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The periosteum, a thin, fibrous tissue layer covering most bones, resides in a dynamic, mechanically loaded
environment. The periosteum also provides a niche for mesenchymal stem cells. The mechanics of periosteum
vary greatly between species and anatomical locations, indicating the specialized role of periosteum as bone’s
bounding membrane. Furthermore, periosteum exhibits stress-state-dependent mechanical and material prop-
erties, hallmarks of a smart material. This review discusses what is known about the multiscale mechanical and
material properties of the periosteum as well as their potential effect on the mechanosensitive progenitor cells
within the tissue. Furthermore, this review addresses open questions and barriers to understanding periosteum’s
multiscale structure–function relationships. Knowledge of the smart material properties of the periosteum will
maximize the translation of periosteum and substitute periosteum to regenerative medicine, facilitate the de-
velopment of biomimetic tissue-engineered periosteum for use in instances where the native periosteum is
lacking or damaged, and provide inspiration for a new class of smart, advanced materials.

Introduction

As the population continues to age, trauma is expected
to rise from the seventh to the third leading cause of

disability in adults within the next decade.1 Bone fractures are
a common result of trauma and accounted for 26% of total
reported musculoskeletal injuries in 2004.2 Fractures or con-
ditions resulting in critical size bone defects are especially
debilitating, as such defects are incapable of healing without
surgical intervention. Defects of this severity arise from trau-
ma, tumor, infection, or congenital malformations.3

The healing of critical size bone defects is of great interest
as such defects present one of the most challenging problems
in orthopedic surgery. Current methods to heal critical size
bone defects utilize surgical procedures such as the Ilizarov
technique of distraction osteogenesis and typically involve
use of bone graft and/or graft substitutes. In the Ilizarov
technique, the distal and proximal ends of the injured bone
are stabilized using an external cylindrical frame that is af-
fixed to the stable bone ends as well as osteotomized bone
segments via fixation wires. The transport segment is then
distracted a millimeter or so per day (via a screw or motor on
the external frame), which stimulates bone regeneration in the
widening gap, until it reaches the proximal or distal segment
on the other side of the defect zone.4 Hence, new bone re-
generate emanates from the osteotomy gap, which is placed
under tension through distraction of the fragment; cells and
factors related to this new bone formation likely derive from

the bone itself as well as the medullary niche, if an external
fixator is used. Adaptations of the technique include stabili-
zation and bone transport over an intramedullary nail.5–11

Distraction osteogenesis has several disadvantages, including
long and labor-intensive treatment times, a high risk of
complications, patient discomfort, and scarring. Furthermore,
distraction osteogenesis requires significant technical exper-
tise, limiting the number of surgeons qualified to perform the
procedure and, hence, access for patients.

Recent research in the field of orthopedics has drawn at-
tention to the power of periosteal tissue and periosteum-
derived cells (PDCs) to heal bone defects.3,5,12–15 Specifically,
the periosteum has been found to regenerate woven bone
within a critical size defect within as little as 2 weeks from
time of treatment.3,12,13 Periosteum tissue generation within
the defect correlates significantly to mechanical loading as
well as periosteal proximity. Furthermore, packing of the
defect with morcellized autologous bone graft retards the
ingression of PDCs and, thus, infilling of the defect with in-
tramembranous bone. In absence of graft, infilling occurs
from the periosteum, toward the surface of the implant,
which stabilizes the femur and fills the medullary cavity.
These data suggest that the biophysical and chemical envi-
ronment of PDCs egressing from the periosteum into the
critical-sized defect modulates tissue genesis (chondro- as
well as osteogenesis) and healing. In addition, these bio-
physical and chemical effects are likely to interact at multiple
length scales, that is, tissue-, cell-, and molecular-length
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scales. While previous studies have addressed specific aspects
of the mechanobiological structure and function within the
periosteum, for example, cellular changes in the periosteum
subjected to mechanical loading,16–19 structural changes in
developing20 and in aging periosteum,21 as well as mechan-
ical properties of periosteum from different species,22 and
anatomic sampling sites,23 relatively little is known with re-
gard to periosteum’s multiscale mechanobiology.

Yet, periosteum and other materials found in nature are
heralded for their smart properties, which make them
models to emulate when engineering tissues and designing
new classes of advanced materials.24–27 An example at the
length scale of the cell, the cytoskeleton is akin to a living
bridge that restructures its architecture to minimize areas of
stress concentration in high wind or traffic situations.27 Si-
milarly, at the length scale of a tissue, the periosteum serves
as bone’s bounding membrane and harnesses endogenous
biophysical cues to modulate environmental conditions on
either side (within and outside of bone).14,27,29 The In-
telligence Quotient of so-called smart materials’ ‘‘is measured
in terms of.‘responsiveness’ to environmental stimuli and
‘agility’ (as in capacity for dynamic response).’’30 In the case
of tissues (living biomaterials), their living inhabitants (cells)
actively modulate the dynamic response.

The following reviews the current state of periosteal me-
chanobiology from a molecule to a cell to a tissue length
scale, in bone health and during healing of bone. Further-
more, open questions and barriers to understanding are
addressed, both from the perspective of defining important
future directions for the field and also from the perspective
of identifying the technologies that are missing to elucidate
and apply the smart properties of the periosteum with the
ultimate goals to (1) maximize the translation of periosteum
and substitute peristeum use in regenerative medicine, (2)
facilitate the development of biomimetic tissue-engineered
periosteum (TEP) for use in instances where native perios-
teum is lacking or damaged, and (3) provide inspiration for a
new class of smart, advanced (bio)materials.

Structure–Function Relationships: Periosteum
Tissue Mechanobiology

The periosteum is a bilayered, soft tissue sleeve that en-
velopes bone (Fig. 1). Periosteum is highly vascularized and
provides at least 1/3 of the blood supply to cortical bone,

with the remaining supply coming from the intramedullary
niche.32 The tissue exhibits a composite structure comprised
of an outer fibrous layer and an inner cambium layer. The
outer fibrous layer contains fibroblasts, collagen and elastin
fibers, and microvessels.20 Histological data reveal axially
aligned collagen fibers33 and a high density of elastin34,35

throughout mid-diaphyseal periosteum, likely providing me-
chanical (structural) strength to the tissue.36 The periosteum
provides a niche for adult mesenchymal stem cells (periosteum-
derived mesenchymal stem cells [MSCs], PDCs, which can
give rise to osteoblasts, adipocytes, and chondroblasts,37 as
reviewed and compared to bone marrow-derived MSCs
[BMSCs] recently38), as well as osteochondroprogenitors,39

and osteoblasts.40 PDCs have been shown to play a major
role in bone fracture healing by constantly building34 and
repairing bone.12,15,41–43 Adjacent PDCs are joined together
by tight junctions,44 hallmarks of epithelial membrane mor-
phology that allow for vectorial transport to apical and
basal sides of the tissue.45 The progenitor cells proliferate
and then differentiate into osteoblastic and chondroblastic
cells, respectively driving the process of bone repair via ei-
ther direct intramembranous bone formation or indirect en-
dochondral mechanisms.39

The periosteum is anchored to the bone by Sharpey’s
fibers, strong fibers with a high collagen content. Sharpey’s
fibers serve as a link between the exterior musculature and
the interior skeleton21 and allow the periosteum to remain
intact and attached to the bone, even after severe trauma
occurs. In certain bones, Sharpey’s fibers anchor tendons and
ligaments to the bone. Periosteum is absent at sites of tendon
attachments. As tendon and ligament attachments vary by
bone, periosteum morphology is highly variable between
bones and even within bones.35

The periosteum is often thought to behave as a mechani-
cally stabilizing boundary membrane, which functions in
skeletal growth and musculoskeletal biomechanics.21,22 Da-
mage to or absence of the periosteum is known to cause
developmental abnormalities. For example, in bones without
periosteum, the development of a substantial layer of re-
generated bone adjacent to intact cortical bone is unlikely.46

The anatomy of the periosteum, as well as its osteoinductive
and nutrient transport and inductive capacities,47 are well
described. Characterization of the the periosteum’s material
and mechanical properties will allow for a better under-
standing of the periosteum’s role as the barrier membrane,

FIG. 1. Histological images
of periosteum from skeletally
mature bone (A) of an aged
human and middle aged
sheep (B). (A) In a cross section
of the mid-diaphysis of the
human tibia (patient age at
death: 69 years). Image used
with permission.31 (B) In a
cross section of the mid-
diaphysis of the ovine femur
(*4 years of age). Image
adapted and used with
permission.29 CL, cambium
layer; FL, fibrous layer. Color
images available online at
www.liebertpub.com/teb
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which bounds all bones, ‘‘serving as a gatekeeper for flow of
fluids and hence mass and cell transport into and out of [the
organ] bone.’’29 Furthermore, characterization of these
properties will improve our understanding of the PDCs na-
tive environment, including biophysical and mechanically
modulated factors, such as chemical gradients. Finally,
characterization of the mechanical environment of PDCs will
provide knowledge valuable for the fabrication of biomi-
metic TEP. Ultimately, knowledge of periosteal mechan-
obiology will allow the use of native and tissue engineered
periosteum (TEP) to become commonplace in regenerative
medicine.

Biology of Periosteum Derived Cells (PDCs)

PDCs are MSCs that are isolated from the periosteum, in
contrast with BMSCs that are derived from the bone mar-
row.38,48–50 ‘‘. [M]ost studies have found PDCs to be com-
parable to, if not superior to, BMSCs with regard to bone
healing and regeneration.’’38,51–53 PDCs are commonly used
for bone and cartilage tissue engineering applications due to
their ability to differentiate into tissues of mesodermal origin,
specifically bone and cartilage.16–19,54–56 Current methods for
isolating PDCs from periosteum include enzymatic digestion
or explant culture.38 The choice of isolation protocol has not
only practical, but also potentially important mechano-che-
mo-biological consequences; digestion liberates cells from
the entire periosteum and exposes cells to collagenase (with
unknown downstream effects) and explant culture favors the
isolation of motile cells, which are capable of egressing from
the cambium layer.38

Few studies have characterized surface antigens unique to
PDCs and some studies report conflicting data. Knowledge
of such surface markers will be important, going forward, to
account for the specific population of cells isolated from the
periosteum and to have a basis from which to compare PDC
mechanobiology data within and between studies (Table 1
summarizes the current state of the art). In addition, like
other stem cells, the number of PDCs residing in the cam-
bium layer is known to decline with age,19 but changes in the
proliferative capacity of PDCs with age have not yet been
well characterized. PDCs play an important role in modu-
lating bone and cartilage formation during growth and
healing.44,53

Measures of gene transcription by rtPCR provide a snap-
shot of not only PDC activity, but also emergent fate at a
given moment in time and in a given biophysical and/or
biochemical environment (Fig. 2).44 This approach has been
used successfully to relate changes in the mesenchymal stem
cell shape and emergent fate decisions,61–64 in essence to
‘‘map the mechanome’’.65 More recently, the approach has
been used to demonstrate the feasibility of engineering
emergent tissue architectures by presenting adult PDCs with
recombinant N-cadherin, a cell–cell junctional protein, on a
functionalized solid supported lipid bilayer mimicking the
plasma membrane of the cell.44 This and other contemporary
approaches have focused on identifying the mechan-
obiological properties of both PDCs and the tissue in which
they reside, as well as the role of molecular factors at the
cellular and tissue length scales, to understand structure–
function relationships as well as the emergence of fate and
tissue architectures throughout growth and development.

Mechanosensitivity and Mechanoadaptation of PDCs

A number of published studies describe and classify the
structural adaptation of MSCs in response to fluid flow in-
duced shear and normal stresses,39,61,62,65–68 substrate stiff-
ness,69 and seeding density.63,70,71 Substrate stiffness and cell
shape are known to control MSC fate decisions, including
self renewal and lineage commitment. Topographic changes
also influence MSC fate and exogenous dilatational (volume
changing) and deviatoric (shape changing) stresses modulate
changes in MSC gene expression indicative of early fate de-
cisions.27,61–66,71 Furthermore, mechanical signals are known
to affect growth and differentiation of MSCs. Mechanical
stimuli are increasingly recognized as key regulators of cell
structure and function.27,39,65,66,70 The ability of a cell to sense

Table 1. Compilation of Data from Published

Studies Showing Positive and Negative Surface

Markers for Periosteum-Derived Cells

BMSC PDC References

Integrins
CD29 + + 57,58
CD49e + 57

Adhesion molecules
CD31 - - 57
CD44 + + 57
CD106 ( + )( - ) ( + )( - ) 57,59
CD166 + ( + ) + 57,58,60
CD54 + + 57

MHC class
HLA-DR + - 57
HLA-ABC + + 57

Hematopoietic markers
CD14 - - 57
CD33 - 57
CD34 ( + )( - ) - 57,60
CD38 - 57
CD45 - - 57,58–60
CD133 - 57

Additional markers
CD9 ( + )( - ) 57,60
CD13 + + 57,59
CD73 + + 57–60
CD90 + + 57,58,60
CD105 + ( + ) + 57–60
CD117 - 57
SH2 + + 60
SH3 + + 60
SH4 + + 60
TNAP (ALP) - 59
CD140b ( + ) 58
D7-FIB + 59
LNGFR - 59
CD146 + ( - ) 59

Symbols are indicative of marker quality, where + indicates a
strongly positive marker, ( + ) a weakly positive marker, - a strongly
negative, ( - ) a weakly negative. Color coding indicates the
specificity of the markers for PDCs, that is, red indicates a strong
PDC negative marker, blue indicates a marker showing variable
(positive and negative) results, and green indicates a strongly PDC-
positive marker.

BMSC, bone marrow-derived mesenchymal stem cell; PDCs,
periosteum-derived cells.
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mechanical forces, transmit them internally or to other cells,
and transduce mechanical signals into biochemical signals
forms the concept of cellular mechanobiology39,70,72 and re-
cent studies have begun to map the mechanome, delineating
a reference library of mechanical cues to direct lineage
commitment (Fig. 3) independent of or in concert with bio-
chemical signals.65

Although both are subpopulations of MSCs, PDCs and
BMSCs reside in distinct niches with unique, intrinsic bio-
chemical, and biophysical cues. In contrast to BMSCs, PDCs
are currently only broadly characterized and little is known
about their morphology. Research indicates that the pheno-
typical and morphological properties of PDCs differ from
those of BMSCs in response to similar environments.38 PDCs
and BMSCs cultured in the same osteoinductive medium have
shown different growth patterns, with PDCs reaching con-
fluence 5–7 days earlier than BMSCs.48 Furthermore, PDCs
and BMSCs have been shown to differentiate along different
lineages when cultured on the same roughened titanium
surface, suggesting different pathways or mechanisms for
mechanotransduction for MSCs from different niches.49,50 It is
therefore important to investigate periosteal cell mechanics
independently of MSC mechanics as well as to design studies
to mimic the endogenous environment of the cells.

The native environment of PDCs is mechanically regu-
lated by a combination of tension and shear (given that the
periosteum itself exhibits different moduli of elasticity in the
longitudinal and circumferential directions, discussed be-
low). The intracellular tension PDCs experience is suggested
to regulate long bone growth.17,19 Surgical release of the in-
herent tension within the periosteum alters the local me-

chanical environment of PDCs. Periosteal release has been
shown to increase proliferation of cambium layer PDCs as
early as 1 h after periosteal release as measured by mRNA
expression for BMP-2,19 a growth factor commonly ex-
pressed during bone and cartilage development. Histological
analysis indicates that four-sided periosteal release results in
a greater bone formation compared to two-sided periosteal
release, indicating that cells are sensitive to the magnitude,
and potentially to the direction, of mechanical stimulus.19

PDCs’ capacity to carry intracellular tension through their
active microfilament network has been postulated to regulate
a signaling cascade which, in turn, is responsible for the
expression of soluble factors that modulate cartilage growth.
The stiffness of the culture surface determines the magnitude
of intracellular tension placed on the actin microfilament
network. PDCs were cultured on substrates of varying
stiffnesses which allowed cells to generate various magni-
tudes of intracellular tension.17 The conditioned medium
from these cell cultures was added to cultures of intact or
periosteum stripped embryonic chick tibiotarsi to evaluate
the growth response. The culture medium from cells grown
on low-stiffness substrates (3 kPa) resulted in a greater carti-
lage growth of periosteum stripped bones compared to a
medium from stiffer substrates (80 kPa).34 Furthermore, cul-
ture of stripped tibiotarsi in a medium taken from cells cul-
tured on 80 kPa substrates and treated with cytochalasin D to
disrupt the actin microfilament network showed significantly
increased cartilage growth. This indicates a mechanobiological
feedback mechanism between growing cartilage and tension
in the periosteum in which expression of soluble growth in-
hibitors is regulated by the intracellular tension of PDCs.

FIG. 2. Postnatal bone healing recapitulates processes of bone formation in utero. Mesenchymal condensation is a seminal
event marking the initiation of skeletogenesis (blue dotted square in schematic). By tracking relative gene expression, one can
assess the relative stage and/or path of lineage commitment for uncommitted pluripotent cell-like periosteum-derived cells.
Red font depicts gene markers for pre-, peri-, and postmesenchymal condensation. Magenta font indicates gene markers for
the formation of cell–cell and cell–matrix adhesions, key for self-aggregation of cells and emergent tissue architecture.
Mesenchymal stem cells can commit to chondrogenic (orange), osteogenic (blue), and adipogenic (green) path lineages.
Figure adapted and used with permission.39 Color images available online at www.liebertpub.com/teb

150 EVANS ET AL.



In addition to being regulated by tension in the local mi-
croenvironment, PDCs respond to the topographical surface
on which they are cultured, culture density, shear fluid flow,
dynamic fluid pressure (DFP), and mechanical strain. PDCs
cultured on machined and acid etched titanium surfaces
proliferate at significantly different rates, with cells cultured
on the machined surface exhibiting increased proliferation.49

The acid etched surface was shown to promote chondro-
blastic differentiation of PDCs, while suppressing osteo-
blastic differentiation.49 Culture density of PDCs has been
found to affect the level of type II collagen mRNA expres-
sion, a marker for chondrogenesis.73 Studies using a model
MSC cell line demonstrate that increasing cell seeding den-
sity per se exerts volume changing dilatational stress on the
cell as a whole and shape changing deviatoric stress on the
nucleus of stem cells.63 In the PDC density study, the level of
type II collagen mRNA was significantly higher in PDCs
cultured in a high-density, micromass culture system com-
pared to cells cultured in a monolayer.73 Furthermore, PDCs
cultured in a micromass culture system in the absence of
TGF-b3, a chondrogenic growth factor also exhibited type II
collagen expression, indicating that mechanical signaling
alone can cause PDCs to differentiate.73 Culture of periosteal
explants in spinner flask bioreactors resulted in a fourfold
increase in cartilage yield compared to static culture condi-
tions.54 The majority of tissue growth occurred in the longi-
tudinal direction, indicating PDCs are sensitive to the
direction of applied shear stress. Results of shear flow studies

on stem cells must be interpreted with caution as consistency
of flow and minimization of turbulent flow are often of
concern.54,67,68

DFP has been shown to induce PDC proliferation
in vitro.18 Periosteal explants are subjected to cyclic hydro-
static pressure during culture using a pneumatically driven
membrane chamber, which creates dynamic pressurization
in the gas phase. Upon comparison to control explants,
samples cultured under DFP expressed a 60% higher DNA
content after 3 days of culture, representative of an increase
in cell proliferation. Cell proliferation, highest in the fibrous
layer on day two of culture, increases in the cambium layer
by day three. Immunostaining with proliferating cell nuclear
antigen confirmed that, on day four of culture, explants ex-
posed to DFP showed a significantly greater number of
proliferating cells localized in the cambium layer of the
periosteum.18 Thus, PDC proliferation during periosteal
chondrogenesis can be stimulated by DFP. In addition, small
magnitude strains comparable to those experienced by the
periosteum in vivo have been found to stimulate PDC pro-
liferation.74 Small magnitude mechanical strains have also
been found to upregulate Runx2 and ColIa1, transcription
factors critical for osteoblast differentiation.75 One hypothe-
sis to explain this increase in cell proliferation is that a
paracrine signaling mechanism exists in which cells in the
fibrous layer release soluble factors in response to mechani-
cal stimuli, stimulating the PDCs in the cambium layer to
divide and differentiate.18 More recent studies point to the

FIG. 3. Characterization of periosteum’s mechanical properties. (A) Periosteal shrinkage as measured previously.14 The left and
top edges are shown in blue and the right and bottom edges are shown in green. Image correlation was used to determine change
in axial length (difference between top and bottom edges) and change in circumferential length (difference between left and right
edges). (B, C) The elastic modulus of ovine femoral periosteum was determined using mechanical testing and high-resolution
strain mapping.14 (D) Periosteal strain is calculated as the change in length of periosteum samples from when they are attached to
bone to their length initially upon removal from the bone. Prestress is calculated by multiplying the change in strain by the elastic
modulus of the tissue. Portions of this figure used with permission.14 Color images available online at www.liebertpub.com/teb
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role of soluble extracellular factors, including ATP and UTP,
released upon mechanical stimulation of tissue, in activating
Runx2, a fundamental transcription factor implicated in os-
teoblastic differentiation.76

PDCs reside in a mechanobiologically dynamic environ-
ment. Model MSCs (C3H3T1/2, a cell line derived from the
mesoderm of the murine embryo and capable of differenti-
ating along multiple lineages, including bone, cartilage, and
fat) have been shown to be more than 1000 times more
sensitive to exogenous mechanical stimuli than terminally
differentiated cells, changing their baseline gene expression
significantly after exposure to short-term (30 min) and small-
magnitude shear stresses (0.1 dyn/cm2).61 Pluripotent cells,39

including PDCs,74,75 have been shown to exhibit mechanical
sensitivity as well. Mechanical stimulation of PDCs is
thought to stimulate paracrine signaling pathways,17–19

leading to the absence of production of soluble factors that
stimulate cell proliferation and differentiation. The specific
cells stimulated (PDCs deriving from the cambium versus
fibrous layer) remain to be elucidated. Further research is
necessary to identify specific soluble factors released via
different means of mechanical stimulation of PDCs and how
these stimuli and soluble factors interact to influence cell
proliferation, cell migration (e.g., egression from the perios-
teum), and lineage commitment.

Periosteum Tissue Mechanics

Understanding the mechanical properties of the perios-
teum at the tissue level is necessary to predict the environ-
ment of the pluripotent and osteochondroprogenitor cells
known to reside within the periosteum.14 Furthermore,
knowledge of periosteum mechanical properties may be the
key to development of novel materials designed to replace
periosteal function or to mimic periosteum’s smart proper-
ties. Since the periosteum exhibits a composite structure at
multiple length scales and viscoelastic behavior over a range
of time scales, the measurement and description of a given
property should always reference the length and time scale
of interest.

It is understood that PDCs taken from a variety of animals
and bones have the capacity to generate bone de novo.3,5,77–79

Research has shown that net changes in periosteal strain
during stance shift loading after surgery correlate to rapid de
novo bone generation in critically sized defects.13 Therefore,
mechanical signaling at the tissue level may be responsible
for the initiation of bone regeneration at the cellular level.
Determination of the mechanobiological environment in
which PDCs reside will give insight into how the regenera-
tive capacities of these cells are turned on to form new bone.

Ex vivo periosteal tissue mechanics have been tested pri-
marily using one of two testing methods. In the first method,
periosteal mechanics are investigated in situ, while the tissue
is still anchored to the bone. The second, more commonly
used method involves harvesting the periosteum from intact
bones and investigating the tissue mechanics alone.

The periosteum stabilizes bones mechanically during
failure. To investigate the biomechanical capacity of the
periosteum in intact long bones, femora and tibiae of Wistar
rats were subjected to a destructive three-point-bending test
protocol. The ultimate strength, stiffness, energy absorption,
and deflection were measured in bones stripped of perios-

teum and bones with intact periosteum. For the femora, all
parameters measured exhibited a statistically significant
difference, with periosteum-covered femora displaying
higher values compared to periosteum-stripped femora. In
the tibia, only energy absorption and deflection were sig-
nificantly higher, indicating that the mechanical role of
periosteum varies between long bones.36 In bones with a
preserved periosteum, fractured bone ends remained in close
apposition and the periosteum remained intact at the con-
clusion of the bending test. In contrast, periosteum-stripped
bones fractured completely, indicating that periosteum plays
a mechanical role in stabilizing bone fractures.36

Mechanical loading of periosteal tissue stimulates changes
in behavior of the cells within the tissue. The mechanical
response of the periosteum to cyclic loading and the effects of
loading frequency were studied in the ulnae of adult female
rats subjected to dynamic loading at frequencies of 1, 5, and
10 Hz for 360 cycles/day with peak loads ranging from 4.3 to
18 N. After 2 weeks of loading, bone formation on the peri-
osteal and endocortical surfaces was measured. Periosteal
bone formation increased in a dose-dependent manner with
peak load and compressive strain. No significant bone for-
mation was seen on the endocortical surface for any loading
frequency. To determine the effect of loading frequency on
periosteal bone formation, a mathematical model was de-
veloped in which osteogenesis was assumed to be propor-
tional to the bone tissue strain rate, which in turn was
proportional to the extracellular fluid shear stress divided by
the extracellular stiffness. This model effectively predicted
the periosteal bone formation rate at all loading frequencies,
showing that mechanical loading at the tissue level modu-
lates the cellular level via fluid flow induced stresses.80 In a
separate study using the same rat ulna end loading model to
induce fatigue fracture, rapid proliferative woven bone from
the periosteum was evident at 1 week after fracture and had
consolidated completely to heal the fracture within 1
month.81

Further studies demonstrate the effects of the tissue level
mechanical loading on cell behavior. Cyclic bending loads
have been applied to stimulate bone regeneration from the
periosteum.77 In one study, a vascularized flap of periosteum
was resected from the rabbit tibia and subsequently sutured
to the medial side of the knee. The knee underwent me-
chanical loading as rabbits were allowed to move sponta-
neously outside their cages for 1 h/day. Four days after
surgery, chondrogenic differentiation of mesenchymal pre-
cursor cells was observed. The initial cartilage generated was
replaced by fibrous tissue and bone, 15 to 30 days post-
surgery. At 30 days, a segment of long bone comparable in
size to the implanted periosteal flap had formed along the
medial side of the knee.77 The results of this study once again
show that mechanical loading at the tissue level is trans-
duced to the cellular level, resulting in the formation of new
bone from periosteal tissue.

Recently, new methods were developed to measure the
prestress of healthy periosteum in situ. Studying fresh ovine
femoral periosteum resected from the mid-diaphysis of the
femur, prestress was measured as shrinkage of the periosteal
tissue upon release from the underlying bone. While it has
been known for some time that the periosteum retracts upon
release from the underlying bone,19 this study quantified
the amount of retraction for the first time. By measuring
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shrinkage after release of the periosteum from the Sharpey’s
fibers that anchor the tissue to the bone, it was possible to
estimate the amount of endogenous tension (prestress)
present in native periosteum. Periosteum from all aspects of
the bone experienced an *50% decrease in area immediately
upon release from the underlying bone. Significantly, more
shrinkage occurred in the axial direction, parallel to the axis
of the bone, compared to the circumferential or transverse
direction for all aspects.14 Hence, not only is the periosteum
anisotropic (shows different mechanical behavior dependent
on the direction of loading), but it also resides in a me-
chanically loaded state in vivo (prestress). Idealizing the
periosteum as an elastic material, it is then possible to esti-
mate the endogenous prestress by accounting for the previ-
ously measured elastic moduli (see next section for details)
and the measured shrinkage (strain, described above) in the
longitudinal and circumferential directions. Based on this
approximation, the periosteum from the anterior of the
skeletally mature ovine femur exhibits 12.06 – 0.40 MPa
longitudinal prestress and 0.77 – 0.43 MPa circumferential
prestress (Fig. 3).

The long bones of vertebrates are subjected to substantial
mechanical loads during daily activities such as walking,
running, and jumping. Bones and the attached periosteum
experience increased mechanical stresses during fracture and
limb lengthening. The mechanical properties of resected
periosteum under different loading conditions have been
characterized using a number of experimental protocols.
Experimentally determined stress–strain behavior of resected
periosteum from ovine femora, avian tibiotarsus, bovine ti-
bia, and swine metacarpus has been reported in the litera-
ture14,22,23,82 (Table 2). In each of these studies, the bones
from which the periosteum was to be obtained were resected
immediately upon death of the animal. Overlying muscle
and tendon insertions were cleaned from the bone before
periosteal removal. In certain instances, bones with intact
periosteum14 or resected periosteum sheets22,23 were cryo-
preserved until the time of experiment. In some instances of
mechanical testing, the periosteum was removed using a
template that allowed for the tissue to be kept at its precise
in vivo length.14,82 In other studies, observable tissue
shrinkage occurred once the tissue was removed from the
bone before insertion in the test fixture.22,23 Samples resected
from the axial14,22,23,82 and circumferential14,22,23 orientations
of long bones have been tested. In all cases, samples were
secured in a set of grips designed to prevent the tissue from
slipping during testing. A controlled loading rate ranging
from a high speed of 0.42 mm/s23 to a low speed of
0.004 mm/s14 was applied until samples reached failure. In
one instance, samples were preconditioned for 3–4 cycles

before loading to failure.22 The force experienced by the tis-
sue due to loading was measured by a load cell in all in-
stances.

Periosteal stress-strain curves were created from test data
(Fig. 4). For all animals and bones, periosteal stress–strain
curves obtained for axial samples generally exhibit a com-
pliant toe region followed by a much stiffer elastic region
(Table 2, Fig. 4). The elastic modulus for axial samples varies
depending on the animal and bone from which the sample
was obtained. Circumferential samples exhibit highly vari-
able behavior dependent upon the bone and animal of origin
(Table 2).

To date, the only report of anisotropic mechanical prop-
erties in periosteum are from measurements of the ovine
femur. Interestingly, bone denuded of periosteum shows
robust regeneration of periosteum over time, but the thick-
ness of regenerated periosteum does not correlate to the
loading history to which the tissue is exposed.64 Periosteal
thickness varies significantly depending on the bone, site on
the surface of a particular bone, within and between animals
of experimental cohorts.29 Similar to the structural proper-
ties, the mechanical properties of the periosteum are site
specific, depending on the bone, location on the surface of
the bone, and the species and age of animal of origin. Given
structure–function relationships in biomaterials, the varying
mechanical properties of long bone periosteum likely indi-
cate varying tissue composition and collagen fiber align-
ment.14,33,82

In addition to the long bone periosteum, the mechanical
properties of swine zygomatic arch and mandible22 and
human nasal83 periosteum have been characterized. The
mechanical properties of periosteum from swine zygomatic
arch and mandible showed no directional differences as
compared to the swine metacarpal in which directional dif-
ferences were noted.22 Furthermore, shrinkage of the tissue
along the long axis varied greatly between the two bones,
while shrinkage in the circumferential direction did not vary.
Human nasal periosteum has been tested and found to be
less extensible than fascia. Furthermore, nasal periosteum
exhibits a higher tensile strength than fascia, indicating it
may be suitable for implant fixation.83 These results further
indicate the variability of the mechanical properties of peri-
osteum among bones. A limitation to consider is that the
above-mentioned studies characterize periosteum from
bones that do not experience a significant amount of me-
chanical loading, although it may be argued that these bones,
especially the mandible, experience loading of varied direc-
tion, on a daily basis.

The degree to which the periosteal tissue serves as a
functional interface between muscle and bone is reflected by

Table 2. Elastic Moduli of Resected Periosteum from Different Bones and Animals

Region E toe (MPa) E axial (MPa) E circ (MPa) References

Ovine femur 1.93 (0.79, 3.06) 25.67 (18.8, 32.5) 4.41 (3.19, 5.62) 14
Porcine metacarpus N/A 79 (42, 116) 96 (64, 128) 22
Chick tibiotarsus 3.4 (1.5, 5.2) 230 (140, 320) N/A 82
Bovine tibia 0.43 (0.16, 0.7) 51 (15, 87) 72 (22, 122) 23

Confidence intervals for the elastic moduli are listed in parentheses.
N/A, not available.
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greatly varying elastic moduli and failure properties of
periosteum in varying animals and anatomical locations.
This evidence as a whole suggests that the periosteum is a
highly specialized, mechanosensitive tissue. The degree to
which periosteum serves as a functional barrier between the
muscle and bone is an area of intense current interest.28,29

Whereas the periosteum is sometimes assumed to exhibit a
complete barrier function, acting as an outer seal to bone,84 it
has been postulated that the robust regenerative capacity of
the periosteum to infill defects derives from pluripotent cells
that ingress, via the periosteum, to the defect site.3,12,15 Re-
cent studies indicate that the periosteum may exhibit direc-
tionally dependent permeability and that permeability is
highly dependent on the stress-state of the tissue.28,29

The mechanical response of the periosteum to injury may
greatly vary dependent upon the location and severity of
injury. For example, a mild to moderate tibial fracture may
result in fracture of the bone, but allow the periosteum to
remain intact, thus keeping the two ends of the fractured
bone in close apposition. In this example, the periosteum
would operate in the linear elastic region of the stress–strain
curve14 and only small stress signals would be sent to PDCs,
initiating proliferation and differentiation. In a more severe
case, such as a fractured femur, the periosteum as well as the
bone may fracture. The strain stiffening incurred by the
periosteum just before fracture would correlate to the linear
region of the stress–strain curve14 (Fig. 4). The large strains
experienced would be transduced to PDCs residing in the
inner cambium layer and stimulate rapid proliferation and
differentiation of all periosteal progenitor cells from local as
well as surrounding areas.

Bridging the Cell-Tissue Level:
Tissue Engineered Periosteum

Although a number of studies have used native perios-
teum to heal critical size bone defects,5,77–79 alternatives are
sought for the case when periosteum availability is limited.
In many cases, native periosteum contains too few PDCs or
has been damaged therefore limiting the tissue available for
use. It is therefore desirable to create a TEP for use in these
instances.

Many attempts to create a successful TEP have occurred
over the last two decades. Early attempts at designing TEP
focused on creating a confluent sheet of cells mechanically
robust enough to be removed from the tissue culture plastic
without tearing.85 Few studies have characterized the me-
chanical properties of TEP. Current TEP is often intended for
use in oral applications, where it would experience signifi-
cantly less mechanical stress and strain than in a dynamically
loaded environment such as the femur. It is imperative to
consider the mechanical properties of the native tissue to
design TEP to be used in mechanically loaded environments
such as the long bones of the leg.

TEP has been created using a variety of natural and syn-
thetic biomaterials in combination with BMSCs and PDCs
(Table 3). Porcine small intestinal submucosa (SIS) seeded
with BMSCs is one popular combination for creating
TEP.85,86 Use of a natural scaffold, such as SIS, eliminates
concerns related to biodegradability and toxicity that are
often associated with synthetic polymer biomaterials. SIS
periosteum membranes were 100–200 mm thick after 7 days

of growth. The membranes were somewhat permeable and
allowed for the diffusion of nutrients from interstitial fluid to
the cells. Membrane mechanics were characterized qualita-
tively and found to be of a flexible texture similar to natural
bone membrane.85,86

Scaffold-free TEP has been grown from BMSCs cultured in
osteogenic media.87 At 10 days of culture, a thin membrane
with poor resistance to external forces had formed. Further
culture until day 17 resulted in a mechanically robust sheet
with a tissue structure similar to the cambium layer of the
native periosteum.87 In the above studies, the mechanical
properties of the TEP were not characterized quantitatively.

In addition to BMSCs, PDCs from a variety of sources
have been used to engineer TEP.47,90–100 PDCs have been
used to construct TEP with and without the use of scaffolds.
Rat femoral shaft defects were successfully healed using TEP
constructed from PDCs seeded on a polyglycolic acid scaf-
fold.90 TEP constructs constructed from porcine SIS and
PDCs were not as effective as autologous bone grafts in
healing rat calvarial critical size defects.91 A TEP construct
composed of an elastomer surgical membrane filled with
autologous periosteum strips was found to promote healing
of critically sized ovine femoral defects.98 The membrane
allowed for the directional delivery of periosteal factors to
the defect. Studies are currently in progress to determine the

FIG. 4. Stress–strain properties of ovine femoral perios-
teum removed from the (A) axial and (B) circumferential
orientations of the bone. Axial periosteum exhibits a high
stiffness (E = 25.67 MPa) in the linear region of the stress–
strain curve. Used with permission from Ref.14 Color images
available online at www.liebertpub.com/teb
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material and mechanical properties of the elastomer
membrane.

Scaffolds used to create TEP are designed to influence cell
differentiation via cell–matrix interactions.101,102 It is there-
fore important to classify the mechanical properties of TEP to
match those of the native tissue. Furthermore, creating TEP
with variable stiffness and elastic moduli is desirable as the
local mechanical environment in which the tissue is im-
planted varies from bone to bone. In a load-bearing bone,
such as the femora or tibia, TEP with a high-elastic modulus
would be desired, whereas a TEP with a lower elastic
modulus could be used in a nonmechanically loaded envi-
ronment such as the mandible.

Future Directions

As the behavior of PDCs in response to tissue-level me-
chanical forces is further characterized, it will become pos-
sible to create a biomimetic TEP. In addition to the tensile
mechanical properties of the tissue, it is important to char-
acterize other mechanical and material properties, such as
the fatigue life of the tissue and the permeability, pore size,
and transport gradients. Together with what is already
known about the periosteum, knowledge of these properties
will allow for an understanding of the mechanobiological
environment in which PDCs reside. The importance of the
mechanical and material properties of periosteum should not
be underestimated when formulating design criteria for TEP.
Current research shows that periosteum resides in a me-
chanobiological environment. The mechanical environment
is highly regulated and varies from bone to bone. Further
research is necessary to determine the factors responsible for
the variety of periosteal mechanical properties. However, it
is hypothesized that the local microstructure of the perios-

teum and collagen content of the tissue contributes directly
to ultimate tensile strength of the tissue.14,33

Mechanical stimulation of the intact periosteum sur-
rounding a bone defect leads to new bone formation. The
PDCs within the periosteum are regulated by the mechanical
environment in which they reside. Release of the inherent
tension in periosteum stimulates PDCs to proliferate and
differentiate. Further characterization of PDC behavior in
response to substrate stiffness, shear fluid flow, and cell
seeding density is necessary to fully understand how me-
chanical signaling regulates cell growth and development. It
is hypothesized that mechanical loads applied at the tissue
level send signals to PDCs which, in turn, release soluble
factors responsible for regulating tissue growth and devel-
opment.17 TEP must therefore be designed with the me-
chanical properties at the forefront of the design criteria. A
successful TEP will be able to withstand the forces experi-
enced by the native periosteum to allow for proper bone
regeneration. Furthermore, the location of the periosteum to
be replaced must also be considered when designing TEP.

Knowledge of the mechanical properties of the periosteum
and the mechanosensitivity of PDCs is also important for
incorporation in multiscale models. The ability to predict
stresses, strains, and fluid flow at the tissue and cellular level
will allow for determination of the effects of these variables
on the organ-scale structure of bone during growth, health,
healing, trauma, and disease. Multiscale models will prove
valuable for the development of tissue-engineered strategies
in healing bone as well as physical therapy protocols to
improve outcome postsurgery. The mechanobiological
properties of the periosteum are of increasing importance to
understand bone’s micromechanical milieu and fully harness
the regenerative potential of the periosteum in critical size
defect healing. Finally, an understanding of the periosteum’s

Table 3. Published Work Designing Tissue-Engineered Periosteum
45,70–88

References Animal Source Cell type Scaffold Application

85 Rabbit Femur: medullary
cavity

BMSC SIS Radial defects

86 Rabbit Femur: medullary
cavity

BMSC SIS N/A

87 Rabbit Iliac crest BMSC N/A Mandibular fracture
88 Human N/A BMSC Collagen membranes Skull defects
89 Rat Femur and tibia:

medullary cavity
BMSC Acellular human dermis Mandibular defects

47 Human Mandible PDC Collagen membrane N/A
90 Calf Humerus PDC Polyglycolic acid Femoral defects in rats
91 Rat Tibia PDC SIS Critical-sized calvarial defects
92 Human Mandible PDC Collagen membrane with

platelet-rich fibrin
N/A

93 Rabbit Tibia PDC Fibrin gel or Ethisorb-fleece
cylinders

Ulnar defects

94 Human Tibia PDC Ethisorb polymer scaffolds N/A
95 Dog Mandible PDC Either no scaffold or PTFE Mandibular defects
96 Human Mandible PDC Hydroxyapatite blocks Periodontal defects
97 Human Mandible PDC N/A Periodontal defects
98 Ovine Femur PDC Elastomeric membrane – collagen sheets

( – PDCs) or periosteal strips
Critical-sized femoral defects

99 Human Mandible PDC Porous poly(L-lactic acid) membranes N/A
100 Human Mandible PDC Polydioxanone/pluronic F127 Porcine mandibular defects

SIS, small intestinal submucosa.
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smart properties provides inspiration for a new class of ad-
vanced (bio)materials that harness and change their behavior
based on the mechanical cues inherent to their environment.
Alas, the identification and assessment of smart properties
alone does not pave a straight path for the development of
advanced materials; for a hallmark of smart properties is
their emergent nature, where the whole is much greater
than the sum of the parts, making reverse engineering of
the property inefficient at best. In contrast, application of
bottom-up approaches and the use of first principles to en-
gineer emergence is a promising although relatively un-
studied pathway for advanced materials innovation.
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