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Tendons have uniquely high tensile strength, critical to their func-
tion to transfer force from muscle to bone. When injured, their
innate healing response results in aberrant matrix organization
and functional properties. Efforts to regenerate tendon are chal-
lenged by limited understanding of its normal development. Conse-
quently, there are few known markers to assess tendon formation
and parameters to design tissue engineering scaffolds. We profiled
mechanical and biological properties of embryonic tendon and
demonstrated functional properties of developing tendon are not
wholly reflectedbyprotein expression and tissuemorphology. Using
force volume-atomic force microscopy, we found that nano- and
microscale tendon elastic moduli increase nonlinearly and become
increasingly spatially heterogeneous during embryonic develop-
ment. When we analyzed potential biochemical contributors to
modulus, we found statistically significant but weak correlation
between elastic modulus and collagen content, and no correlation
with DNA or glycosaminoglycan content, indicating there are addi-
tional contributors to mechanical properties. To investigate collagen
cross-linking as a potential contributor, we inhibited lysyl oxidase-
mediated collagen cross-linking, which significantly reduced tendon
elastic modulus without affecting collagen morphology or DNA,
glycosaminoglycan, and collagen content. This suggests that lysyl
oxidase-mediated cross-linking plays a significant role in the devel-
opmentofembryonic tendonfunctionalproperties anddemonstrates
that changes in cross-links alter mechanical properties without
affecting matrix content and organization. Taken together, these
data demonstrate the importance of functional markers to assess
tendon development and provide a profile of tenogenicmechanical
properties that may be implemented in tissue engineering scaffold
design to mechanoregulate new tendon regeneration.

musculoskeletal | second harmonic generation

Tendon is a principal tissue involved in movement, functioning
primarily to transfer loads from muscle to bone. Acute and

chronic tendon injuries are significant clinical problems due to
poor innate healing ability and drawbacks associated with surgical
repair (1, 2). In 2006, musculoskeletal symptoms were the second
most frequent reason for physician visits in the United States,
resulting in over 130 million visits at a cost of nearly $850 billion
(3). Almost half of these visits involved tendons and ligaments,
with incidence expected to rise with an aging population. Thus,
efforts have focused on engineering new tissues for replacement,
although this has been challenged by a paucity of markers with
which to assess functional tendon development and few known
cues to direct differentiation and new tissue formation.
Characterization of tendon formation in embryonic or engi-

neered tissue has typically relied on molecular markers, as well
as matrix composition and organization (4–9). Although useful
for assessing cell differentiation and ECM deposition during
tissue formation, these characterizations may not reflect func-
tional property elaboration. During normal development, cells
secrete, organize, and cross-link ECM molecules, presumably
imparting mechanical properties to the tissue (10, 11). However,
mechanical properties have not been measured, and particular
cross-linking mechanisms during tendon formation are not known.

An available profile of tendon mechanical properties over the
full range of embryonic development would provide functional
markers for characterization of proper tissue assembly.
Embryonic tendon is highly cellular and begins with a sparse,

disorganized collagen fiber matrix. In contrast, mature, functional
tendon is composed primarily of highly aligned, cross-linked col-
lagen fibers that are integral to its uniquely high tensile strength
and function. Reported primary contributors to adult tendon
mechanical properties include collagen content (12), fiber align-
ment (13), fibril length and diameter (8), and cross-linking (14).
Enzymatic [lysyl oxidase (LOX)-mediated] cross-links and glycos-
aminoglycans (GAGs) have been implicated in the bridging of
adjacent collagen molecules, and therefore may play a significant
role in tendon mechanical properties (15, 16). Although the in-
fluence of these cross-links on mechanical properties of adult and
aging tendon has been investigated, findings are inconsistent and
very little is known about their contributions to developing em-
bryonic tendon. Understanding how mechanical properties elab-
orate during tendon development may lead to tissue engineering
strategies that integrate cues to target mechanisms of matrix as-
sembly during functional tissue formation.
Uniaxial tensile testing is most commonly used to characterize

the bulk mechanical properties of adult tendon, which are im-
portant indicators of tissue function. Unfortunately, the small
size and fragility of embryonic tendon limit the use of tensile
testing to the latest stages of development (8, 17). Alternatively,
atomic force microscopy (AFM) can measure indentation mod-
ulus of small and fragile materials, and can detect local variations
at micro- and nanoscales. AFM has been used to characterize
various tissues mechanically, including growth plate cartilage
(18), articular cartilage (19–21), and embryonic cardiac tissue
(22). Force volume (FV)-AFM, in particular, captures tissue
height measurements and force values simultaneously, generat-
ing maps of tissue topography and corresponding mechanical
properties, as well as providing information about regional var-
iations in tissue structure and modulus. Additionally, in contrast
to bulk testing that describes the whole tissue as a composite
material, nano- and microscale indentation testing reflects mate-
rial properties at the local (e.g., cellular) level that may be par-
ticularly relevant as mechanical cues experienced by cells during
tissue development.
Characterizing nano- and microscale structure and mechanical

properties during embryonic tendon development may identify
physical cues that direct differentiation toward the tendon line-
age (tenogenesis), because the properties of the ECM greatly
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influence the mechanical microenvironment of the cell. Substrate
stiffness has been shown to direct stem cell differentiation toward
various nontendon phenotypes (23), and hydrogels with time-
dependent material properties have enhanced cardiomyocyte
differentiation (24, 25). Theoretical predictions suggest mechan-
ical forces contribute to tendon development during knee mor-
phogenesis, although the focus was on load transfer rather than
tissue properties (20). We demonstrated cyclical loading modulates
tenogenesis of mesenchymal stem cells (26); however, due to a lack
of information about the mechanical properties of developing
tendon, we did not investigate the effects of substrate modulus.
Taken together, the effects of substrate stiffness have not been
studied but, similar to loading, may influence tenogenesis. Char-
acterizing embryonic tendon mechanical properties would provide
parameters with which to design scaffolds to investigate mecha-
noregulation of tenogenic differentiation and tissue formation.
Our objective was to characterize the nano- and microscale

modulus of embryonic tendon during development and to elu-
cidate potential mechanisms of mechanical property elaboration.
We hypothesized that functional properties would increase
during development and their elaboration would be a function of
collagen cross-link formation. We used FV-AFM to characterize
indentation modulus and temporally correlated changes in
modulus with quantitative changes in biochemical composition
and tissue structure. We also used multiphoton microscopy to
correlate variations in elastic modulus spatially with biochemical
composition. Finally, we examined enzymatic collagen cross-
linking contribution to developing tendon mechanical properties
by inhibiting LOX activity. With this study, we aimed to develop
a profile of functional properties that describe normal tendon
formation and to understand how ECM composition relates to
these functional markers.

Results
Elastic Modulus and Topography of Embryonic Tendon. Chick calca-
neus tendons between Hamburger and Hamilton (27) stage (HH)
28 and HH 43 were dissected, cryosectioned, and indentation-
tested in PBS (without Ca2+ or Mg2+) using FV-AFM (Fig. 1A).
Force-displacement curves showed clear mechanical differences
between stages, and regions of tip-sample contact with nonzero
slope were predominantly linear (Fig. 1B).
Elastic moduli were calculated from either standard curves

based on agarose gel measurements (Fig. S1) or Hertzian theory
equations (28). Nano- and microscale moduli exhibited a small
increase between HH 28 and 30 (P = 0.11 for nanoscale, P = 0.66
for microscale); changed minimally between HH 30 and 38; and
then increased significantly from HH 38–43, where modulus at
each stage was significantly different from the preceding stage
(P < 0.05) (Fig. 1C). On average, microscale modulus was 3.2-
fold larger than nanoscale modulus when analyzed with the gel
standard (5–108 kPa and 7–21 kPa, respectively; P < 0.05) and
twofold larger when analyzed with the Hertz model (9–31 kPa
and 5–17 kPa, respectively; P < 0.05) (Fig. 1C). The coefficient of
variation of elastic modulus increased with development, par-
ticularly at later stages (HH 41–43) (Fig. 1C). Similarly, there
was greater heterogeneity in maps of modulus and tissue to-
pography at later stages (Fig. 1D). To confirm the variability
in spatial correlation between topography and modulus maps
(Fig. 1D), we confirmed FV-AFM topography with contact mode
AFM (Fig. S2).

Qualitative Characterization of Biochemical Composition and Struc-
ture of Developing Tendon. With second harmonic generation
(SHG) imaging and trichrome staining, collagen fibers were first
detected at HH 35, subsequently increasing in density and or-
ganization through HH 41–43 (Fig. 2 A and B). Although Pic-

Fig. 1. FV-AFM results. (A, Upper) HH 43 limb with calcaneus tendon highlighted; the sectioning plane is shown in green. (Lower) Cryosection of tendon
visualized with multiphoton microscopy (SHG; Left) and brightfield microscopy with the AFM probe in view (Right). Yellow boxes show the AFM-probed area.
Verhoeff stain (green arrows) was used to mark the same regions for multiphoton microscopy and FV-AFM measurements. (Scale bar, 50 μm.) (B) Force-
displacement AFM curves of tendon from HH 28–43. Slopes of linear regions were used to calculate modulus. (C) Tendon elastic modulus measured via FV-
AFM as a function of developmental stage, calculated with agarose gel standards and Hertzian theory. Modulus increased nonlinearly during development,
with the greatest increases between HH 28 and 30 and after HH 38 (n = 5). (D) FV-AFM topography and nanoscale elastic modulus maps of embryonic tendon
from HH 28–43. Both showed increasing heterogeneity during development. (Scale bar, 2 μm.)
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rosirius red staining highlighted densely aligned collagen fibers
by HH 43, the tissue was still highly cellular, as shown with H&E
staining (Fig. 2C). Interestingly, Alcian blue staining showed
a high density of GAG deposits, similar in size and shape to cell
nuclei (Fig. 2C). These GAG deposits appeared spatially distinct
from cell nuclei (Fig. 2D and Fig. S3A) and closely associated
with collagen fibers (Fig. 2E).

Quantitative Characterization of Biochemical Composition of Devel-
oping Tendon. DNA-to-dry mass ratio progressively decreased by
67% (Fig. 2F), whereas total GAG-to-dry mass ratio remained
relatively constant with time (Fig. 2G). Total GAG-to-DNA
ratio remained less than 1 until HH 38, after which it increased
up to a ratio of 3 (Fig. 2H). Hydroxyproline (Hyp) content,
representative of collagen content, increased nearly exponen-
tially during development as a function of dry mass (Fig. 2I) and
DNA content (Fig. S3B).

Spatial Correlation of Elastic Moduli, Biochemical Composition, and
Structure of Embryonic Tendon. To examine spatial relationships
between mechanical properties and collagen fibers, GAGs, and
cell nuclei, we correlated elastic modulus maps with multiphoton
microscopy images of the same tissue regions in HH 43 tendon.
Qualitatively, nanoscale elastic modulus appeared to be positively
correlated with collagen fibers (high modulus in regions with
fibers) and negatively correlated with cell nuclei (low modulus in
regions of nuclei), and it showed little correlation with GAG
deposits (Fig. 3A, control). Reflective of these findings, Pearson’s
correlation coefficient (r) between modulus and collagen fibers
was weak but significant (r = 0.13, P < 0.05) compared with no
correlation between modulus and cell nuclei (r = −0.07, P = 0.23)
or total GAGs (r = −0.04, P = 0.50) (Fig. 3B, control).

Contribution of LOX-Mediated Cross-Linking to Mechanical Property
Elaboration. To investigate collagen cross-linking as a potential
mechanism of mechanical property elaboration, we treated chicks

in ovo with β-aminopropionitrile (BAPN). BAPN binds the active
site of LOX to inhibit the enzyme in collagen and elastin cross-
linking (29). Elastin was not detected in embryonic tendon (Fig.
S4); thus, we focused on collagen. BAPN treatment for 24 h in
ovo did not appear to affect collagen fiber density or organiza-
tion (P ≥ 0.16; Fig. 4A and Fig. S5). These observations were
corroborated by biochemical analyses, which demonstrated no
significant differences in Hyp content from HH 28–43 between
saline and BAPN doses (P ≥ 0.51; Fig. 4B) or in cellularity, dry
mass, or GAG content of HH 43 tendons (P ≥ 0.41; Fig. S6 A
and B).
Despite no detected biochemical changes, BAPN treatment

reduced elastic modulus by up to 38.8% at HH 40 (P < 0.05) and
68.4% at HH 43 (P < 0.001) (Fig. 4C). Histograms at HH 40 and
43 indicated that BAPN restricted modulus to a maximum of
15 kPa, compared with 40 kPa with saline (Fig. S6C). Also, there
was no longer a significant difference in Pearson’s correlation
coefficient between modulus and collagen fibers, compared with
modulus and cell nuclei or GAGs (P = 0.59; Fig. 3B).
To investigate if BAPN adversely affected cell function in ovo,

we treated HH 42 embryonic tendon cells in vitro with BAPN at
concentrations reported to inhibit LOX activity in vitro (29).
There were no significant differences in cell viability, pro-
liferation, or metabolic activity after 72 h (P ≥ 0.40; Fig. S7). In
addition, to assess potential systemic effects of in ovo BAPN
treatment on the developing tendon, we treated HH 40 explant
cultures with BAPN for 24 h and measured modulus with FV-
AFM. Modulus of tendon explants decreased by 45% with BAPN
treatment (Fig. S8A), similar to in ovo reductions (Fig. 4C).

Discussion
In this study, we characterized chick tendon mechanical property
elaboration throughout the full range of embryonic tendon de-
velopment. One goal of our study was to characterize functional
markers of tendon development. To date, assessments of em-

Fig. 2. Morphological and biochemical characterization. (A) SHG imaging showed increases in collagen density and organization during tendon de-
velopment. (Scale bar, 2 μm.) (B) Trichrome staining showed a decrease in cellularity (red) and increase in collagen content (blue) with development. (Scale
bar, 20 μm.) (C) HH 43 tendon sections show high density of cell nuclei (H&E), aligned collagen (Picrosirius red), and GAG deposits (Alcian blue). (Scale bar,
25 μm.) (D) Cell nuclei (green) and GAG deposits (red) were similar in shape and size but spatially distinct in HH 43 tendon. (Scale bar, 25 μm.) (E) GAG deposits
(red) appeared closely associated with collagen fibers (green). (Scale bar, 20 μm.) From HH 28–43, DNA-to-dry mass content decreased by 67% (F; n = 3); GAG-
to-dry mass content remained relatively constant (G; n = 3); and GAG-to-DNA ratio (H; n = 3) and Hyp-to-dry mass ratio (I; n = 3), representative of collagen
content, increased dramatically.
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bryonic tendon development and in vitro tenogenesis have fo-
cused primarily on molecular regulators of differentiation and
matrix protein composition and organization (5–7, 9) rather than
functional properties. In contrast, we characterized mechanical
properties and their potential contributors as markers to assess
functional embryonic tendon formation. Notably, we demon-
strate that embryonic tendon functional properties cannot be
predicted solely by quantitative changes in ECM composition
and morphology. When enzymatic cross-linking of collagen was
inhibited, mechanical properties were significantly reduced, de-
spite no detectable changes in cellularity, GAG, or collagen

content or organization. This was a significant and unique find-
ing, demonstrating that functional property elaboration during
proper tendon tissue formation throughout development and
tissue engineering cannot be adequately assessed by gene and
protein expression or matrix structure.
Another goal of our study was to characterize tendon me-

chanical properties to derive physical cues to inform tendon re-
generation strategies, because embryonic mechanical properties
at the cell-length scale may be used as mechanoregulatory cues to
guide new tendon formation. Physical cues, such as substrate
stiffness, are known to direct stem cell lineage commitment and
self-renewal (23, 30). Recently, scaffolds that stiffen over time
have been developed to mimic the mechanical property changes
of tissues during development, wound healing, and disease (24,
31). These dynamic scaffolds enhanced differentiation toward
myocardial (24), adipogenic, and osteogenic lineages (31) over
scaffolds with static mechanical properties. Here, we character-
ized multiple facets of the developing tendon (e.g., topogra-
phy, matrix content and organization, mechanical properties)
as scaffold design parameters that may direct tenogenesis and
neotendon formation.
Previous studies of embryonic tendon mechanical properties

have focused primarily on bulk tensile testing at late embryonic
and early postnatal stages (8, 32). However, even at the latest
embryonic stages, bulk tensile elastic modulus values of chick
tendon differed by nearly 100-fold between studies [210 kPa (8)
vs. 20 MPa (33) at day 14], perhaps due to challenges with han-
dling small and delicate tissues. In contrast, we used micro- and
nanoscale indentation testing over the full range of embryonic
tendon development. In our study, both nano- and microscale
indentation moduli increased during development, with dramatic
increases after HH 38. The late-stage modulus increases corre-
lated well with reported trends for collagen fibril length and bulk
tensile modulus in embryonic tendon. Collagen fibril length has
been reported to increase nearly fivefold via lateral associations
between ends of adjacent fibril segments in embryonic chick
tendons from HH 38–42 (7), presumably leading to a near dou-
bling in bulk tensile modulus during HH 40–43 (8).
We found microscale moduli were larger than nanoscale

moduli, in agreement with cartilage studies. In adult porcine
articular cartilage, microscale moduli were 100-fold greater than
nanoscale moduli and two- to 10-fold lower than millimeter-scale
measurements (21). Another study used a gel-nanofiber model to
demonstrate that a nanoscale tip probes single collagen fibrils
and proteoglycan components of cartilage, whereas a microscale
tip measures a cross-linked network (28). Accordingly, nanoscale
moduli were, on average, two-to threefold lower than micro-
scale moduli in our study, and both were one to three orders
of magnitude below reported chick tendon bulk tensile moduli
(8, 33). We also measured an increase in the SD of average

Fig. 3. Spatial correlation of nanoscale modulus with collagen fibers (SHG),
cell nuclei (DAPI), and GAGs (Alcian blue). Collagen fibers seemed more
spatially correlated to elastic modulus than cell nuclei or GAGs when nor-
mally cross-linked. (A) Comparison of modulus maps (color images) with
microscopy (black and white images) of the same areas. In control tissue,
there appeared to be correlation between high-modulus regions and col-
lagen fibers, and between low-modulus regions and cell nuclei and GAGs.
After BAPN treatment, average modulus was reduced and areas of GAGs
and cell nuclei appeared to be more correlated with modulus. (Scale bars,
2 μm.) (B) Pearson’s correlation coefficient between FV-AFM modulus maps
and multiphoton microscopy (n = 10). In control samples, collagen fibers
were weakly but significantly more correlated than cell nuclei or GAGs (*P <
0.05). This effect was lost with BAPN treatment (P = 0.59).

Fig. 4. Effects of BAPN treatment to inhibit LOX activity. (A) SHG images showed no apparent differences in collagen microstructure with BAPN treatment
compared with a saline control. (Scale bar, 10 μm.) (B) BAPN treatment also had no effect on Hyp content, representative of collagen content, during de-
velopment (P ≥ 0.51; n = 3). (C) BAPN treatment significantly reduced tendon elastic modulus measured with a nanoscale tip by 38% at HH 40 (*P < 0.05) and
by 68% at HH 43 (**P < 0.001; n = 5).
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modulus as a function of developmental stage, with the greatest
variability from HH 41–43. Perhaps, at early stages (e.g., HH 28),
the AFM probe measured primarily cells and relatively little
disorganized matrix, whereas at later stages (e.g., HH 43), the
probe sensed both cells and an increasingly organized matrix
network (Fig. 2 A and B), resulting in more heterogeneous pro-
files of both mechanical properties and tissue topography. These
temporal changes in nano- and microscale elastic modulus, rele-
vant at the cell-length scale, could be mechanoregulating tendon
progenitor cell differentiation and function during development.
Studies suggest that proteoglycans contribute to collagen cross-

linking and tendon mechanical properties (15, 16). We observed
an increase in collagen fiber content and organization during
development (Fig. 2 A and B) and found GAG deposits to be
closely associated with collagen fibers by HH 43 (Fig. 2E). GAG-
to-DNA (Fig. 2H) and Hyp-to-DNA (Fig. S3B) content both
increased as a function of stage, suggesting that both GAGs and
collagens are actively being synthesized. A nearly 30-fold increase
in the Hyp-to-dry mass ratio (Fig. 2I) corroborated qualitative
collagen content increases during tendon development (Fig. 2 A
and B). GAG-to-dry mass ratio plateaued at HH 30 (Fig. 2G),
suggesting total GAGs were being produced at a rate that main-
tained GAG density as tissue mass increases (Fig. S8B). Reports
of dynamic changes in spatiotemporal distribution of various
proteoglycans throughout tendon development suggest roles for
GAGs in collagen fibrillogenesis and cross-linking (5, 7, 9), al-
though enzymatic digestion of GAGs did not affect bulk elastic
modulus in adult murine tendon (34, 35) or microscale modulus
in adult bovine cartilage (21). We measured total GAG content in
our study; thus, it was not possible to discern trends for specific
GAG-containing molecules. Future experiments are needed to
delineate specific roles of different GAG-containing molecules
that may contribute to developing tendon.
Spatial correlations between topography and elastic modulus

were observed in some samples (Fig. 1D) but not in others.
Elastic modulus was more spatially correlated with collagen
fibers than cells or GAGs, but the correlation coefficient was
weak (r = 0.13, P < 0.05). It was apparent that both topography
and modulus became increasingly heterogeneous with devel-
opment. We chose FV-AFM for its unique utility to assess both
regional mechanical properties and topography. Notably, FV-
AFM topographical characterization is influenced by sample
stiffness, which could be significant for mechanically heteroge-
neous samples, such as a developing matrix network. However,
we found topography maps generated with both contact mode
and FV-AFM were comparable, and thus considered that the
weak correlations between topography and modulus maps may
indicate additional contributors to functional properties, such
as cross-linking.
Cross-linking of tendon during embryonic development has

been studied very little. In contrast, cross-linking of tendon
during maturation and aging has been studied to understand
change in function during the adult lifespan. Studies suggest
bridging via GAGs and enzymatic and nonenzymatic cross-
linking of collagen molecules contribute to mechanical prop-
erty changes during tendon tissue maturation and aging (14, 36).
GAGs have been reported to play a role in regulating collagen
cross-linking and fiber diameter during tendon development but
were weakly correlated with modulus in our study, and their
enzymatic removal was reported to have little effect on me-
chanical properties, collagen content, or fiber density (7, 15, 34,
35, 37). Nonenzymatic glycation cross-links, such as pentosidine,
have shown little mechanical contribution based on studies with
rat tail tendons (38).
LOX deaminates lysine and hydroxylysine residues in adjacent

collagen molecules to form aldehyde groups that effectively
cross-link aligned collagen molecules, thereby enhancing tissue
mechanical properties by preventing intermolecular slip (39).

LOX-derived cross-linking increases during adult tendon aging
and wound healing (14, 40), and it is believed to contribute
significantly to mature tendon mechanical properties, although
reports are inconsistent. LOX-derived hydroxylysyl pyridinoline
(HP) cross-linking density was significantly correlated to elastic
modulus in goat patellar tendon (41) but not in equine superfi-
cial digital flexor tendon (42) or human patellar tendon (43). In
contrast, there are limited data of collagen cross-linking in em-
bryonic tendon, and the focus was on a single embryonic time
point without examining mechanical contributions (44).
In embryonic chick skin and bone, inhibition of LOX activity

via BAPN treatment produced profound reductions in mechan-
ical properties (36). Here, we found large reductions in embry-
onic tendon nanoscale modulus in response to BAPN treatment
in ovo (Fig. 4C) and in explant culture (Fig. S8A). Despite this,
inhibition of LOX activity with BAPN treatment had minimal
effects on bulk collagen content, fiber morphology and density
(Fig. 4); dry-to-wet mass ratio; GAG content or cellularity in ovo
(Fig. S6 A and B); or cell proliferation, metabolic activity, or
viability in vitro (Fig. S7). In addition, after HH 43 embryonic
tendon was treated with BAPN, modulus was no longer signifi-
cantly spatially correlated with tissue components (P = 0.59; Fig.
3B). Taken together, these data suggest that mechanical property
elaboration during embryonic tendon development is due, in
part, to LOX-mediated collagen cross-linking.
Understanding functional changes during normal development

of embryonic tendon may provide a platform with which to study
abnormal changes that occur during tendon repair, which results
in scar tissue with aberrant matrix composition, morphology, and
mechanical properties, despite surgical intervention. These shifts
may, in part, be related to cross-linking, because studies have
presented evidence that the HP-to-collagen ratio of degenerated
human supraspinatus tendons is significantly different from that
of age-matched healthy tendons (45). Being able to pinpoint
when and how the tendon-healing process deviates from normal
tendon formation may enable strategies to intercept and redirect
the scarred healing response toward a regenerative response.
Finally, our results provide a profile of functional markers that

characterize normal tissue formation. Notably, we demonstrate
that cross-linking modifies mechanical resilience in the face of
steady collagen content. The findings of this study may enable
developmentally inspired tendon engineering strategies. Our
study demonstrates that functional properties are an essential
complement to gene, protein, and morphological assessments,
because the latter are typical metrics of tissue engineering prog-
ress that do not fully reflect the proper development of a tissue.
This may be significant for normal tissue development and engi-
neered tissue formation, as well as for tissue healing. Because
others have shown that musculoskeletal developmental mecha-
nisms in chick commonly parallel those of mouse (6), this study
may serve as proof-of-concept for mammalian species. Future
studies to characterize cross-linking during development may
provide additional insights into mechanical property elaboration
during tendon formation, healing, and regeneration.

Materials and Methods
Detailed descriptions of materials and methods used in this study are pro-
vided in SI Materials and Methods.

In Ovo, In Vitro, and Explant Cultures. All animal procedures received prior
approval from the Tufts University Institutional Animal Care and Use Com-
mittee board. Chicken embryos were injected in ovo with saline or BAPN,
incubated for 24 h, and killed between HH 28 and 43. Calcaneal tendons
were dissected for FV-AFM or biochemical analysis.

FV-AFM. FV-AFM was used to capture indentation force curves in a 2D array
on 20-μm-thick tendon cryosections in Dulbecco’s modified PBS (without
Ca2+/Mg2+) with either nanoscale (∼20 nm) or microscale (5 μm) tips (Fig. S9).
Tendons from one leg each of five chicks were measured. Elastic moduli were
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derived either empirically (agarose gel standards; Fig. S1) or from Hertzian
theory (28).

Biochemical Analysis. Standard absorbance-based protocols were used to
determine DNA-, GAG-, and Hyp-to-dry mass ratios with at least three pools
of tendons from at least three chicks each (Fig. S9).

Histology. Formalin-fixed tendon tissue was paraffin-embedded, and con-
secutive 8-μm-thick sections were stained with standard protocols for at least
three chicks (both legs each).

Multiphoton Microscopy. Forward SHG from fresh, unfixed tendons was
captured on a laser scanning, two-photonmicroscopewith 800 nmof incident
light and a 63× (1.2 N.A.) water immersion objective with at least four chicks
(both legs each).

Spatial Correlation of FV-AFM with Multiphoton Microscopy. HH 43 chicks
(n = 10) were treated with either saline or a 15-mg/g BAPN dose for 24 h
before tendon harvest (one leg per chick) and cryosectioning (20 μm).

Sections were marked with Verhoeff stain to enable location of the same
region for both FV-AFM and multiphoton maps (Fig. 1A). FV-AFM maps
were captured; the tissue was fixed in formalin and stained with DAPI
and Alcian blue; and images of the surface were captured with multi-
photon microscopy for collagen fibers (SHG), cell nuclei (DAPI), and GAGs
(Alcian blue).

Statistics. A one-way ANOVA was used with a Dunnett’s or Tukey’s posttest
depending on whether the comparison was against a control group or not,
respectively. Data were reported as mean ± SD.
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