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Objectives – To develop models of human phalanges and

small joints by suturing different cell-polymer constructs that

are then implanted in athymic (nude) mice.

Design – Models consisted of bovine periosteum, cartilage,

and/or tendon cells seeded onto biodegradable polymer

scaffolds of either polyglycolic acid (PGA) or copolymers of

PGA and poly-L-lactic acid (PLLA) or poly-e-caprolactone

(PCL) and PLLA. Constructs were fabricated to produce a

distal phalanx, middle phalanx, or distal interphalangeal joint.

Setting and Sample Population – Studies of more than 250

harvested implants were conducted at the Northeastern Ohio

Universities College of Medicine.

Experimental Variable – Polymer scaffold, cell type, and

implantation time were examined.

Outcome Measure – Tissue-engineered specimens were

characterized by histology, transmission electron microscopy,

in situ hybridization, laser capture microdissection and

qualitative and quantitative polymerase chain reaction analysis,

magnetic resonance microscopy, and X-ray microtomography.

Results – Over periods to 60 weeks of implantation, constructs

developed through vascularity from host mice; formed new

cartilage, bone, and/or tendon; expressed characteristic genes

of bovine origin, including type I, II and X collagen,

osteopontin, aggrecan, biglycan, and bone sialoprotein;

secreted corresponding proteins; responded to applied

mechanical stimuli; and maintained shapes of human

phalanges with small joints.

Conclusion – Results give insight into construct processes of

tissue regeneration and development and suggest more
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complete tissue-engineeredcartilage, bone, and tendonmodels.

These should have significant future scientific and clinical

applications in medicine, including their use in plastic surgery,

orthopaedics, craniofacial reconstruction, and teratology.

Key words: bone; cartilage; joints; phalanges; tendon; tissue-

engineering

Introduction

The science of tissue engineering combines basic

principles from biology, chemistry, physics and

engineering to construct living tissues from their cel-

lular components. A fundamental objective of this rel-

atively new field of study is the medical application of

fabricated tissues for the augmentation or replacement

of congenitally defective, impaired, injured or other-

wise damaged human tissue (1–3). At the present time,

tissue engineering has advanced the design and

development of many biological tissues, including

aorta, bladder, skin, breast, muscle, bone, cartilage and

tendon (4–12), and this area of scientific endeavor

appears to have the potential for even wider applica-

tions in many medical specialties.

Engineered tissues have been investigated to deter-

mine their biocompatibility and biological, chemical

and physical correlation with their counterpart natur-

ally occurring tissues, their biostability, integration into

host material and eventual restoration of normal

structure and function (1–11). In this regard, this

laboratory is developing models of human phalanges

and small joints by suturing different cell–polymer

constructs that are then implanted and elaborated in

athymic mice. The models presently consist of bovine

periosteum, cartilage and/or tendon cells seeded onto

biodegradable polymer scaffolds. The latter may be

comprised of either polyglycolic acid (PGA) or polymer

blends of PGA and poly-L-lactic acid (PLLA) or poly-e-

caprolactone (PCL) and PLLA and they serve to support

and enhance osteoblast, chondrocyte and tenocyte

growth and subsequent development. These constructs

are designed as a distal phalanx, middle phalanx or

distal interphalangeal joint.

Careful and thorough characterization of the struc-

ture, chemistry and biology of the constructs is a clear

requirement for understanding the means for their

formation and the fundamental basis for their bio-

compatibility and other properties. A number of

diverse methodologies have thereby been applied in

this context to investigate the variety of physical,

chemical and biological properties of these models of

tissue-engineered human phalanges and a small joint.

This paper summarizes the previous and current

studies describing the models and the results obtained

by assessing them. The outcome of the investigation

shows vascularization from the host mice as underlying

the development of the constructs; formation of carti-

lage, bone and tendon in the models; gene expression

of bovine type I, II and X collagens, osteopontin, agg-

recan, biglycan and bone sialoprotein by the cells

comprising the models; synthesis and secretion of the

proteins corresponding to the characteristic genes;

response to applied mechanical force and maintenance

of the initial construct shapes throughout the period of

their implantation in the mice. These data provide an

understanding of some of the means for construct

growth and development and additionally point toward

further studies that hopefully will lead to direct clinical

applications for these tissue-engineered models.

Materials and methods

Many of the basic techniques and approaches for fab-

ricating and assessing the tissue-engineered phalan-

geal-joint constructs of interest have been published.

They will be described here briefly as necessary with

appropriate literature citations. The analytical methods

include histology, transmission electron microscopy,

in situ hybridization, laser capture microdissection

(LCM) and qualitative and quantitative polymerase

chain reaction (PCR) analysis, magnetic resonance

microscopy (MRM) and X-ray microtomography (XMT).

Construct formation

Scaffold materials for the seeding of relevant cell types

of interest were synthetic and biodegradable PGA, PLLA
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and PCL (2,3,9–11). PGA was obtained from Albany

International (Mansfield, OH, USA) or the Gunze

Company (Kyoto, Japan) as non-woven mesh com-

posed of 15 lm diameter fibers with inter-fiber pore

spacing of � 75–100 lm. It supported inoculation and

growth of either bovine chondrocytes or tenocytes

(10,11). PLLA (Polysciences, Warrington, PA, USA)

having fiber diameter and pore sizes comparable to

PGA was blended with the latter and used for a scaffold

with bovine periosteal cells.

In some experiments, PCL fibers (Gunze Co., Kyoto,

Japan) (3,12) were copolymerized with PLLA for sup-

porting periosteum.

Tissues from the shoulders of normal 4- to 6-week-old

calves were obtained immediately on slaughter (Mahan

Packing Co., Warren, OH, USA) and consisted of fresh

periosteum, articular cartilage and tendon (10). Narrow

strips of the periosteum were wrapped about the PGA/

PLLA or PCL/PLLA scaffolds, which were molded in the

shape of distal or middle phalanges of the human hand

(10). The cambium layer of the tissue faced the copo-

lymer and the strip was sutured as a ring of material

completely encircling the scaffold. Articular cartilage

was digested with 3% collagenase (type II; Worthington

Biochemical, Freehold, NJ, USA) for 12 h to yield a

heterogeneous mixture of bovine chondrocytes (10).

Cells were cultured in Ham’s F12 medium (Mediatech,

Inc., Herndon, VA, USA) supplemented with 10% fetal

bovine serum (FBS; Mediatech, Inc.). Cells were

counted and diluted to 1.5 · 107 cells/ml and they were

then seeded onto PGA sheets cut to a size of

10 · 10 · 2 mm. Bovine tenocytes were isolated fol-

lowing the chondrocyte digestion procedure and these

cells were similarly suspended and seeded onto PGA

sheets (10). Each periosteum–copolymer construct was

cultured for 1 week in M199 medium (Mediatech, Inc.)

and each chondrocyte–PGA and tenocyte–PGA con-

struct was cultured for 1 week in Ham’s F12 medium.

Supplements to all media included 10% FBS, an anti-

biotic–antimycotic and ascorbate, and the cultures

were incubated at 37�C in 5% CO2 (3,10,11).

After culture for a week, constructs were next created

as relatively simple to more complicated engineered

models for a human distal phalanx, a middle phalanx

or a distal interphalangeal joint (10,11). The basic distal

phalanx was formed by a single chondrocyte–PGA

sheet sutured to one end of a periosteum–copolymer

scaffold molded in a human distal phalanx shape.

Middle phalanx models were developed by suturing

two chondrocyte–PGA sheets to a periosteum–copoly-

mer scaffold, one sheet at each of its ends (the distal

phalanx construct with a second chondrocyte–PGA

sheet). In instances, a tenocyte–PGA sheet was sutured

additionally to one of the chondrocyte–periosteum

interfaces. The distal interphalangeal joint, the most

complex of the models, was designed with a distal

phalanx opposing a middle phalanx construct so that

the respective articular surfaces (the chondrocyte–PGA

sheets) of each model faced one another. An inert, thin

silicone sheet was inserted between them, and a

tenocyte–PGA sheet was wrapped and sutured about

this portion of the full construct to approximate a joint

between two bones of a human finger. The three types

of composites were subsequently implanted under the

dorsum of 4- to 6-week-old athymic (nude) mice and

remained there for up to 60 weeks.

Histology

As noted earlier, histological analysis was utilized

among a number of techniques for construct assess-

ment. In this case, specimens retrieved after implan-

tation were immersed in 10% neutral buffered formalin

and embedded in paraffin. Sections 5–7 lm thick were

treated variously with toluidine blue, hematoxylin and

eosin, Safranin-O (13), Alizarin red, von Kossa, Gomori

or other stains. These were used to identify matrix

components (toluidine blue or hematoxylin and eosin)

and the presence of proteoglycans secreted by cells

(Safranin-O), calcium (Alizarin red), phosphate (von

Kossa) or collagen (Gomori). Sections were examined

and photographed by light microscopy.

Electron microscopy

Specimens were fixed in 4% paraformaldehyde, dehy-

drated in ethanol and embedded in Spurr resin (14,15).

Sections 80–100 nm thick were prepared and stained

with uranyl acetate and lead citrate to enhance ultra-

structure of the engineered tissues examined by trans-

mission microscopy (60–100 kV accelerating voltage).

In situ hybridization

Specimens were fixed in 4% paraformaldehyde and

embedded in paraffin under stringent RNase-free
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conditions (16–18). Antisense S35-labeled oligonucleo-

tide probes specific for bovine aggrecan, type II and X

collagens, osteopontin, biglycan and bone sialoprotein

were utilized for the studies (16). In addition, a simi-

larly labeled probe for mouse decorin was investi-

gated. The mouse decorin probe had no known bovine

sequence and thereby provided critical discrimination

between bovine and murine species (16). Specificity of

all probes was compared with the sequence data from

the DNA database, PC/GENE. The probes were

hybridized to bovine tissue, mouse tissue and middle

phalanx models of human phalanges implanted for

20 weeks in nude mice. After hybridization, sections

were processed through autoradiography, counter-

stained with cresyl violet and examined and photo-

graphed by bright and dark field light microscopy.

Epiphyseal and articular cartilage from metacarpals of

normal newborn calves served as positive controls and

the same tissue from the tibiae of normal 5-day-old

mice was a negative control for hybridization studies

with bovine probes. The identical cartilage specimens

were negative and positive controls, respectively, for

hybridization with the mouse decorin probe (16). A

further negative control was the bovine type X collagen

probe hybridized to bovine adult articular cartilage.

LCM and qualitative and quantitative PCR analysis

The procedure followed was that described in Landis

et al. (19) and Jacquet et al. (20). Tissue-engineered

constructs retrieved after implantation for up to

60 weeks were immediately placed in RNAlaterTM

(Ambion, Austin, TX, USA) to preserve message and

stored at )20�C. For processing, specimens were

mounted on stubs with OCT and sections (5–7 lm

thick) were obtained in a cryostat ()20�C) with the

aid of a CryoJane device (Instrumedics, Inc., Hac-

kensack, NJ, USA) to flatten them to slides (19,20).

Sections on the slides were fixed in 70% ethanol and

stained with eosin. Solutions used DEPC-treated

water, and RNase Away (Molecular BioProducts, Inc.,

San Diego, CA, USA) maintained RNase-free condi-

tions. LCM of individual cells or clusters of cells was

performed with a Pixcell II LCM system (Arcturus

Engineering, Mountain View, CA, USA). The tech-

nique utilized a low-energy laser pulse of 70 mW

power and 2.5 ms duration to attach cells to a thin

polymer transfer film on Cap-SureTM caps (Arcturus

Engineering) (19,20). The caps were then inserted

into Eppendorf tubes containing lysis buffer and RNA

was extracted from cells. RNA was next DNase-trea-

ted, reverse-transcribed to cDNA and then amplified

by PCR using AmpliTaq� DNA polymerase (Applied

Biosystems, Foster City, CA, USA) and primers spe-

cific for genes of interest (bovine type I and II col-

lagens, osteopontin, osteocalcin, bone sialoprotein

and aggrecan). For qualitative PCR (19), products

were detected on ethidium bromide agarose gels.

Both positive and negative controls were compared

with experimental data. For quantitative real time

PCR (20), analysis was performed using an ABI Prism

7700 Sequence Detector (Applied Biosystems, Foster

City, CA, USA). GAPDH was utilized as a house-

keeping gene for standardization. Final sample

volumes for each control or experimental cDNA were

30 ll and contained SYBR� Green Master Mix

(Applied Biosystems, Foster City, CA, USA), sterile

water and 0.3 lM of each primer. Fluorescence

measurements were used to generate a dissociation

curve utilizing the software program v1.Ob1 (Applied

Biosystems). From such melting curves, the degree of

product purity was assessed by confirming the pres-

ence of a single peak at the known product melting

temperature and the absence of any primer dimers.

Amplicons were also electrophoresed on agarose gels

to verify a single band at the appropriate molecular

weight. The comparative CT or standard curve

method for relative quantitation of gene expression

levels was used as outlined in User Bulletin 2 from

Applied Biosystems. For the comparative CT method,

plots of DCT versus log input concentration

(� 0.1–20 ng control cDNA) were generated to dem-

onstrate approximately equal efficiencies of target

and reference (GAPDH) genes (20).

MRM

Whole middle phalanx constructs, retrieved from

nude mice after implantation for 10 and 38 weeks,

were placed in phosphate-buffered saline in sealed

tubes. Non-invasive MRM measurements were per-

formed at 37�C on a Bruker DMX spectrometer

(Bruker Biospin MRI, Inc., Billerica, MA, USA) cou-

pled to a wide-bore 9.4 T magnet. The field of view

was 20 · 10 mm2, slice thickness was 1 mm and

in-plane resolution was 78 lm. Measurements were
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made of water proton longitudinal (T1) and trans-

verse (T2) relaxation times, magnetization transfer

rate (MTR) constant (km), proton density (PD) and

lipid presence. All images were obtained with fat

suppression. Further details of the procedures are

given in Potter et al. (21,22).

XMT

Complete methodology has been described previously

in Potter et al. (22). In summary, this non-invasive

technique involved examination of intact, whole mid-

dle phalanx constructs, implanted for 10 and 38 weeks

in nude mice. The specimens were wrapped in damp

gauze and mounted in an X-TEK HMX microtomogra-

phy system (X-TEK Systems, Ltd., Tring, UK) using

tungsten as an X-ray source. The unit was operated at

90 kV and 255 mA with a 5 lm spot size. Imaging was

through a CsI scintillator optically coupled to a cooled

CCD camera, acquiring images of 1296 slices, 601

projections per slice and 1200 points per projection.

The images were reconstructed in three dimensions

and image pixel values were converted to quantitative

concentrations of apatite, the characteristic mineral

phase deposited in the constructs, by formulation using

3.18 g/cm3 as the mineral density. Images were ana-

lyzed with user-defined procedures in Interactive Data

Language (Research Systems, Inc., Boulder, CO, USA).

Constructs subjected to a mechanical force

Tissue-engineered middle phalanx models were teth-

ered at their opposing ends with narrow strips of inert

silicone that were then sutured to the neck (trapezius

muscle) and tail (bony protuberance) of nude mice.

Other middle phalanx models with silicone attachment

as their counterparts were implanted without suturing

to neck and tail tissues. In this manner, tethered con-

structs were designed to be directly affected by

mechanical forces generated by ambulation of the mice

in their cages and untethered constructs were pre-

sumed to be unaffected. Animals were sacrificed after

20 weeks of implantation and the constructs examined

following fixation in 10% neutral buffered formalin and

paraffin embedding. Sections of 5–7 lm thick were

stained with toluidine blue, Safranin-O, Alizarin red,

von Kossa or additional stains and photographed by

light microscopy as described previously.

Results

Fig. 1 illustrates a typical tissue-engineered model of a

human phalanx, in this instance a middle phalanx

consisting of a scaffold of PCL/PLLA wrapped with

bovine periosteum and sutured at each of its ends with

a bovine chondrocyte-seeded PGA sheet. The whole

mount (Fig. 1) shows that the construct, after 40 weeks

of implantation, retains its original shape and dimen-

sions of a human middle phalanx and has a red tinge

over parts of its surface. On dissection (Fig. 2), the

model appears to consist of smooth, glistening material

at its ends and a complete structure in its midshaft

region, which is red in color in particular areas. There is

integration of tissue at the interface of the periosteum–

PCL/PLLA and chondrocyte-seeded PGA sheets.

Histological staining (Figs 3–6) demonstrates that

such constructs are comprised of bone and cartilage

after at least 40 weeks of implantation in athymic mice.

The end regions of the models are comprised exclu-

sively of chondrocytes and they secrete a matrix rich in

proteoglycans as indicated by Safranin-O staining

Fig. 1. An example of an intact tissue-engineered middle phalanx

model implanted for 20 weeks in a nude mouse. The construct con-

sists of two chondrocyte-seeded PGA sheets sutured at each end of a

central periosteum-wrapped PCL/PLLA copolymer. This macroscopic

view shows vascular networks (V) over the surface of the construct.

Bar, 1 cm.

Fig. 2. The bisected model of Fig. 1 reveals smooth cartilage (C) at

the extremes of the midshaft (MS). There is notable vascularization

(V) within the shaft, as detected by a red coloring to the construct. An

interface can be distinguished between cartilage and the shaft, but it

is not prominent and as such suggests good integration between the

tissues comprising these portions of the model. Bar, 1 cm.
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(Fig. 3). There is an intact chondro-osseous junction at

the interfaces of what had been a separate perioste-

um–PCL/PLLA scaffold sutured to chondrocyte-seeded

PGA sheets at the time of implantation (Figs 2 and 4).

Osteoblasts and chondrocytes comprise the central

shaft of the constructs, originally the site around which

periosteum had been wrapped and sutured. A

transition from cartilage to bone is inferred to occur in

the construct midshaft, evidenced by morphology

suggestive of an endochondral sequence in which the

chondrocytes become hypertrophic, are resorbed and

are replaced by osteoblasts (Fig. 4). With increasing

time of implantation, the chondrocytes appearing

within the ends of the constructs form a rudimentary

growth plate in these regions, characterized by an

arrangement and organization of the cells in generally

parallel columns (Figs 3 and 4). Deeper regions of this

plate contain progressively larger cells and lacunae

compared to counterparts located in superficial por-

tions of the plate (Fig. 4). Vascular channels and lipid

deposits punctuate the midshaft of the middle phalanx

models (Fig. 5).

Transmission electron microscopy confirms the

presence of osteoblasts and chondrocytes in various

areas of the constructs (data not shown) and also

demonstrates cells and ultrastructure comprising a

vasculature that pervades the models. In this regard,

many capillaries, small muscular arteries and other

vessels appear throughout the midshaft portion of the

model phalanges and these hold erythrocytes, macr-

ophages and other cells [Fig. 6; see (15)]. The vascula-

ture itself is found consisting in part of type I collagen,

endothelium, elastic laminae and additional structural

elements (Fig. 6).

Fig. 3. A representative chondrocyte-seeded PGA scaffold region

from a 40-week middle phalanx construct shows numerous cells and

a secreted matrix prominently stained by Safranin-O to reveal

proteoglycans. The cells have now organized into columns resem-

bling a normal epiphyseal growth plate developing in vertebrate digits

and long bones. Bar, 100 lm.

Fig. 4. The midshaft regions of a middle phalanx implanted for

38 weeks contain chondrocytes that undergo replacement to osteo-

blasts and bone through a putative endochondral process. This

example is taken at the interface (I) between a chondrocyte-seeded

PGA scaffold and a periosteal-wrapped PCL/PLLA copolymer. Note

the indistinguishable junction and smooth integration of cells and

matrix between the two previously sutured segments of the construct.

Resting (R), proliferating (P), and hypertrophic (H) chondrocytes are

clearly observed and those in hypertrophic zones are arranged in cell

columns. The section has been stained with hematoxylin and eosin.

Bar, 100 lm.

Fig. 5. Histology of a middle phalanx construct after 38 weeks of

implantation reveals lipid deposits (L) and several vascular channels

(V) in the midshaft region of the model. Some remnants of the

scaffold polymer (P) are found in the specimen. The section has been

stained with hematoxylin and eosin. Bar, 100 lm.

Fig. 6. Electron microscopy of a middle phalanx model following

implantation for 20 weeks shows vasculature characterized by a small

muscular artery (SMA) developed within the construct midshaft. The

elastic laminae (arrowheads), endothelial cells (E) and smooth muscle

(SM) of the artery are present in this section stained with uranyl

acetate and lead citrate. Bar, 2 lm.
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Results of in situ hybridization demonstrate that all

the oligonucleotide probes investigated are both tissue-

and species-specific with respect to their positive and

negative controls [data not shown; see (16)]. When

hybridized to middle phalanx constructs, each bovine-

specific probe gives positive message and tissue-spe-

cific localization within the cartilaginous and midshaft

portions of the tissue-engineered models. Expression of

bovine-specific type X collagen is found in epiphyseal

cartilage in regions destined to become hypertrophic

and calcified tissue. The mouse-specific decorin probe

yields no message on hybridization to the constructs. A

representative microscopic image of these in situ

hybridization studies is presented in Fig. 7.

In situ hybridization results are being supported by

data currently obtained from LCM and PCR analysis.

These studies to date show that, compared to appro-

priate controls, primers specific for bovine type II col-

lagen and aggrecan among the other genes of interest

noted previously may be identified, localized and

quantitated from individual or small clusters of

chondrocytes comprising cartilage covering the ends of

middle phalanx models implanted for 20 weeks in nude

mice (Table 1).

The two complementary, non-invasive techniques of

MRM and XMT reveal spatial and temporal develop-

ment of various tissue elements within tissue-engin-

eered middle phalanx models following implantation

for 10 and 38 weeks in athymic mice. Fig. 8 illustrates,

for example, the quantitative T1 and PD images

obtained from 3D MRM datasets and a corresponding

XMT image of a 38-week specimen. The correlative

presence of organic and inorganic components detec-

ted by MRM and XMT, respectively, is clearly observed.

In addition, vascular channels traversing the model are

delineated by each of the techniques (Fig. 8), and

bound and free water and the presence of lipid deposits

may be ascertained [data not shown; see (22)].

Figs. 9 and 10 compare representative cartilage regi-

ons over the ends of two middle phalanx models re-

trieved from nude mice after 20 weeks of implantation.

Fig. 7. In situ hybridization of a middle phalanx model implanted for

20 weeks in a nude mouse. This image taken with dark field pho-

tomicroscopy shows the positive reaction of a bovine-specific agg-

recan probe hybridized to the cartilaginous portion of the construct.

The section was stained with cresyl violet. This example is one of a

complete series of in situ hybridization reactions utilizing bovine-

and murine-specific probes with appropriate controls applied to

similar tissue-engineered constructs and normal bovine and murine

tissues (16). Only bovine-specific probes (for type II and X collagens,

osteopontin, biglycan and bone sialoprotein, in addition to aggrecan)

yield positive message and tissue-specific localization on hybridiza-

tion to the constructs. Bar, 25 lm.

Table 1. Detection and relative expression of bovine aggrecan and type II collagen in a tissue-engineered middle phalanx model

implanted for 20 weeks in a nude mouse

Cell type*

Aggrecan total

control bone RNA (ng)

Melting curve

analysis 81�C

GAPDH total control

bone RNA (ng)

Melting curve

analysis 82�C

Aggrecan normalized

to GAPDH

Chondrocytes 0.08 80.0 0.00152 81.1 52.63

Osteoblasts 0.01 79.8 0.00024 81.3 41.67

Cell type Aggrecan relative to chondrocytes Type II collagen total control bone RNA (ng) Melting curve analysis 79�C

Chondrocytes 1.00 0.002 79.4

Osteoblasts 0.79� 0� 0

*300–500 chondrocytes or osteoblasts were isolated by laser capture microdissection and subjected to the standard curve analysis for relative

quantitation of aggrecan and type II collagen gene expression levels. GAPDH was used as a reference gene. The approach is detailed in User

Bulletin 2 from Applied Biosystems (Foster City, CA, USA).
�Data demonstrate expression of aggrecan and type II collagen in captured chondrocytes. No type II collagen expression is detected in osteoblasts.

Measured relative aggrecan expression (0.79) in osteoblasts is sensitive to small changes in the small total aggrecan RNA (0.01 ng) and, as a result,

likely may be an overestimation. On the other hand, laser-captured cells identified as osteoblasts may be immature precursor cells that could

express aggrecan.
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One of the animals harbored a construct having its

proximal and distal ends tethered with silicone strips

and sutured to the neck and hind regions, respectively,

of the mouse (Fig. 9). The other animal incubated an

untethered construct (Fig. 10). Compared to the latter,

the tethered model has a generally higher content of

proteoglycans as determined by Safranin-O staining

and notable rudimentary organization of its constituent

chondrocytes into cell columns. The tethered model

also develops greater volumes of cartilage and posses-

ses more bone in its midshaft regions [data not shown;

see reference (23)].

Discussion

This paper provides an overview of earlier and ongoing

laboratory investigations concerned with the tissue

engineering design and assessment of a model for

human phalanges and a small joint. Ultimately, the

development of the model is intended for functional

human clinical application in combination with tissue-

engineered muscle, nerve, blood vessels and skin that

will be fabricated and integrated with the phalanges.

Like current efforts to improve and expand the engi-

neering of other tissues (4–9,24,25), such phalangeal

constructs hopefully will be biocompatible and lead to

complete restoration of structure and function of

pathological, impaired or damaged human bone and

small joints.

Tissue engineering of bone, cartilage and tendon has

been studied previously (3,5,7,9,24,26–32, for example),

but employing all three cell types in a single construct

had not been reported until a few years ago (10).

Results from that work have been extended as des-

cribed above and summaries of the compiled data are

noted subsequently. The relatively brief details

presented in Materials and methods and in some of the

Results section here may be found in greatly expanded

form in several journal articles and book chapters

already published and referenced here (3,10,11,15,16,

19–22).

Fig. 8. Non-invasive magnetic resonance microscopy (MRM) and

X-ray microtomography (XMT) of the same middle phalanx construct

implanted for 38 weeks in a nude mouse. Quantitative T1 and PD

images (upper and lower left panels, respectively) from MRM of a

1 mm thick sagittal slice show cartilage (C) at the construct ends,

periosteal tissue (P) surrounding the construct midshaft and vascular

channels invading the specimen. The degree of hydration of the

sample, assessed by the level of image intensity, varies over the slice.

The presence of water is marked by regions of high or bright intensity

and hydration; the presence of mineral is detected by regions of low

or dark intensity and hydration. The corresponding XMT image (right

panel) shows the mineral (M) (high or bright intensity) comprising

the construct. Unmineralized specimen regions, including vascular

channels (V) and cartilage at the construct ends, have no intensity in

XMT images. Bar, 5 mm (MRM images) and 1 mm (XMT image).

Fig. 9. A middle phalanx model retrieved after 20 weeks of implan-

tation and tethered directly to muscle and bone of a host nude mouse

typically contains abundant numbers of chondrocytes and rudi-

mentary cell columns and demonstrates rich Safranin-O staining for

proteoglycans. Bar, 100 lm.

Fig. 10. A middle phalanx construct following implantation for

20 weeks without tethering contains fewer chondrocytes and cell

columns compared to tethered counterparts. Proteoglycan content

reflected by the intensity of Safranin-O staining is generally some-

what less than that observed in tethered specimens. Bar, 100 lm.
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To conclude, it is clear that the formation of tissue-

engineered models of human phalanges and a small

joint can be accomplished with selective placement of

periosteum, chondrocytes and tenocytes onto appro-

priate biodegradable scaffolds. The shapes of the

models can be maintained morphologically with com-

binations of PGA, PCL and PLLA, all of which support

the bone, cartilage and tendon cells structurally and

mechanically and help guide their three-dimensional

development and organization into viable tissue. In this

regard, the scaffolds also promote cell adhesion,

migration, differentiation, proliferation and growth.

The cells in turn establish, through gene expression and

protein synthesis and secretion, extracellular matrices

specific and characteristic to bone, cartilage and ten-

don. Additionally, the constructs form an apparent

rudimentary cartilaginous growth plate in place of

initial chondrocyte-seeded scaffolds at the ends of the

models, contain bound and free water and lipid

deposits and mineralize through the endochondral

process of cartilage replacement with bone tissue.

Vascularization of the constructs is supplied by the

host nude mice and leads to the presence of capillaries,

small muscular arteries and other vessels in the perio-

steal and cancellous bone regions of phalanx models.

Erythrocytes, endothelial and smooth muscle cells and

elastic laminae of the muscular arteries, macrophages,

collagen and additional cells and elements originating

with the vasculature are detectable. These constituents

within the models provide their oxygenation, nutrition,

and mechanical integrity as well as the means for the

degradation of their supporting polymer scaffolds by

cellular intervention over time. While vascular com-

ponents and nutrition originate from the mice in these

tissue-engineering studies, the models maintain their

initial bovine genotype throughout long implantation

periods. In situ hybridization demonstrated positive

reactions for several bovine-specific, but not murine-

specific, probes that were individually incubated with

the constructs. Finally, based on the studies in which

middle phalanx models are tethered directly to the

muscle and bone of host mice, it appears that chond-

rocyte structure, growth and organization are directed

and enhanced by mechanical force. In this regard then,

the constructs appear to respond to mechanical stimuli

as do normally mineralizing tissues.

Taken together, these results show that the tissue-

engineered models of phalanges and small joints

elaborate the form and morphology, maintain the

ultrastructure and biochemical composition and adapt

to mechanical force closely approximating those char-

acteristics of their human counterparts. These data are

extremely useful in understanding fundamental phys-

ical, chemical and biological processes governing the

models. They are also important for gaining insight into

the means for improving the constructs in terms of

tissue regeneration and development and for applying

the scientific findings as correlates for functional nor-

mal tissue. Work in these directions is continuing with

an emphasis on clinical application for these tissue-

engineered constructs in several fields.
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