, the effect of cell isolation protocol on cell be-
havior, including expression of surface markers and differentia-
tion capacity, is poorly understood in general [23–25] and is of
particular interest for cells derived from the periosteum [1].
The periosteum is a bilayered tissuewith an elastic and tough (at-
tributable toelastin andcollagen, respectively) outer fibrous layer
and an inner cambium layer [15, 25]. Its anisotropic composition
and structure confer to the tissue unique, environmentally re-
sponsive (“smart”) properties, including direction-dependent
permeability and anisotropic elastic modulus [26, 27]. The pur-
pose of cell isolation is to liberate the cells confined within the
tissue, a goal that is typically achieved by enzymatic digestion
or cellular migration. Given the composite architecture and

resulting direction-dependent properties of periosteum, one
might expect the isolation method to exert profound influence
not only on the population of cells isolated but also on the behav-
ior of the respective isolated cell populations.

Furthermore, in a previously tested in vivo ovine study, cells
isolated enzymatically from mid-diaphyseal periosteum (har-
vested from bone removed to create a critical-sized defect) were
seeded on collagen and incubated overnight before they were
tucked into a periosteum substitute membrane designed for di-
rectional delivery of stem cells and biologics/pharmaceuticals
[8]. The delivery of PDCs in this manner hastens defect healing.
Although this approach shows promise for translation to human
patients and has been shown to be effective using endogenous
periosteum in limited numbers of patients [28, 29], issues of
PDC accessibility and, in particular, feasibility of isolating PDCs
from joint replacement patients have yet to be addressed. These
considerations provided the impetus for our current study.

Hence, the objective of this first feasibility study is to deter-
mine whether PDCs can be isolated from discarded femoral
explants from OA and RA patients undergoing total hip arthro-
plasty. Furthermore, the study aims to determine how different
isolation protocols affect PDC behavior (surface marker expres-
sion, proliferation, andmultipotency). In addition, the study aims
to characterize the populations of PDCs, isolated through either
enzymatic digestion or migration, and their relative capacity to
differentiate down multiple lineages; direct comparison with
commercially available human marrow-derived stromal cells cul-
tured under identical conditions will enable the placement of the
PDC data in context of the current state of the field.

MATERIALS AND METHODS

Periosteum Harvest and Cell Isolation

Proximal femoral head/neck explants (n = 4) were acquired from
human patients following hip replacement surgery (total hip
arthroplasty), within 8 hours of surgery (IRB 12-335, Institutional
ReviewBoard of theClevelandClinic Foundation, ethical approval
in compliance with the Helsinki Declaration) and immediately af-
ter routine examination and diagnosis by pathology. All samples
were assigned anonymized numbers prior to transfer to the Ex-
perimentalMechanobiology Laboratory at CaseWestern Reserve
University.

The periosteum from the femoral neck was detached from
the underlying bone using a periosteal elevator. The tissue was
then finelyminced using a scalpel blade. Half of theminced tissue
was used to isolate enzymatically digested periosteum-derived
cells (dPDCs), and the remaining tissue was used to isolate mi-
grated periosteum-derived cells (mPDCs).

In order to isolate dPDCs, the minced tissue was suspended
in 3 mg/ml collagenase II (Gibco, Grand Island, NY, http://www.
invitrogen.com) solution in a-minimal essential medium (a-MEM)
with GlutaMAX (Invitrogen, Carlsbad, CA, http://www.invitrogen.
com) with 1% antibiotic-antimycotic (Invitrogen) overnight in
a 37°C incubator. Any undigested tissue was filtered from the cells
using a 100-mm filter, and the isolated cells were cultured in stan-
dard culture media.

In order to isolate mPDCs, the minced tissue was directly
plated into tissue culture flasks in a-MEM with GlutaMAX sup-
plemented with 10% fetal bovine serum (FBS) (Invitrogen),
1% antibiotic-antimycotic overnight, and cultured in standard
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culture media. The cells were left to egress from the tissue for
1 week.

Validated bone marrow-derived human mesenchymal stem
cells (hMSCs) were purchased from four independent vendors
(Lonza, Walkersville, MD, http://www.lonza.com; PromoCell,
Heidelberg, Germany, http://www.promocell.com; ScienCell,
Carlsbad, CA, http://www.sciencellonline.com; and Cell Applica-
tions, San Diego, CA, http://www.cellapplications.com) as stand-
ards for comparison.

Cell Culture and Cryopreservation

All cells were cultured in standard culture medium, a-MEM with
GlutaMAX supplemented with 10% FBS and 1% penicillin-
streptomycin (Invitrogen). The medium was replaced every 2-3
days. Cellsweremaintained in ahumidified incubator at 37°Cwith
5%CO2. Cells were cultured in tissue culture-treated plastic flasks
until 80% confluent. Cells were detached using 0.25% trypsin-
EDTA (Invitrogen) and counted using a hemocytometer.

For cryopreservation, cells were resuspended at 1 3 106

cells per milliliter in a-MEM with GlutaMAX with 40% FBS,
10% dimethyl sulfoxide (Fisher Scientific International, Hamp-
ton, NH, http://www.fisherscientific.com), and 1% penicillin-
streptomycin. The suspension was aliquoted into 1-ml cryovials
andplaced in aMr. Frosty freezing container at280°C overnight
to control the freezing rate. Cryovials were then transferred for
long-term storage in liquid nitrogen. All cells were expanded for
one passage and cryopreserved for up to 1month prior to these
studies to synchronize donors. All experiments were performed
on passage 4 (P4) mPDCs and dPDCs and on bone marrow-
derived stromal cells (BMSCs) passaged twice after cryopre-
served acquisition.

Cell Proliferation Assay

Each cell type was seeded at 5,000 cells per cm2 (n = 6) in 96-well
plates (1,600 cells per well) and cultured. Plates were drained of
allmediumand frozenat280°Cevery3days for 21days.DNAwas
quantifiedusingaCyQUANTassay (Invitrogen)usinga fluorescent
microplate reader and normalized for each cell type using mea-
surements for day 0.

Cell Population Analysis by Flow Cytometry

Cells were stained for CD73 (Becton, Dickinson and Company,
Franklin Lakes, NJ, http://www.bd.com), CD90 (Becton Dickin-
son), and CD105 (eBioscience Inc., San Diego, CA, http://www.
ebioscience.com), which have been established as positive sur-
face antigens in mesenchymal stem cells (MSCs) [28]. CD34
(Becton Dickinson), which is expressed in leukocytes, and CD45
(Becton Dickinson), which is expressed in T and B lymphocytes,
have been established as negative surface antigens in MSCs
[22].Myosinheavy chain (MyHC) (R&DSystems Inc.,Minneapolis,
MN, http://www.rndsystems.com) is expressed in skeletal mus-
cle cells, and it was also used to exclude muscle contamination.
Then, 13 106 cells of each cell type were detached and stained
with CD73, CD90, CD105, CD34, and CD45 antibodies in bovine
serum albumin stain buffer (Becton Dickinson). Cells were fixed
and permeabilized using the BD Cytofix/Cytoperm Kit (Becton
Dickinson) and then stained with MyHC. Compensation beads
(BectonDickinson) were stained in the samemanner. The stained
cells were then analyzed using a LSRII flow cytometer (Becton
Dickinson) at theCytometry and ImagingMicroscopyCore Facility

of the Case Comprehensive Cancer Center, and analysis was per-
formed using WinList (Verity Software House, Topsham, ME,
http://www.vsh.com)

Culture in Adipogenic Medium and Assessment of Oil
Red O Staining

Each cell type was seeded at 8,000 cells per cm2 (n = 6) in 12-well
plates. The cells were cultured in standard medium for 48 hours
until the cells reached confluence. The cells were then cultured in
adipogenic induction medium comprising high-glucose DMEM
(Invitrogen), 10% FBS, 40 IU/ml penicillin-streptomycin (pen/
strep), 1mMdexamethasone (Sigma-Aldrich), 0.2 mM indometh-
acin (Sigma-Aldrich), 0.1mg/ml insulin (Sigma-Aldrich), and 1mM
3-isobutyl-1-methylxanthine (Sigma-Aldrich) for 5 days. Then the
cells were cultured in adipogenic maintenance medium compris-
ing high-glucose DMEM, 10% FBS, 40 IU/ml pen/strep, and 0.1
mg/ml insulin for 2 days. The cells were then cultured in the adi-
pogenic maintenance medium for an additional 2 days, and then
assessed for Oil Red O staining. Control cells were cultured iden-
tically using standard culture medium.

To assess Oil Red O staining, cells were rinsed in phosphate-
buffered saline (PBS) (Invitrogen) and fixed using cold, neutral
buffered 4% formaldehyde solution (Fisher Scientific) for 2
minutes at220°C. Cells were rinsed with cold 50% ethanol solu-
tion (Fisher Scientific) and then incubated in 0.2% Oil Red O solu-
tion (Sigma-Aldrich) for 20minutes. Cells were washed once with
50% ethanol solution then thoroughly rinsed with distilled water
three times. To quantify staining, Oil Red O was extracted using
100% isopropanol (Fisher Scientific), and then absorbance was
measured at a wavelength of 520 nm in a microplate reader.

Culture in Osteogenic Medium and Assessment of
Alizarin Red Staining

Each cell type was seeded at 4,000 cells per cm2 (n = 6) in 12-well
plates. PDCs and BMSCs were cultured in hMSC Osteogenic Dif-
ferentiation BulletKit (Lonza) for 21 days; medium was changed
every 3–4 days. After fixation using cold, neutral buffered 4%
formaldehyde solution, cells were stained with alizarin red, and
stainingwas assessedquantitatively using anOsteogenesisQuan-
tification Kit (Millipore, Billerica, MA, http://www.millipore.
com). Staining of cells cultured in inductive medium was com-
paredwith that of cells cultured identically using standard culture
medium.

Culture in Chondrogenic Medium and Histological
Assessment of Safranin O/Fast Green Staining

mPDCs anddPDCswere seededat 200,000 cells perwell (n =3) in
a V-bottomed 96-well plate and centrifuged for 5 minutes at
400g to from cell pellets. The pellets were incubated undis-
turbed for 24 hours and then cultured in chondrogenic medium
comprising high glucose DMEM, 100 IU/ml pen/strep, 10 mM
dexamethasone (Sigma-Aldrich), 1 mM sodium pyruvate
(Sigma-Aldrich), 10 mg/ml L-ascorbic acid (Sigma-Aldrich), 13
insulin-transferrin-selenium (Invitrogen), and 10 mg/ml TGF-b
(R&D Systems). Medium was changed every 2–3 days for 4
weeks, and cells were then assessed for differentiation. Diame-
ters of the pellets were measured before and after culture in
chondrogenic and control media. After culture, the pellets were
fixed for 2 hours in cold, neutral buffered 4% formaldehyde so-
lution. Pellets were placed in histology cassettes and stored in
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70% ethanol. They were embedded in paraffin and sectioned,
and then stained for Safranin O and counterstained with Fast
Green at the Case Medical Center Hard Tissue Histology Core.

Statistical Analysis

Statistical analysis was performed using JMP (SAS Institute, Inc.,
Cary, NC, http://www.sas.com). Error bars in figures indicate
95% confidence intervals. Nonparametric multiple comparisons
were performed using Wilcoxon tests. Significance was defined
as p , .05.

RESULTS

Cell Collection

Femoral neck periosteum was obtained from the male and fe-
male joint replacement patients diagnosed with osteoarthritis
or rheumatoid arthritis, aged 30–72 years (Table 1). Post hoc in-
quiries to bone marrow hMSC vendors showed that cells were
derived from prenatal (22 weeks of gestation) to middle-aged
(45 years) and aged (56 and 72 years) donors (Table 1) of unde-
clared health status.

Cell Characterization

Using the protocols for culture and expansion described above,
both mPDCs and dPDCs were successfully acquired from perios-
teum of each arthroplasty patient. Both mPDCs and dPDCs were
fibroblastic in shape and were of similar size andmorphologically
indistinguishable from BMSCs (Fig. 1A–1C). Proliferation charac-
teristics of mPDCs, dPDCs, and BMSCs were similar, with all pre-
senting similar growth rates from day 0 to day 6 and showing no
significant differences in maximum achieved density (Fig. 1D).
BMSCs showed higher variability (larger standard deviation) in
growth characteristics than the PDCs.

Flowcytometry analysis showed thatdPDCsexhibitedasignif-
icantly greater percentage of cells positive for CD73, and mPDCs
exhibited a significantly greater percentage of cells positive for
CD105, compared with the BMSCs, but all cell groups exhibited
at least 95% cells positive for CD73, CD90, and CD105 (Table 2).
BMSCs showed a greater percentage of cells positive for CD34

than dPDCs andmPDCs, and BMSCs showed a greater percentage
of cells positive for MyHC than mPDCs. There were no significant
correlations between surface marker expression and donor age.
A significant correlation was observed between mPDCs and
CD90 expression, which showed an R2 value of .85 (supplemental
online Table 1).

Assessment of Oil Red O Staining After Culture in
Adipogenic Medium

Each cell type showed a significant increase in Oil Red O absor-
bance after treatment with adipogenic medium, but there were
no significant differences between the cell types. Each cell type
(BMSCs, dPDCs, and mPDCs) from each arthroplasty donor (ages
30, 48, 58, and 72) showed morphological changes typical of adi-
pogenic differentiation (Fig. 2A–2F), aswell as significantly higher
levels of Oil Red O staining compared with the corresponding un-
differentiated control (Fig. 2G). Finally, when data were pooled
per cell type, there were no significant correlations between
the amount of Oil Red O absorbance and age, where the highest
R2 value was .515 (supplemental online Table 1).

Assessment of Alizarin Red Staining After Culture in
Osteogenic Medium

Neither BMSCs nor PDCs showed a statistically significant in-
crease in alizarin red absorbance after culture in osteogenic me-
dium. Furthermore, no differences in alizarin red absorbance
were observed between the cell types (Fig. 3G). In general, high
variability was seen both between cell types and between donors
(Fig. 3A–3F) but not within cell cohorts from each donor (Fig. 3H).
BMSCs showed higher variability in alizarin red absorbance be-
tween donors compared with the dPDCs and mPDCs, and dPDCs
showed higher variability between donors than comparable
mPDC cohorts from the same donors. Three out of the four BMSC

Table 1. Cell source information

Gender Age Diagnosis
Explant
mass (g) Cell source

PDCs

Male 30 Rheumatoid
arthritis

16.4

Female 48 Rheumatoid
arthritis

77.8

Female 58 Osteoarthritis 45.5

Female 72 Osteoarthritis 49

BMSCs

n/a Fetal n/a ScienCell

Male 45 n/a Lonza

Male 56 n/a Cell Applications

Male 72 n/a PromoCell

PDCs: gender, age, diagnosis, and explant weight. BMSCs: gender, age,
diagnosis, and cell source.
Abbreviations: BMSC, bone marrow-derived stromal cell; PDC, perios-
teum-derived cell.

Figure1. Cellmorphology andgrowth curves. (A–C):Representative
phase contrast (310) microscopic images of BMSCs (A), dPDCs (B),
and mPDCs (C). Cells exhibited similar morphologies and sizes. Scale
bar = 100mm. (D):Growth curves of cells were quantified for 15 days.
All cell types showed similar growth rates (slope) (n = 4). Error bars
indicate 95% confidence intervals. Abbreviations: BMSC, bone marrow-
derived stromal cell; dPDC, enzymatically digested periosteum-derived
cells; mPDC, migrated periosteum-derived cell.

Chang, Docheva, Knothe et al. 311

www.StemCellsTM.com ©AlphaMed Press 2014

http://www.sas.com
http://stemcellstm.alphamedpress.org/lookup/suppl/doi:10.5966/sctm.2013-0056/-/DC1
http://stemcellstm.alphamedpress.org/lookup/suppl/doi:10.5966/sctm.2013-0056/-/DC1
http://stemcellstm.alphamedpress.org/lookup/suppl/doi:10.5966/sctm.2013-0056/-/DC1


donors (ages 22 weeks of gestation, 45, and 56), three of the four
dPDC donors (ages 30, 48, and 58), and one of the four mPDC
donors (age58) showeda significant increase in alizarin redabsor-
bance after culture in osteogenic medium compared with the
control (Fig. 3H). Three of four mPDC donors (ages 30, 48, and
72) showed a significant decrease in alizarin red absorbance after
culture in osteogenic medium compared with the control. BMSCs
fromthe22-week-olddonor (fetal)exhibited thehighestamountof
mineralization (alizarin red absorbance), significantly greater than
that of all other cell types. There were no significant correlations
between the amount of alizarin red absorbance and age, where
the highest R2 value was .515 (supplemental online Table 1).

Assessment of Pellet Size and Safranin O/Fast Green
Staining After Culture in Chondrogenic Medium

Treatment of pellet-cultured BMSCs, dPDCs, and mPDCs with
chondrogenicmedium resulted in significantly larger pellets com-
pared with those cultured in control medium (Fig. 4G). Although
no statistically significant differenceswere observed in the size of
pellets, and no obvious qualitative differences in cellularity were
observed between the three groups cultured in control medium,
stark differences in baseline staining of BMCs and PDCs were
noted (Fig. 4A–4C). Specifically, whereas BMSC pellets exhibited
faint background (matrix) staining and dark blue nuclear staining,
dPDC and mPDC pellets exhibited deep maroon staining, darken-
ing around theedges of thepellet. Pellets fromall groups cultured
in chondrogenic medium (Fig. 4D–4F) showed a lower density of
darkly stained nuclei compared with the corresponding control
pellets; these observations, in combination with the larger pellet
size, provide evidence for the production of extracellular matrix
(ECM) in the pellets cultured in chondrogenic medium. Further-
more, BMSC pellets cultured in chondrogenic medium showed
typical pink staining for glycosaminoglycans (GAGs) (Fig. 4D)
and morphological features, including enlarged lacunae around
cells, typical of hyaline cartilage (supplemental online Fig. 1). In
contrast, mPDC pellets cultured in chondrogenic medium resem-
bled less mature fibrocartilage (Fig. 4F; supplemental online Fig.
1) with staining similar to that of the baseline control. dPDC pel-
lets cultured in chondrogenicmediumexhibited the least obvious
morphological changes over baseline controls (Fig. 4E; supplemental
online Fig. 1), perhaps indicative of even less mature fibrocarti-
lage than the dPDC pellets. There were no significant correlations

between pellet size and age; the greatest correlation (R2 = .613)
was observed with mPDC chondrogenic pellet size. (supplemental
online Table 1).

Further Statistical Analysis

No differences in data were attributable to the disease state of
patients from which the periosteum was derived; specifically,
when datawere pooled, no significant correlations were found be-
tween “healthy” (as defined by not being treated for joint replace-
ment) and arthritic donors, or between OA and RA donors
(supplemental online Table 2). Furthermore, a power analysis
was carried out based on the data from this feasibility study to de-
termine the number of subjects needed per group to observe sig-
nificant differences. First, the effect size was calculated for the
outcome variable quantifying osteogenesis (Fig. 3), where data
from the fetal sample were excluded from the analysis, as experi-
mental (arthritic) and control sampleswould be agematched in fu-
ture studies. Effect was calculated as the difference of the means
divided by the difference of their standard deviations, resulting in
an effect size of 0.2. For a two-sample (nonarthritic versus arthritic)
t test, estimating the sample size necessary to obtain a power of
0.25 (low for biomedical studies) with significance defined as

Figure 2. Oil Red O staining after culture in adipogenic medium.
(A–F): Control BMSCs (A), dPDCs (B), and mPDCs (C) and induced
BMSCs (D), dPDCs (E), and mPDCs (F) stained with Oil Red O. Scale
bar = 100mm. (G):Oil Red O absorbance for control and induced cells.
Six replicates of each donor are included to show consistency and dis-
tribution. Asterisks (p) indicate difference from the control (p , .05)
(n = 4). Error bars indicate 95% confidence intervals. Abbreviations:
BMSC,bonemarrow-derivedstromalcell; dPDC,enzymaticallydigested
periosteum-derived cells; mPDC, migrated periosteum-derived cell.

Table 2. Flow cytometry results

BMSCs dPDCs mPDCs

MSCs

CD73 95.816 3.71 99.646 0.18 99.276 0.17

CD90 97.166 3.18 99.596 0.24a 99.726 0.17

CD105 95.916 7.95 99.956 0.08 99.996 0.00a

Hematopoietic

CD34 24.086 13.61 12.956 7.95a 9.876 4.32a

CD45 8.036 1.74 2.756 1.37 2.036 0.93

Skeletal muscle

MyHC 1.196 1.04 0.096 0.10 0.086 0.04a

Meanpercentage6 SD of cells positive formarkers CD73, CD90, CD105,
CD34, CD45, and MyHC.
aSignificant difference from BMSCs (p, .05) (n = 4).
Abbreviations: BMSC, bone marrow-derived stromal cell; dPDC,
enzymatically digested periosteum-derived cells; mPDC, migrated
periosteum-derived cell; MyHC, myosin heavy chain.
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ap, .05 and an effect size of 0.2, at least 84 individualswouldbe
needed per group of 168 patients total, for parametric testing of
the data [30]. For nonparametric testing, such as that carried out
in the current feasibility study, it is generally recommended to
increase sample size by 15%, which would increase sample size
to 97 individuals per group, or 194 total [30]. Furthermore, for
the purposes of biomedical studies, a powerof at least 0.8 is con-
sidered a “standard for adequacy” [31], whichwould result in an
even higher required sample size of 393 individuals per group or
786 individuals total to show significant differences between
groups.

DISCUSSION

This study demonstrates, for the first time to our knowledge, the
feasibility of isolating cells from periosteum of the femoral neck
of arthritic patients. Based on the results of this study, the
periosteum-derived cells exhibit remarkable similarities in prolif-
eration rate, morphology, and surface receptor expression to
commercially available bonemarrow stromal cells cultured under
identical in vitro conditions. Of note, both the cells from the peri-
osteum of the femoral neck, as well as bonemarrow stromal cells
from commercial vendors, displaymarked donor-to-donor differ-
ences inmultipotency asmeasured by Oil Red O, alizarin red, and
SafraninO/FastGreen stainingwhen cultured in respective induc-
tive media for adipo-, osteo-, and chondrogenesis. Interestingly,
the observation of no significant correlation in multipotency be-
tween OA and RA patient-derived is of particular significance, as
recent rheumatological studies indicate that OA and RA share not
only common biomarkers and molecular mechanisms but also
common pathophysiology, resulting in the need for joint replace-
ment. Furthermore, no significant differences inmultipotency are
associated with donor age or disease state per se (arthritic versus
“healthy”). In sum, the use of periosteum tissue that is discarded
with the femoral neck in replacing the hip is highly novel, as it rep-
resents an unprecedented and to date unstudied source of stem
cells from OA and RA patients.

Although studies have demonstrated the isolation of stem
cells from periosteum of long bone diaphyses, this source of cells
is relatively inaccessible except in cases of traumaor tumor resec-
tion [8]. The novelty of the current study is that stem cells were
isolated from femoral neck periosteal tissue resected fromarthri-
tis patients during the normal course of hip replacement surgery.
Not only is this tissue highly accessible, it is usually discarded.
Taken together with recent studies indicating the regenerative
potential of periosteum-derived cells and periosteum transplants
in vivo [7, 8, 29, 32], the use of femoral neck periosteum as
a source of stem cells from arthritic tissue removed during joint
replacement has profound translational implications and has
never been shown before.

In general, cells from the periosteum show no significant dif-
ferences in alizarin red andOil RedO staining comparedwithmar-
row stromal cells. Although BMSCs and PDCs show similar,
significant increases in pellet size when cultured in chondrogenic
medium, Safranin O/Fast Green stained BMSC pellet morphology
resembles more mature hyaline cartilage (supplemental online
Fig. 1), whereasmPDCpellets resemble lessmature fibrocartilage
(supplemental online Fig. 1), and dPDC pellets exhibit the least
morphological change over baseline controls. Interestingly, cell
cohorts derived from the same periosteal tissue using different
cell isolation protocols show intrinsic differences in theirmultipo-
tency. Given the striking similarity in differentiation behavior of
PDCs and BMSCs under the in vitro conditions of the current
study, it is interesting to note the particular ways in which they
did vary.Notably, PDCsexpressedMSC surfacemarkers, including
CD73, CD90, and CD105, more consistently (all three markers at
greater than 99%) and at significantly higher levels (CD90 and
CD105) than BMSCs. Although high levels of these surface anti-
gens indicate the isolation of anMSC-like population of cells, they
can persist in the phenotype even after the loss of multipotency
[33]. As a result, the expression of such MSC typical surface
markers can assist in the identification of potential multipotent
cell populations, but the performance of in vitro tests in inductive

Figure 3. Alizarin red staining after culture in osteogenic medium.
(A–F): Control BMSCs (A), dPDCs (B), and mPDCs (C) and induced
BMSCs (D), dPDCs (E), and mPDCs (F), stained with alizarin red. Each
well represents a single donor: top left, age 30; top right, age 48; bot-
tom left, age 58; and bottom right, age 72. (G): Alizarin red absor-
bance for control and induced cells. Six replicates of each donor
are included to show consistency and distribution (n = 4). Error bars
indicate 95%confidence intervals. (H):Alizarin redabsorbance for dif-
ferent donors. Plus sign (+) indicates increase from control, and aster-
isk (p) indicates decrease from control (p , .05) (n = 6). Error bars
indicate 95% confidence intervals. Abbreviations: BMSC, bone marrow-
derived stromal cell; dPDC, enzymatically digested periosteum-derived
cells; mPDC, migrated periosteum-derived cell.
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media and in vivo experimentation are necessary to confirmmul-
tipotency and respective target tissue genesis.

In addition to relative comparison of multipotency between
cell types, effects of intraindividual variability may profoundly
affect the implications of this study, for example, for clinical
implementation within a naturally diverse patient population.
Although all cell types demonstrated similar potentials (small
intraindividual differences)when cultured in adipogenicmedium,
intraindividual differences in alizarin red staining were unexpect-
edly large for all cell types when cultured in osteogenic medium.
Follow-up studies for specific markers of osteogenic differentia-
tion—for example, at the level of protein transcription (reverse
transcription polymerase chain reaction [rtPCR]) or secretion (im-
munohistochemistry) [34]—will allow for precise comparison of
intrinsic differentiation capacities between mPDCs, dPDCs and
BMSCs. Furthermore, mPDCs and dPDCs demonstrated similar fi-
brous ECM formation in chondrogenic medium; although small
intraindividual variability in pellet size was observed, follow-up
studies using, for example, rtPCR and/or immunohistochemistry
may shed light onmechanismsof chondrogenesis andnascent tis-
suematuration, similar to use of rtPCR to elucidate intramembra-
nous and endochondral osteogenesis mechanisms [34].

Intraindividual variability in osteogenic capacity has been
reported previously for both BMSCs and PDCs [14, 35]. The intra-
individual variability in alizarin red staining observed in the current
study could be attributed to the range of individual ages, disease
states, or inherent differences in cell acquisition and/or mainte-
nance. Given the power analysis, carried out in context of the cur-
rent study and indicating the need for samples frommore than 800

patients, a potentially more effective approach for follow-up stud-
ieswould be toprescreen cells derived fromperiosteumof femoral
necks for their relative differentiation capacity. Cells showing ade-
quatemultipotency could be cryopreserved as in the current study
and then passaged to test the same hypotheses on a larger cohort
of individuals to elucidate how best to harness the cells’ regener-
ative capacity in a translational context.

Interestingly, this study shows that dPDCs and mPDCs show
intrinsic differences in staining characteristics after culture in
adipo-, osteo-, and chondrogenic induction media. Although no
statistically significant differenceswere foundbetween cell types,
differences in staining characteristics of dPDCs and mPDCs were
observed, most strikingly in the osteogenic and chondrogenic in-
ductive media; this was not expected. These differences are of
particular importance, since themPDCs and dPDCs from each do-
nor were isolated from the same small section of tissue. On the
one hand, the enzymatic digestion of PDCs is a faster method
of acquiring cells but does use biochemical means, which may
have unknown effects on cell behavior. On the other hand, isola-
tionof cells using themigrationprotocol takes longer andappears
to select for a different population of cells [1, 36]. Taken as
a whole, the data from the current study strongly suggest either
that the isolation method of migration or enzymatic digestion
selects for different subpopulations of the total native PDC pop-
ulation or that isolation methods per se affect the differentiation
capacities of the acquired cells. The implications of this observa-
tion are important, as the method of cell acquisition may play
a larger role in determining stem cell population and function
than previously assumed.

Figure4. SafraninO/FastGreenstaining after culture in chondrogenicmedium. (A–F):Pellets of control (A–C)and induced (D-F)BMSCs, dPDCs,
andmPDCs, stained for GAG production with Safranin O/Fast Green. Scale bars = 250 and 50mm. (G): Cross-sectional pellet area of control and
induced cells. Three replicates of eachdonor are included to showconsistency anddistribution. Asterisks (p) indicate difference from the control
(p, .05) (n = 3). Error bars indicate 95% confidence intervals. Abbreviations: BMSC, bonemarrow-derived stromal cell; Chondro, chondrogenic
medium; dPDC, enzymatically digested periosteum-derived cells; mPDC, migrated periosteum-derived cell.
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Furthermore, the results of this study indicate that commer-
cially available BMSCs do not ensure consistent multipotency
with typical differentiation protocols. Despite the fact thatmost
commercially available BMSCs are tested for positive and neg-
ative surface markers and in vitro differentiation capabilities
upon sample acquisition, the loss of these capabilities due to
storage, continuous expansion, or altered culture conditions
is not well understood. Additionally, most companies strongly
recommend the use of their proprietary culture media and in
vitro adipogenic, osteogenic, and chondrogenic kits to optimize
differentiation results. For the sake of consistency, the current
study used the same standardized culture conditions (as de-
scribed in Materials and Methods) for all cell types (although
tests using some proprietary media as a cross-control did not
yield results different from those reported here; data not shown).
Furthermore, primary cells that were cryopreserved and then
passaged at most four times were used to maximize the clinical
relevance of thework. Although colony forming capacity and/or
clonal analysis would be interesting to study in the future,
we aimed to use the cells as they would likely be used in the
clinic, for example, with resection and cryopreservation of ei-
ther the isolated cells or the tissue as a whole and later expan-
sion for regenerativemedicine therapiesusingautologous,patient-
banked cells.

Ultimately, considering clinical relevance, the sensitivity of
BMSCs and PDCs to different culture media and protocols is sec-
ondary to the in vivo tissue-building capacity of these cells. Fur-
thermore, although in vitro results are strongly indicative of
multipotency, in vitro culture is insufficient for accuratelymimick-
ing a true in vivo environment. Additional tests of in vivo tissue
and colony forming capacities, as well as passagability of these
cells, should be conducted using themost promising groups from
these in vitro experiments. These testswould likely be carried out
using human cells in SCID animal models, or in human patients
after follow-up testing of differentiation capacity in prescreened,
larger cohorts.

Finally the femoral neck PDC in vitro culture results are not
consistent with previously published diaphyseal PDC results,
which have demonstrated both in vitro and in vivo adipogenic, os-
teogenic, chondrogenic, and myogenic differentiation capabil-
ities in single-cell lineages [7]. However, most published studies
on long bone human PDCs have used diaphyseal periosteum tis-
sue from diaphyseal regions of the tibia or femur of healthy
patients. Since these regions are not routinely accessed during,
for example, joint replacement surgery, they do not make ideal
tissueharvesting sites comparedwith theproximal ordistal femur
or the proximal tibia. PDCs have exhibited distinctive character-
istics depending on the site of the harvest [36–38]. Therefore, fur-
ther investigation is necessary to determine whether there are
significant differences between femoral neck periosteum and
periosteum of the femoral diaphysis.

Additional factors that may contribute to the observed dis-
crepancies in PDC multipotency are the medical conditions of
the donors, in particular in relation to diseases with involvement
of proinflammatory factors. Total hip arthroplasty is most com-
monly performed on patients suffering from bone or joint disor-
ders; therefore, it is essential to properly understand how stem
cell populations areaffectedby thesedisorders aswell. Previously
published studies report that BMSCs of patients with osteoarthri-
tis show mixed results in their differentiation capacities com-
pared with healthy patients [39–41], and BMSCs, synovial

tissue-derived stem cells, and adipose tissue-derived stem cells
of patients diagnosed with rheumatoid arthritis also showmixed
results in their cell reserve, renewal, anddifferentiation capacities
compared with those of healthy patients [42–44]. Given the
results of the current study, no correlations could be made be-
tween OA and RA disease state and differentiation capacity;
these results are particularly intriguing given a new paradigm in
rheumatology where OA and RA are considered diseases with
commonbiomarkers andmolecularmechanisms andwith a path-
ophysiology leading ultimately to joint replacement. Specific
effects of OA or RA on PDCs are unknown, and it is unclear
whether such diseases equally affect multipotent cells residing
in different tissues. Additional follow-up studieswill be important
to identify factors allowing for best isolation practices for autol-
ogous stem cell source in patients with disease, and these studies
will help solidify the rationale for using arthritic tissues resected
during the normal course of hip replacement as a source for au-
tologous stem cells.

Additional studies examining the effects of cryopreservation
temperature and duration as well as cell viability and multipo-
tency will be required if PDCs are to be considered for long-
term cell banking purposes. Furthermore, although the cells used
for this study did not exceed P5, PDCs have been shown to retain
differentiation capacity and not become senescent formany pop-
ulation doublings [45]; these characteristics could indicate an ad-
vantage of the periosteumover other tissue sources for industrial
or commercial tissue engineering applications.

CONCLUSION

PDCs isolated from the femoral neck of donors with osteoarthritis
or rheumatoid arthritis exhibit many defining characteristics sim-
ilar toBMSCs.mPDCs,dPDCs, andBMSCsdemonstrate similarmul-
tipotency as measured by staining assays for adipo-, osteo-, and
chondrogenesisunder identical in vitro culture conditions. Further-
more, PDCs and BMSCs show no significant difference in alizarin
red staining when cultured under identical in vitro osteogenic con-
ditions. PDCs from the femoral neck of joint replacement patients
may exhibit the capacity to form fibrocartilage in vitro, whereas
BMSCs show hyaline cartilage forming capacity (supplemental
online Fig. 1). Moreover, cell isolation protocol may exert a previ-
ously unappreciated influence on the subpopulation or differenti-
ation capacity of cells originating from the same tissue. In addition,
the intraindividual variability in PDCs is comparable to that seen in
commercially acquired BMSCs. Taken together, although the fem-
oralneckperiosteumoffersa feasiblesource for isolationandapos-
siblesourceforbankingofautologousmultipotentcellswithsimilar
potential as BMSCs in vitro, further studies are needed to deter-
mine theregenerativecapacityof thesecells inamorephysiological
context, such as in vivo. Looking toward the future, prescreening
and larger scale studies allowing for inter- and intraindividual com-
parisons of proliferation and differentiation capacities between
BMSCs, PDCs, and potentially othermultipotent adult cells derived
from specific tissues (e.g., adipose tissue)will provide standards for
implementationofautologousmultipotent cells andthusa founda-
tion for clinical translation.
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