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Abstract

One of the most important issues in bone tissue engineering is the search for new materials and 

processing techniques to create novel scaffolds with 3-D porous structures. Although many 

properties such as biodegradability and porosity have been considered in designing bone scaffolds, 

very limited attention is paid to their capillary effect. In nature, capillary effect is ubiquitously 

used by plants and animals to constantly transport water and nutrients based on morphological 

and/or chemical gradient structures at multiple length-scales. In this work, we developed a 

modified freeze-casting technique to prepare ceramic scaffolds with gradient channel structures. 

The results show that our hydroxyapatite (HA) scaffolds have interconnected gradient channels 

that mimic the porous network of natural bone. More importantly, we demonstrate that such a 

scaffold has a very unique capillary behavior that promotes the self-seeding of cells when in 

contact with a cell solution due to spontaneous capillary flow generated from gradient channel 

structures. The strategy developed here provides new avenue for designing “smart” scaffolds with 

complex porous structures and biological functions that mimic natural tissues.
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1. Introduction

Bone is the second most commonly transplanted tissue with 2.2 million bone-grafting 

procedures performed annually worldwide [1-3]. The regeneration and repair of large bone 

defects in load-bearing situations continue to be a challenging problem due to the lack of 
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vascularization and mass transport (nutrient exchange) in the interior parts of the implant 

[4]. As autografting and allografting have significant limitations, such as donor-site 

morbidity, the possible transmission of diseases, and limited supply, the availability of 

customized bone grafts engineered in vitro would revolutionize the way we currently treat 

bone defects [5-7]. In this tissue-engineering approach, one of the most important issues is 

searching for new materials and processing techniques for creating scaffolds with 

biocompatibility, biodegradability, mechanical properties for temporary support, and in 

particular, three-dimensional (3-D) porous structures [8] for cell attachment, drug delivery, 

and nutrient transport [9]. Beyond all these aspects of designing scaffolds, very limited 

attention has been paid to the capillary effect of such porous structures. In nature, the 

capillary effect is ubiquitously used by plants and animals to constantly transport water and 

nutrients based on morphological and/or chemical gradient structures at multiple length 

scales [10-12]. For example, bone has complex interconnected networks, such as Haversian 

and Volkmann’s canals, within its highly anisotropic structure for constant blood supply 

[13]. In this context, the design of bone scaffolds with carefully controlled architectural 

characteristics that would promote capillarity, such as porosity, pore shape, and pore size, is 

challenging [14].

Here, we designed and fabricated novel biomimetic scaffolds by freeze-casting (or ice-

templating) a slurry of hydroxyapatite (HA) particles. The as-prepared HA scaffold has 

interconnected gradient channels that mimic the porous network of natural bone. More 

importantly, we demonstrated that such a scaffold has a very unique capillary behavior that 

promotes the self-seeding of cells when in contact with a cell solution due to spontaneous 

capillary flow generated from gradient channel structures. We describe here novel scaffolds 

for bone regeneration, and provide a new way for designing “smart” scaffolds with complex 

porous structures and biological functions that mimic natural tissues.

2. Materials and Methods

2.1. Preparation of biomimetic gradient scaffold

Biomimetic gradient scaffolds were prepared by freeze-casting hydroxyapatite slurry (20 vol

% ceramic content). The slurry was prepared by mixing distilled water with hydroxyapatite 

powders (density = 3.15 g/cm3, 20 vol %) (Hydroxyapatite #30, Trans-Tech, Adamstown, 

MD), 1 wt % of Darvan 811 (R. T. Vanderbilt Co., Norwalk, CT), 1 wt % of Poly (ethyl-

glycol) (PEG-300, Sigma-Aldrich), and 2 wt % of an aquazol polymer (ISP) with a 

molecular weight of 50,000 g/mol. Slurries were ball-milled for more than 20 hours and de-

aired in a vacuum desiccator before freeze-casting. The slurries were then poured into a 

round plastic mold (44.45 mm in diameter), with a thin copper rod (3.175 mm in diameter) 

at the center (Fig. 1), which is connected to a liquid nitrogen reservoir. During the freezing 

process, lamellar ice crystals grew preferentially from the copper rod outward to the plastic 

mold, generating a gradient in their thickness. At the same time, HA particles were expelled 

and assembled to replicate the structure of ice crystals. Frozen samples were sublimated 

(−50°C, under 0.035 mbar, Freeze dryer 8, Labconco, Kansas City, MI) for over 48 hours, 

and sintered at 1,300°C for 2 hours (Air furnace: 1216BL, CM Furnaces Inc., Bloomfield, 

NJ).
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2.2. Characterization of biomimetic gradient scaffold

The SEM images of the scaffolds were obtained using a field-emission scanning electron 

microscopy (JSM-5700F, JEOL, Japan) at an acceleration voltage of 15 kV, after being 

coated with gold by sputtering at 30 mA for 60 s. To assess the channel width variation 

along the sample height, SEM images of horizontal cross-sections were taken at multiple 

locations. Using ImageJ software, channel widths were manually measured on lines 

perpendicular to the ceramic walls. For each location, more than 100 measurements were 

performed.

2.3. 3-D reconstructed scaffolds

Synchrotron X-ray tomography experiments were carried out on beamline 8.3.2 at the 

Advanced Light Source (Berkeley, CA). Samples were scanned with a 34 keV 

monochromatic beam and imaged with a PCO-Edge CCD camera at 2560 × 2160 pixels 

resolution. A field of view of 3 mm and a voxel size of 1.3 μm were obtained using a 5x 

lens. Images were processed using ImageJ and Avizo software.

2.4. Cell-seeding experiments

Rat bone marrow mesenchymal stem cells (MSCs) were cultured in MesenCultTM medium 

(Stemcell Technologies) in a humidified incubator at 37°C and 5% CO2. The cells were 

stained by 5 μM CellTrackerTM Green CMFDA (Invitrogen) in Dulbecco's Modified Eagle 

Medium (DMEM) for 45 min and then fresh DMEM for 30 min before experiments. For the 

cell seeding experiments, the cells were trypsinized and centrifuged at 1000 rpm for 4 min. 

Phosphate-Buffered Saline (PBS) was added to resuspend the cells to the final cell 

concentration of 106 cells/ml. One drop of 100 μl cell suspension was placed onto the 

hydrophobic surface of a 35 mm petri dish. The hydrophobicity of the surface prevented the 

cell suspension to spread and avoid cell loss, which was necessary for the cell seeding 

procedure. One end of the scaffold (12 mm × 5 mm × 2 mm) was put in contact with the cell 

drop. As the cell seeding procedure took only a few seconds, the cells did not adhere to the 

surface of the petri dish in such a short time and all the cells were drawn into the scaffold 

during experiments. The scaffold was then viewed by Prairie confocal microscope (488 nm).

2.5. In situ observation of capillary rising within biomimetic gradient scaffold

A high-speed CCD camera was used to observe in situ the capillary rise of water along the 

channels within biomimetic gradient scaffolds. The images were taken at 500 frames per 

second.

3. Results and Discussion

3.1. Fabrication of ceramic scaffolds with gradient channels by freeze-casting

Freeze-casting, also known as ice-templating, is a promising technique for fabricating tissue-

engineering scaffolds with various types of materials, such as ceramics [15-16], polymers 

[14, 17], hydrogels [18], and their composites [19]. As shown in Fig. 1A, a modified freeze-

casting technique was applied in our study to prepare scaffolds with gradient channels (see 

also Experimental Section). Because of its biocompatibility, osteoconductivity, and 
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composition similar to bone, HA was used in this work to demonstrate a proof of concept. 

According to our previous studies, HA scaffolds prepared by freeze-casting have shown to 

have excellent mechanical properties [15-16], which makes them good candidates for load-

bearing sites such as spinal fusion cage. In addition, freeze-casting is a very simple and 

inexpensive technique. Briefly, HA slurry was freeze-casted from the center to the edge of 

the mold, and was sublimated and sintered at 1,300°C to improve mechanical strength. XRD 

data of pristine and sintered HA shows no obvious difference, Supplementary Fig. S2. More 

importantly, the ice front velocity decreases greatly as compared with conventional freeze-

casting as its freezing interface area always increase during the freezing process. As a result, 

the lamellar structure within the radially freeze-cast HA scaffold has an increasing channel 

width (λ) from the center to the edge, defined as “tip” and “base” respectively (Fig. 1B). We 

further studied the capillary effect of seeding cells into gradient scaffolds by contacting their 

tip or base side with a solution of mesenchymal stem cells (MSCs). Due to the lack of 

capillaries in the wet scaffolds pre-perfused with phosphate buffered saline (PBS), the MSCs 

could only adhere to the outer surface (Fig. 1C and D). On the other hand, the MSCs were 

effectively self-loaded under capillary flow within dry scaffolds (Fig. 1E and F).

The gradient channels within the as-prepared scaffold were characterized by both scanning 

electron microcopy (SEM) and X-ray micro-tomography (Fig. 2). A low-magnification SEM 

image clearly shows the gradient channel structure over a large sample length of around 10 

mm (Fig. 2A). As measured in the high-magnification SEM images in Fig. 2B–D, λ 

increases from 4.54 ± 0.88 μm (Fig. 2B, top), to 8.14 ± 1.24 μm (Fig. 2C, middle), and to 

11.8 ± 2.47 μm (Fig. 2D, bottom), respectively. Same results were obtained from X-ray 

micro-tomography. Fig. 2E–H show the 3-D reconstructed images of the gradient scaffold. 

The dimensions of the bounding box is 1 mm × 1 mm × 5 mm in Fig. 2E, and 500 μm × 500 

μm × 750 μm in Fig. 2F–H, respectively. A close-up view of the scaffold’s inner structure 

also shows an increase in λ (Fig. 2F–H, see also Supplementary Movie S1). It should be 

noted that gradient scaffolds also present different domain orientations of the lamellae 

(Supplementary Fig. S3), as in conventional freeze-cast scaffolds [16, 20].

3.2. Self-seeding of cells within biomimetic ceramic scaffold with gradient channels

Uniform seeding of a large number of cells into porous scaffolds is considered to be a key 

step for the homogeneous tissue formation within bone grafts. Unfortunately, this still 

remains to be a great challenge because of the complex and tortuous architecture of many 3-

D scaffolds [21]. At present, there are mainly two methods for cell seeding: static [22] and 

dynamic [21, 23-25]. When using a static method such as soaking a scaffold into a cell 

suspension [22], cells can only be found on the scaffold surface. More importantly, bone 

formation can hardly be observed in the scaffold center because the cells first attach to the 

periphery, preventing further migration and penetration into the scaffold [23]. On the other 

hand, dynamic methods, such as centrifuge [24], vacuum [23, 25], and oscillating perfusion 

[21], apply external forces that may damage the cells. In addition, dynamic methods need 

prolonged seeding time and complicated equipment [22]. Recently, capillary force was 

reported to facilitate cell seeding in 3-D scaffolds, especially for those with microporosity 

(pore size: 5–50 μm) [26]. Because our scaffolds have 3-D interconnected channel structures 

that mimic bone, we expect them to exhibit unique capillary behavior [17, 27-28].
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In order to study the capillary effect of these gradient channel structures, we performed four 

types of experiments: Wet_Tip, Wet_Base, Dry_Tip, and Dry_Base. In all these cases, 

cuboid samples of the same size (12 mm × 5 mm × 2 mm) were used. This size was selected 

based on our currently undergoing in vivo study (femur segmental defect model). With the 

channels facing along the longest axis (12 mm), the samples were manipulated to contact the 

MSC solution (100 μL, 1 × 106 cells/mL) only with their bottom surface. Fluorescent 

microscopy was then used to observe the result of cell seeding within the scaffolds (Fig. 

3A–F). As shown in Fig. 3A, wet and dry scaffolds show a significant difference between 

seeding cells. In scaffolds pre-perfused with PBS, no cells penetrated into the scaffolds. 

Instead, cells were observed only on the bottom surface that contacted the cell solution (left 

two images of Fig. 3A). In the case of dry scaffolds, however, cells can penetrate along the 

channels (right two images of Fig. 3A). Interestingly, cells penetrated into the dry scaffold 

with an obviously longer distance (~11.6 mm) when in contact with the base side rather than 

with the tip side even though they have the same gradient channel structures. High-

magnification images of the different positions along the gradient scaffold also show the 

obvious self-seeding of cells from the bottom to the top in the case of Dry_Base (Fig. 3B–

E). The 3-D confocal fluorescent images show the bottom side of the Wet_Base sample and 

the top side of the Dry_Base sample, respectively, which are also indicated in Fig. 3A. In the 

case of Wet_Base, cells adhered to the outer surface (Fig. 3F). However, in the case of 

Dry_Base, cells were not only effectively loaded into a deep distance toward the tip but 

were well-aligned along the channels, as can be observed from the 3-D image (Fig. 3G, see 

also Supplementary Movie S2). Statistical data about the penetration distance of cells in all 

four experiments are shown in Fig. 3H. In each case, at least five samples were tested. The 

penetration distances were 0.12 ± 0.12 mm (Wet_Tip), 0.19 ± 0.12 mm (Wet_Base), 2.7 ± 

0.88 mm (Dry_Tip), and 10.63 ± 1 mm (Dry_Base), respectively. These results demonstrate 

that the capillary is essential for the self-seeding of cells into gradient scaffolds, and the 

orientation of channels is crucial for this effect.

3.3. Capillary rise within biomimetic ceramic scaffold with gradient channels

In order to understand the underlying mechanism and driving force of such self-seeding 

behavior, we observed the capillary flow within the gradient scaffold using a high-speed 

charge coupled device (CCD) camera at a rate of 500 frames per second. Sequential optical 

images in Fig. 4A and B show the capillary rises in dry scaffolds when in contact with their 

tip and base side, respectively (see also Supplementary Movie S3). The samples were 

around 12 mm in length. When plotting the height (H) of liquid as a function of time, two 

distinct behaviors were observed in Dry_Tip and Dry_Base. At the beginning, the liquid 

front was higher in Dry_Tip than in Dry_Base, but at the end, the liquid front in Dry_Base 

penetrated the whole sample and reached the top earlier than in Dry_Tip. The rising speed of 

the capillary can be obtained by differentiating the rising height with time. As can be seen 

from the plot of rising speed as a function of height in Fig. 4D, capillary flow in Dry_Tip 

first rose to a higher speed than in Dry_Base but decreased largely thereafter and became 

slower than in Dry_Base. If we consider that there is a minimum speed for the cells to flow 

together with liquid along the channels [29], we can determine from the v(H) curve the 

longest distance the cells can penetrate into the scaffold. For a critical speed of around 8 

mm/s, the corresponding penetration distance of Dry_Tip and Dry_Base is around 2.7 mm/s 
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and 10.6 mm/s, respectively, which is consistent with the experimental results measured 

from fluorescent images shown in Fig. 3H. This clearly supports our hypothesis that the self-

loading of cells is governed by the spontaneous capillary flow generated by the gradient 

channels within the scaffold. In the samples used in the experiments, lamellar spacing (λ) of 

the channel was measured to increase from 11.0 ± 3.5 μm to 63.5 ± 6.1 μm.

Capillary flow is widely used in nature by plants and animals, and in particular by tissues 

such as bone, to sustainably transport water and nutrients [10-13]. According to the 

Washburn’s equation, if we consider the lamellar channel structure in our work as a bundle 

of cylindrical tubes, the height (H) of the capillary flow as a function of time (t) can be 

written as:

(1)

where γ and η are the surface tension and viscosity of liquid, and λ is the spacing of the 

lamellar channel. The flowing speed (v) can therefore be obtained by differentiating 

Equation (1),

(2)

where λ0 is the lamellar spacing at the bottom, and α is the slope angle of the channels with 

respect to the vertical direction (inset of Fig. 4B). This equation doesn’t apply to the very 

beginning when the scaffold is in contact with the cell solution, i.e., H ≈ 0, and doesn’t take 

the gravity into account. At the very beginning, v increases faster in Dry_Tip than in 

Dry_Base, because the tip side has a smaller λ and thus a larger Laplace pressure as a 

driving force.

(3)

Later on, according to Equation (2), Dry_Base has a higher speed (v) than Dry_Tip, because 

the base side has a larger λ0, which is consistent with the experimental data in Fig. 4D. In 

other words, the capillary force is more sustainable in Dry_Base, and the resulting capillary 

flow is always maintained at a higher speed that favors cell penetration for a longer distance 

into the scaffold.

4. Conclusion

In conclusion, we have successfully developed novel biomimetic ceramic scaffolds with 

gradient channel structure, which have self-seeding ability when in contact with MSC 

solution. Furthermore, we have demonstrated the underlying mechanism and driving forces 

for such unique self-seeding behavior and attribute it to the spontaneous capillary flow 

resulting from the gradient channel structure within the scaffold. Our results may open up 

new avenues for designing novel bone scaffolds. Indeed, scaffold morphology can be further 

controlled by modifying processing parameters such as cooling rate, solid loading or 
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additive addition to the slurry [30-31]. This aspect will be of primary importance for the 

development of specific applications or, in our case, to further improve the seeding of cells. 

We believe that seeding cells more promptly and uniformly into the bone scaffold will 

facilitate bone regeneration and help simplify the clinical applications. Our research not only 

developed novel scaffolds for bone regeneration but also provides new insights into 

designing “smart” scaffolds with complex porous structures and biological functions that 

mimic natural tissues. Looking down the road, in vivo studies with these gradient scaffolds 

self-loaded with MSCs are currently being carried out. In addition to self-seeding of cells 

with capillary forces, other functions of the complex hierarchical structure of bone are still 

awaiting to be investigated.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Scheme of the fabrication of gradient ceramic scaffold and cell-seeding experiment. (A) 

When the ceramic slurry is freezing from the cold finger at the center, the growing ice 

crystals expel the hydroxyapatite (HA) particles and assemble them into a lamellar structure 

oriented parallel to the freezing direction. Since the ice front is circular, the lamellar spacing 

becomes wider and wider toward the mold. (B) After sintering, an HA scaffold with 

increasing channel width (λ) from tip to base side is obtained. In order to study the capillary 

effect of the gradient channels on seeding cells, (C-D) “wet scaffolds” pre-perfused with 

phosphate buffered saline (PBS) or (E-F) “dry scaffolds” are contacted with cell solution 

with their tip or base side, Wet_Tip, Wet_Base, Dry_Tip, and Dry_Base, respectively. All 

the scaffolds had the same size (12 mm × 5 mm × 2 mm). Lacking of capillary effect, cells 

adhered only to the outer surface of the wet scaffolds, regardless of whether the tip or base 

side contacted the cell solution. In the case of the dry scaffolds, cells were effectively self-

loaded under the capillary. In addition, cells penetrated a much longer distance along the 

channels when the cell solution contacted the base rather than the tip side.
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Fig. 2. 
Structural characterization of gradient scaffold. (A) Low-magnification SEM image of 

gradient scaffolds with channel width (λ) increasing from top to bottom. The sample length 

is around 10 mm. (B-D) High-magnification SEM image at different locations along the 

channel showing increasing channel width of (B) 4.54 ± 0.88 μm, (C) 8.14 ± 1.24 μm, and 

(D) 11.8 ± 2.47 μm, respectively. (E) 3-D reconstruction of gradient scaffolds from X-ray 

micro-tomography data. Bounding box dimension: 1 mm × 1 mm × 5 mm. (F-H) Close-up 

view of the scaffolds’ inner structure. Scale: 500 μm × 500 μm × 750 μm.
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Fig. 3. 
Cell-seeding experiments on wet and dry gradient scaffolds. (A) Fluorescent images of wet 

and dry scaffolds after seeding cells by contacting tip or base side of the scaffold with cell 

solution, respectively. Lacking capillary effect, cells adhered only to the outer surface of wet 

scaffolds pre-perfused with PBS (Wet_Tip and Wet_Base). In contrast, cell solution was 

driven along the channels within dry scaffolds by capillary force (Dry_Tip and Dry_Base). 

In the case of Dry_Base, cells penetrated all along the scaffold, which is around 12 mm in 

length. (B-E) High-magnification fluorescent images showing cells that are loaded all along 

the scaffold. (F) 3-D confocal fluorescent image showing that cells can only adhere to the 

edge of the Wet_Base sample without penetration. (G) 3-D confocal fluorescent image 

showing that cells are deeply loaded into the Dry_Base sample and aligned in the lamellar 

channels. The scanned locations are also indicated by the squares in (A). (H) Statistical data 

about the penetration distance of cells in all four experiments, which are 0.12 ± 0.12 mm 

(Wet_Tip), 0.19 ± 0.12 mm (Wet_Base), 2.7 ± 0.88 mm (Dry_Tip), and 10.63 ± 1 mm 

(Dry_Base), respectively.
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Fig. 4. 
Analysis of the driving force for self-seeding of cells within gradient scaffold. (A-B) 

Sequential optical images showing capillary rise within dry gradient scaffolds with (A) the 

tip or (B) the base facing down and contacting deionized water. The images were taken with 

a high-speed charge coupled device (CCD) camera at 500 frames per second. (C) Height of 

water front (H) during capillary rise as a function of time. In both cases, water completely 

perfused the entire scaffolds (around 12 mm in length) within 3.5 s. (D) Speed of water front 

as a function of height. In both cases, the rising speed of water increased right after scaffolds 

contacted water, and decreased after reaching the maximum velocity. Comparing the 

penetrating distance of Dry_Tip (2.7 ± 0.88 mm) and Dry_Base (10.63 ± 1 mm) with the 

speed-height curve, a lowest critical speed of around 8 mm/s was found for the cells to flow 

with liquid along the channels of scaffolds. (E) Statistical data of lamellar spacing (λ) as a 

function of height, measured from cross section SEM images.
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