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Abstract

A hierarchically structured scaffold is designed and fabricated for potentially facilitating the 

tendon-to-bone repair. The scaffold is comprised of three regions with distinct functions: i) an 

array of channels to guide the in-growth of cells and aligned deposition of collagen fibers, as well 

as integration of the scaffold with the tendon side, ii) a region with a gradient in mineral 

composition to facilitate stress transfer between tendon and bone, and iii) a mineralized inverse 

opal region to promote the integration of the scaffold with the underlying bone. Cell culture 

experiments confirm that adipose-derived stromal cells are able to infiltrate and proliferate through 

the entire thickness of the scaffold without compromised cell viability. The seeded stem cells 

exhibit directed differentiation into tenocytes and osteoblasts along the mineral gradient as a 

response to the graded Young’s modulus. This novel scaffold holds great promise to promote a 

functional tendon-to-bone attachment by offering a structurally and compositionally appropriate 

microenvironment for healing.
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To achieve joint motion, muscle forces are transferred to bone across an intricate tendon-to-

bone attachment site known as the enthesis.[1] The attachment is hierarchical, including 

gradations in mineral content,[2–4] interdigitation of collagen fibers,[5] and a toughening 

band of compliant matrix,[6,7] to facilitate the dissipation of stresses across the interface. 

This complex transitional tissue is not regenerated after injury, with a healing process that is 

driven by scar formation (i.e., poorly organized collagen deposition) and bone loss.[8] The 

lack of a functionally graded transition at the healing interface results in stress 

concentrations because of the structural mismatch between tendon and bone, contributing to 

high failure rates after surgical repair (e.g., failure rates after rotator cuff surgical repairs 

range from 20 to 94%, depending on the patient population).[6,9] There is a clinical need for 

tissue-engineering approaches to promote regeneration of the native interface and reduce the 

poor outcomes after tendon-to-bone repair.

Toward this end, the design and fabrication of biomimetic scaffolds have received great 

attention in tissue engineering and regenerative medicine.[6,10–12] Among the many types of 

scaffolds that have been created for use in tendon-to-bone repair, those with a biphasic, 

triphasic or continuously-graded structures comprised of both non-calcified and calcified 

regions have shown the greatest promise.[13–18] These biomimetic scaffolds recapitulate 

some aspects of the native tendon-to-bone attachment, promoting better healing and 

functional recovery. However, despite impressive progress in the design and fabrication of 

such scaffolds, their applications in vivo have remained limited, primarily due to low cell 

loading capacity and uneven distribution, indirect application to the interface, or a 

mismatched length scale of the mineral gradient. To address these issues, we developed a 

novel class of three-dimensional (3D) scaffolds to facilitate tendon-to-bone regeneration.

A biomimetic approach was taken to design hierarchical scaffolds for tendon-to-bone repair. 

At the native enthesis, effective attachment is achieved between tendon and bone via: a 

mineral gradient on the order of tens of micrometers,[2–4] collagen fibers inserting across a 

wavy interdigitation geometry on the order of hundreds of micrometers,[5,19] and a 

trabecular bony foundation on the order of thousands of micrometers.[2] Here we report the 

design, fabrication, and evaluation of a hierarchically structured scaffold that recapitulates 

anatomic structure of the tendon-to-bone attachment site (Scheme 1). Two FDA-approved 

materials, hydroxyapatite (HAp)[20] and poly(lactic-co-glycolic acid) (PLGA),[21] were used 

to construct the scaffold. To create a porous, rigid structure comparable to trabecular bone, 

HAp/PLGA composite was infiltrated into the void space among gelatin beads (ca. 220 μm 

in diameter) in an opaline lattice. To generate an interface comparable to the graded enthesis, 

a layer-by-layer coating strategy was used to generate a mineral gradient along the layering 

direction over a tunable distance of 25−50 μm. To support the formation of an aligned, 

unmineralized extracellular matrix and interconnect the three phases, an array of channels 

(ca. 150 μm in diameter and separated by ca. 140 μm) were machined using a CO2 laser. The 
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final hierarchical scaffold was obtained by dissolving the gelatin beads in warm water. Since 

cells are responsive to both substrate composition and stiffness,[22,23] the hierarchically 

structured scaffold has the potential to stimulate the differentiation of stem cells and guide 

the synthesis of appropriate extracellular matrix and mineralization. Notably, the natural 

tendon-to-bone attachment is a functionally graded structure. In addition to the mineral 

gradient, a variety of other properties also exhibit spatial variations, such as extracellular 

matrix composition (e.g., collagen type and proteoglycan content) and cell phenotypes. 

However, the origin of failure for rotator cuff-related surgery lies in the poor healing process 

that is typically characterized by bone loss and scar formation, where the lack of graded 

mineral content and poorly organized collagen fibers results in a mechanically weak 

attachment.[18] To this end, the emphasis of this study was focused on the establishment of a 

gradient in mineral content as well as the control of scaffold microstructure.

The voids in an opaline lattice of gelatin beads were first infiltrated with a homogeneous 

HAp/PLGA solution according to our previously reported method.[24] Since pores with sizes 

in the range of 100−400 μm are optimal for bone regeneration,[25] we chose 220-μm gelatin 

beads as the sacrificial template. The HAp/PLGA-infiltrated scaffold was ca. 1 mm in 

height, with a diameter of ca. 4 mm at the top surface and ca. 5 mm at the base surface. 

Removal of the gelatin beads revealed that the HAp/PLGA inverse opal structure had an 

array of uniform pore sizes of ca. 200 μm in the bulk (<220 μm due to solvent evaporation), 

together with interconnecting windows of 40−50 μm in size (Figure S1A, Supporting 

Information). Both the uniformity and interconnectivity of the pores play important roles in 

facilitating cell adhesion, migration, and distribution, as well as efficient transportation of 

oxygen/nutrients and metabolite wastes.[26] Due to the incorporation of HAp nanoparticles, 

the surface of the structure became rough and was characterized by a large number of 

nanoscale bumps (Figure S1B, Supporting Information).

The gradient in mineral content at the tendon-to-bone insertion spans across a distance of ca. 
20−60 μm, regardless of species.[4] Therefore, a new strategy was developed for generating a 

mineral gradient on a comparable length scale. Specifically, a series of 16 wt.% PLGA 

solutions with varying HAp concentrations were used to coat the top surface of an opaline 

lattice (after infiltration with homogeneous HAp/PLGA) in a layer-by-layer manner, 

including 15 wt.% HAp for the first two layers, 10 wt.% HAp for the third layer, and 5 wt.% 

HAp for the fourth layer. In addition, three layers of pure 16 wt.% PLGA were added to 

form a non-calcified region. The as-prepared scaffold with graded mineral content was then 

cryo-sectioned along the vertical direction for characterization via energy-dispersive X-ray 

spectroscopy (EDX). As anticipated, the transitional area (with a thickness of ca. 37 μm) 

exhibited graded changes in both calcium and carbon contents (Figure 1A−C). The calcium 

gradually decreased from the bottom layer to the top layer, whereas the carbon showed an 

opposite trend. Such a graded change was further quantified by dividing the interface into 

ten small sections. As shown in Figure 1D, the ratio of Ca/(C+Ca) exhibited a gradual 

decrease from ca. 8% at the bottom layer to 0% at the top layer. This result was consistent 

with a gradual decrease in HAp, suggesting the successful establishment of a controlled 

mineral gradient.
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We next focused on the generation of an array of uniaxially aligned channels to guide the 

infiltration of cells and the deposition of properly aligned collagen fibers. To this end, a 10.6 

μm-CO2 laser with a beam size of 200 μm was used to pattern the graded HAp/PLGA film. 

An array of 10×10 channels were created over an area of 2.5 mm × 2.5 mm (Figure S2A, 

Supporting Information). Based on the SEM image in Figure S2B of the Supporting 

Information, the average opening at the top surface and separation between the openings 

were determined to be 154 ± 8 and 127 ± 8 μm, respectively. The size of each opening was 

compatible to the dimensions of cells (20−60 μm) and collagen fascicles (50−400 μm), 

consistent with the anatomy of tendon.[27] As a result, tenocytes would be expected to easily 

infiltrate and deposit collagen inside these channels. Furthermore, a number of smaller pores 

(20−40 μm) were formed around the channels during laser machining (Figure S2C, 

Supporting Information), which can be attributed to the bubbling of PLGA during laser 

ablation. To gain more insight into the structure of an individual channel, the cross-section 

of a laser-machined scaffold was examined using SEM. As shown in Figure S2D of the 

Supporting Information, the CO2 laser was able to pass through the HAp/PLGA film and 

reach the gelatin beads, making the three regions of the scaffold interconnected. The average 

depth of the channels was 301 ± 12 μm, with the HAp/PLGA film accounting for 127 ± 11 

μm (including a graded interface of 37 ± 8 μm).

The gelatin beads were then dissolved in warm water to reveal the porous structure of the 

trabecular region in the scaffold. As shown in Figure 2A, all channels were retained during 

template removal and no significant changes to the morphology was observed. Based on the 

SEM image shown in Figure 2B, the average diameter of the openings at the top surface was 

146 ± 9 μm, with the separation between openings being 139 ± 12 μm. These data suggest 

that the removal of gelatin template only had a minimal impact on the scaffold geometry. 

Besides the large (ca. 150 μm) and small (ca. 30 μm) pores generated during laser 

machining, additional smaller pores were formed in the interior of the PLGA layer, with 

diameters ranging from 0.9 to 7 μm upon removal of the gelatin beads (Figure 2C,D and 

Figure S3, Supporting Information). These newly formed pores likely originated from the 

residual 1,4-dioxane encapsulated in the viscous PLGA during solvent evaporation. This was 

verified by soaking a mineral-graded film deposited on a silicon wafer in warm water 

(Figure S4, Supporting Information). Since 1,4-dioxane is miscible with water and PLGA 

has a low glass transition temperature around 37 °C,[21] the scaffold could slightly deform to 

favor the escape of residual solvent, leaving behind a porous structure. After template 

removal, the inverse opal base showed interconnected windows between adjacent pores, and 

the escape of residual solvent resulted in an increase in height for the HAp/PLGA film to 

156 ± 14 μm (Figure 2D). Meanwhile, the escape of solvent also contributed to a close 

packing for the HAp nanoparticles, leading to a decrease for the graded interface (27 ± 6 

μm). The same trend was also observed in the mineral-graded film deposited on a silicon 

wafer (Figure S4, Supporting Information). Nevertheless, the mineral gradation at the 

interface was well retained, as confirmed by EDX mapping (Figure S5, Supporting 

Information). It should be emphasized that the length scale of the graded interface can be 

easily extended to generate a graded interface to exactly match the length scale of any 

clinically relevant enthesis (e.g., up to 100 μm),[4] providing a structure that can maximally 

recapitulate the native mineral interface between tendon and bone.

Zhu et al. Page 4

Adv Mater. Author manuscript; available in PMC 2019 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



The incorporation of a stiff mineral in compliant PLGA is expected to stiffen the resulting 

composite. To validate this argument for the hierarchically structured scaffold, we examined 

the local modulus along the mineral gradient using atomic force microscopy (AFM), a tool 

capable of mechanical indentation testing, imaging, and nanoscale manipulation.[28,29] 

Briefly, the AFM tip was guided over a specific area via a laser system. The force and 

vertical displacement were derived from the drive amplitude to indent the scaffold and the 

lateral deflection amplitude of the cantilever, respectively. The ratio of force to vertical 

displacement in the linear portion of the force-displacement curve was used to determine the 

Young’s modulus according to the Hertz model. As shown in Figure 3, there was a strong 

correlation between the local Young’s modulus and mineral content. Specifically, the 

Young’s modulus increased monotonically as the amount of HAp increased along the 

mineral gradient. The modulus on the unmineralized region was on the order of 200 MPa 

(location #1), whereas the modulus on the highly-mineralized region was on the order of 2 

GPa (location #7). In this scaffold, the doping of PLGA by HAp resulted in a 10-fold 

increase in the Young’s modulus. Such a mineral-graded interface is promising for 

dissipating stress concentrations between two dissimilar tissues and reproduces a critical 

feature of the natural tendon-to-bone attachment (where the modulus changes from 200 MPa 

for the compliant tendon to 20 GPa for the relatively stiff bone).[6] Although the modulus of 

the unmineralized region of the scaffolds is in good accordance with native tendon, the 

modulus of the highly-mineralized region is still one order of magnitude lower than that of 

bone. This gap could potentially be alleviated through subsequent mineralization by the 

osteoblasts derived from the seeded stem cells.

To investigate the distribution and proliferation of cells inside the scaffold, adipose-derived 

stromal cells (ASCs), a promising mesenchymal stem cell capable of differentiating into 

multiple cell lineages, were seeded and cultured in the scaffold.[30,31] To examine the cell 

distribution along the vertical direction, the ASC-seeded scaffold was cryo-sectioned and 

stained with fluorescent dyes for imaging. As shown in Figure 4A, ASCs were able to 

infiltrate into the entire scaffold, with the top surface close to the aligned channels having 

the largest cell number. The relatively large cell number at the top surface is attributed to the 

sedimentation of excess ASCs during cell seeding. In the inverse opal region, however, 

ASCs were uniformly distributed, indicating that the cells proliferated and freely migrated 

within the porous structure. This feature may be advantageous, as interconnectivity plays a 

crucial role in promoting cell interactions and communication during tendon-to-bone 

healing.[2,26] To quantify cell distribution, the scaffold was divided into three sections for 

analysis, including the aligned channels (AC), the upper part of the inverse opal (IO-U), and 

the lower part of the inverse opal (IO-L). As shown in Figure 4B, during 7 days of culture, 

the relative number of ASCs in each of the three regions did not change, with values of ca. 
40%, 30%, and 30% for the AC, IO-U, and IO-L, respectively, indicating that the ASCs 

proliferated at a constant rate in all regions. Interestingly, the ASCs in the inverse opal 

region became more rounded at days 4 and 7 relative to those at day 1 (see magnified images 

in Figure 4A). However, the cells in the top surface of the scaffold retained a highly-

elongated morphology. The rounded cells in the inverse opal region was further quantified. 

Figure 4C shows that as incubation was prolonged, the ratio of rounded cells gradually 

increased, changing from ca. 10% to ca. 35%. The change in cell shape may indicate a 
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variation to the cell phenotype in response to the local concentration of HAp owing to its 

high osteoinductivity and osteoconductivity.[24,32,33]

The cell viability inside the scaffolds was then analyzed using modified live/dead staining. 

During the 7 days of culture, the ASCs maintained high viability, with negligible death 

(Figure S6A, Supporting Information). When examining cell survival rate, from day 1 to 7, 

the ASCs had a survival rate of >90%, suggesting excellent biocompatibility of the 

hierarchical scaffold (Figure S6B, Supporting Information). The uniformity and 

interconnectivity of the scaffold may facilitate efficient exchange of oxygen/nutrients and 

metabolite wastes, giving rise to the high cell viability. In addition, we performed the 3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay to evaluate the 

proliferation of ASCs inside the scaffold. As shown in Figure S6C of the Supporting 

Information, the absorbance values of the cultures at days 1, 4 and 7 were 0.20 ± 0.03, 0.55 

± 0.05, and 0.95 ± 0.01, respectively, indicating that the ASCs in the hierarchical scaffold 

exhibited a linear increase in proliferation throughout the 7 days of culture. The 3D porous 

structure had more space to accommodate implanted cells compared to a 3D non-porous 

scaffold or a 2D scaffold, which is an important consideration for in vivo application. These 

data indicate that the hierarchical scaffold can support uniform seeding of cells and provide 

an environment that promotes cell viability and proliferation.

To understand the influence of the mineral gradient and scaffold microstructure on ASC 

differentiation, we evaluated both tenogenesis and osteogensis. After 28 days of culture, 

cross sections of the scaffold were obtained to examine cell differentiation along the mineral 

gradient. Immunocytochemistry was then performed to fluorescently visualize scleraxis 

(Scx) and runt-related transcription factor 2 (Runx2), which are the tendon-specific marker 

and an early marker of osteogenic differentiation, respectively.[34,35] As shown in Figure 5, 

from the unmineralized region to the highly-mineralized region, an opposing pattern for 

tenogenesis and osteogenesis was observed. The expression of Scx was dominated in the top 

unmineralized region, suggesting the preferential differentiation of ASCs into the tenogenic 

lineage in the area composed of pure PLGA (Figure 5A). As for the transitional regions, 

both the expression of Scx and Runx2 could be found, in which the transitional region with 

less mineral content showed more Scx (Figure 5B), whereas the transitional area with more 

mineral content showed more Runx2 (Figure 5C). The regions with multiple cell lineages 

may be critical for promoting enthesis regeneration via heterotypic cellular interactions.[6] In 

the bottom mineralized region, the expression of Runx2 was higher than Scx, suggesting the 

preferential differentiation of ASCs into the osteogenic lineage in the area with the highest 

amount of minerals (Figure 5D). To further evaluate these expression patterns, we performed 

semi-quantitative analysis of Scx and Runx2 expressions based on the mean pixel intensities 

of each image. As expected, there was a graded change in the expressions of both Scx 

(gradually decreasing with increasing mineralization) and Runx2 (gradually increasing with 

increasing mineralization) (Figure 5E,F). These data demonstrate that the hierarchically 

structured scaffolds with mineral gradients were able to facilitate local stem cell 

differentiation and that process was highly dependent on local mineral content and substrate 

stiffness.
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It should be noted that the goal of the immunocytochemistry assay we used was to 

demonstrate the spatially graded differentiation pattern of stem cells on the scaffolds. 

Numerous markers for tenogenesis and osteogenesis can be used to identify the cells along 

the early-to-late differentiation path. In this study, we chose Scx to identify tenogenic 

differentiation because it is a transcription factor associated with cells differentiating into 

tendon fibroblasts[36] and is also a lineage-specific marker for tenogenesis.[37] We chose 

Runx2 to identify osteogenesis because it is a transcription factor specific for cells 

differentiating into osteoblasts and is also a lineage-specific marker for osteogenesis.[38] 

These early markers of differentiation imply progress toward tenogenesis or osteogenesis.
[39] Confirmation of fully differentiated tendon fibroblasts and fully differentiated 

osteoblasts is often done by examining collagen deposition using picrosirius red staining[40] 

and calcification using alizarin red staining,[41] respectively. However, monitoring collagen 

deposition by picrosirius red or calcification by alizarin red may demonstrate the 

functionality of the cell and the cell maturity, implying a later stage of stem cell 

differentiation, but does not necessarily demonstrate stem cell differentiation towards a 

specific lineage. Moreover, these assays are non-specific, as positive staining can also be 

found in non-differentiated stem cells[42] and other fully differentiated cells (e.g., cardiac 

cells, hepatocytes, alveolar cells, and bronchial cells[43–45]). In addition, although techniques 

such as quantitative polymerase chain reaction (qPCR) would allow for examination of a 

large number of genes, the approach would require a large number of cells and cell removal 

from the micrometer-scale gradient mineralized area in the scaffold; these issues would limit 

our ability to determine localized expression patterns along the mineral gradient. One way to 

achieve this would be to section the scaffold. However, sectioning of unfixed scaffolds is 

difficult, prone to artifacts and fragmenting, and does not result in accurate separation of 

graded regions. Unfortunately, both fixation of cells and subsequent processing for frozen 

sections generally alter the structures of RNA and/or DNA, leading to unreliable gene 

expression measurements.[46,47] As such, we limited our approach to qualitative and semi-

quantitative immunocytochemistry-based outcomes, specifically mapping the spatially 

graded patterns of a tendon-specific differentiation marker (Scx) and a bone-specific 

differentiation marker (Runx2).

In summary, we have demonstrated the fabrication of a hierarchically structured scaffold 

with promise for the repair of tendon-to-bone insertion. The scaffold contained three 

regions: a scalable gradient in mineral content (mimicking the scale of native gradient), 

uniaxially aligned channels (mimicking the scale of native tendon fascicles), and a highly 

porous HAp/PLGA inverse opal (mimicking the scale and structure of trabecular bone). Cell 

culture experiments showed that ASCs could be uniformly distributed inside the scaffold 

with a constant proliferation rate and high cell viability. Immunocytochemistry results 

demonstrated that the ASCs were able to achieve graded tenogenic and osteogenic 

differentiation along the mineral gradient with monotonically changing mechanical 

properties. As aforementioned, there are a variety of other extracellular matrix in the 

insertion site. Since a gradient in cell phenotype was established in the mineral-graded area 

of the current study, these cells would likely interact with each other and facilitate the 

restoration of functional attachment by secretion of suitable extracellular matrix. We 

hypothesize that the biomimetic hierarchical scaffolds can direct the production of aligned, 
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unmineralized collagen fibrils in the top region, graded mineralization of collagen in the 

middle region, and bone regeneration in the bottom region. All three regions will work 

together to enhance the formation of a mechanically functional tendon-to-bone interface. In 

a follow-up study, we will test the in vivo efficacy of the hierarchical scaffolds in a rotator 

cuff animal model to promote functional tendon-to-bone attachment.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Scheme 1. 
Schematic illustration showing the fabrication of a hierarchically structured scaffold for 

tendon-to-bone repair.
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Figure 1. 
EDX mapping of elemental distributions recorded from the cross-section of a graded HAp/

PLGA scaffold prior to removal of the template. (A−C) Graded distributions of (A) calcium, 

(B) carbon, and (C) calcium + carbon. Scale bars: 5 µm. (D) Quantification of calcium 

content along the vertical direction (n = 3), where the x axis indicates the distance from the 

location with the highest mineral content.
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Figure 2. 
(A, B) SEM images of a hierarchical scaffold after removal of the template. (C) Higher 

magnification image showing the morphology of an individual channel. (D) Cross-sectional 

image taken from an individual channel, showing the interconnectivity between the three 

different phases.

Zhu et al. Page 12

Adv Mater. Author manuscript; available in PMC 2019 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. 
Local Young’s modulus along the mineral gradient in the hierarchically structured scaffolds. 

The mineral gradient was divided into seven locations (n = 6), and the location numbers 1 

and 7 represent the unmineralized and highly-mineralized regions, respectively. Significant 

differences are indicated by * over the bars (p < 0.05).
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Figure 4. 
Distribution and morphology of ASCs inside the hierarchical scaffolds at day 1, 4, and 7 

post cell seeding. (A) Superimposed fluorescence images showing the distribution of ASCs. 

The cytoskeletal F-actin of ASCs was labeled with phalloidin (red), whereas the nuclei were 

counterstained with DAPI (green). Magnified images corresponding to the regions boxed in 

(A) are also presented. Scale bars: 250 μm. (B) Quantification of cell distribution. The 

percentage of cells in each region relative to the total number of cells in the entire sectioned 

scaffold is shown (n = 3). (C) Quantification of cell morphology in the inverse opal region. 

The percentage of rounded cells relative to the total number of cells is presented (n = 3). 

Significant differences are indicated by lines over the bars (p < 0.05).
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Figure 5. 
Scx (red) and Runx2 (green) staining of ASCs seeded in the hierarchical scaffold after 28 

days of culture. (A) Unmineralized region, (B) transitional region with less mineral content, 

(C) transitional region with more mineral content, and (D) highly-mineralized region. Scale 

bars: 200 μm. (E, F) Semi-quantitative analysis of the expressions of (E) Scx and (F) Runx2 

(n = 6). Significant differences are indicated by lines over the bars (p < 0.05).
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