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Abstract

Seeding cells into porous ceramic substrates has been shown to improve outcomes in surgical 

repair of large bone defects, but the physics underlying cellular ingress into such scaffolds remains 

elusive. This paper demonstrates capillary forces as a novel, yet simple, self-loading or self-

seeding mechanism for rigid, microporous substrates. Capillary forces drew cells through a 

microporous network with interconnections smaller than the diameter of the cells in suspension. 

Work here emphasizes CaP-based bone scaffolds containing both macroporosity (>100μm) and 

microporosity (5–50μm), as these have been shown to improve bone formation in vivo as 

compared to their macroporous counterparts. We hypothesize that capillary force driven self-

seeding in both macro and micropores may underlie this improvement, and present a mathematical 

model and experiments that support this hypothesis. The cell localization and penetration depth 

within these 2D substrates in vitro depended upon both the cell type (size and stiffness) and the 

capillary forces in the microstructure. Additional experiments showing that cell penetration depth 

in vitro depends on cell size and stiffness suggest that microporosity could be tailored to optimize 

cell infiltration in a cell-specific way. Cells are also drawn into the microporous network in vivo. 

Results have important implications for design of scaffolds for the healing of large bone defects, 

and for controlled release of drugs in vivo.
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1 Introduction

Bone defects beyond a critical size do not heal spontaneously and, in some cases, repair and 

healing do not occur even with the use of allografts or autografts. Repair approaches using 

engineered scaffolds combined with soluble growth factors such as recombinant human bone 

morphogenetic protein (rhBMP-2) or stem-cell therapy have been largely unsuccessful or 

have resulted in severe clinical side effects [1,2]. Efficacy of engineered scaffolds has been 

shown to be enhanced by pre-seeding with autologous bone marrow [3]. Because cell 

migration to a wound site can take days [4,5], which delays vascularization and tissue 

formation, commercial products exist that increase the degree of cell seeding[6]. For 

example, the chronOS system (Synthes Biomaterials, Oberdorf, Germany) uses a scaffold in 

a vacuum-sealed bag with the aim of enhancing the penetration of bone marrow cells into 

the scaffold. However, the physics underlying successful infiltration of cells into a ceramic 

scaffold is not yet known, and guidelines for optimization of products of this character are 

not yet available.

This paper tests the hypothesis that capillary forces play a central role in seeding of 

microporous substrates. The goal is to demonstrate a multi-scale, self-loading mechanism 

that may be tuned to selectively incorporate cells into a rigid scaffold. While this mechanism 

is quite general, we are specifically interested in the self-seeding of calcium phosphate 

(CaP)-based bone scaffolds containing both macroporosity (>100 μm) and microporosity (5–

50 μm), or “multiscale porosity.” CaP-based material systems are favored for interfacing 

with bone because they are biocompatible, osteoconductive, and have composition similar to 

the mineral phase in bone [4]. The system tested in this paper is unique among CaP-based 

systems in two ways. First, we precisely control porosity on two distinct length scales. We 

fabricate scaffolds using a robotically controlled, directed deposition, ink extrusion system 

[7–10], which allows us to control macropore size and geometry directly. We control 

microporosity in part by incorporating different ink formulations in a single scaffold [7] 

and/or through the use of PMMA microspheres as sacrificial porogens. Whereas others 

control microporosity primarily through sintering or through use of foaming agents [5,11], 

use of the PMMA microspheres generates uniform micropores and allows us to vary 

micropore size and fraction through ink formulation and bead characteristics [12].

Microporosity, in addition to the requisite macroporosity [5,13],, has been shown recently to 

enhance bone regeneration in CaP-based scaffolds [5,11,13–15]. Cells populate micropores 

within scaffold rods and produce bone both in the micropores and the macropores of 

scaffolds containing multiscale porosity [15,16]. Scaffolds with microporous (MP) rods and 

implanted in vivo displayed a larger volume fraction of bone, bone that was more uniformly 

distributed, and a shorter healing time when compared to non-microporous (NMP) scaffolds, 

or scaffolds with solid rods[14]. Multivariate statistical analysis suggests that microporosity 

affects bone regeneration more strongly than the potent osteogenic growth factor, 

BMP-2[14].

While there is general agreement that microporosity is beneficial, there is little 

understanding of the mechanisms governing bone growth in the presence of microporosity 

and therefore no definitive design rules to guide basic research or translation to the clinic. 
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Candidates include stimulation of cells by surface roughness, protein attachment, and 

precipitation of biological apatite, all of which are enhanced with increased surface area in 

the presence of microporosity [11,17–19]. With so many, often interconnected variables, the 

barriers to understanding the role of microporosity are significant. This work seeks to clarify 

this role through study of a well-defined system.

The work presented here suggests a tunable self-loading or self-seeding mechanism and 

describes the basic physics of the process. This mechanism could alter the in vivo response 

to microporous CaP scaffolds. We hypothesize that it could also potentially explain the 

enhanced bone regeneration in macropores observed by us for our scaffold system 

[14,16,20] and by others independently [5,9,11,21]. We first develop a model of capillary 

pressure generated by a specific microstructure of interest, and validate the model using 

capillary rise experiments. We then calculate the theoretical critical pressure for several 

types of cells to enter a rigid capillary and compare this to the capillary pressure generated 

by the microstructure. The results presented support the hypothesis that capillary forces will 

not only localize cells to the substrate surface, but will also deform them, squeezing them 

through the micropores and interconnections and leading to an effective self-seeding of the 

micropores. We find through additional experiments that cell penetration depth into the 

microporous network in vitro is cell type-dependent and that the measured depths correlate 

with published cell cortical tension and size. In addition to the in vitro experiments that 

highlight the physics of the self-seeding, we demonstrate that this seeding also occurs upon 

implantation of scaffolds into a bone defect in vivo. Finally, we show that small, non-

deformable particles penetrate deep into the microstructure, indicating that capillary forces 

could also be used to sequester particles to micropores as a novel mechanism for controlled 

drug delivery.

2 Materials and Methods

2.1 Substrate fabrication: scaffolds for in vivo experiments, 2D substrates for in vitro 
experiments

Scaffolds and substrates were fabricated using the CaP (hydroxyapatite) ink preparation 

method and direct deposition system described previously [8,10,12,14,15]. The scaffolds 

that were used in the in vivo experiments here (see Section 2.5 details of the in vivo study) 

had the same pore size distribution as in our previous work, 4.86 ± 3.62μm, nominally 5μm 

[12,14–16]. CaP powder (Riedel-de-Haen, Seelze, Germany) was calcined at 1100°C for 10 

hours, then ball-milled in 100% ethanol for 14 hours and then dried at 125°C for 15 hours. 

This process broke up aggregated particles and improved the uniformity of the particles. 

Chemical additives were incorporated into the CaP to generate a slurry for extrusion by the 

deposition system. Poly-methyl methacrylate (PMMA) microspheres (Matsumoto 

Microsphere M-100, Tomen America, New York, NY) were added to serve as sacrificial 

porogens in the CaP slurry that was used to deposit microporous (MP) scaffolds. The post-

deposition sintering burned out all additives including the PMMA microspheres.

Brick-shaped lattices made of alternating layers of orthogonal rods, later machined into 

cylindrical scaffolds, and the 2D substrates were fabricated with the directed deposition 

system using a 0.51mm and 0.61mm nozzle tip (EFD), respectively. Samples were deposited 
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under lamp oil and remained in the oil for 12 hours after deposition to set. The oil was 

drained and the lattices dried for another 12 hours. All scaffolds and substrates were sintered 

for 2 hours at 1300°C, with a slow ramp to temperature over several hours and a similar 

ramp for cooling [12,14–16,20,22–24]. The organic additives in the ink and the PMMA 

microspheres burned out at approximately 900°C. The resulting pores were the focus of our 

study and were dominant over the ≤1 micron pores associated with sintering. The latter were 

present in both microporous and non-microporous samples, but were not interconnected.

The brick-shaped lattices were vacuum-embedded in wax and then machined into two, 5 mm 

diameter and 8 mm height cylindrical scaffolds using an end-mill. The machining wax was 

burned out by heating samples to 525°C for 1 hour. The scaffolds were sterilized by 

autoclave prior to implantation. Surgical procedures are described in Section 2.5.

2.2 Model of the microporous microstructure, capillary forces, and cellular ingress

Model for dependence of capillary pressure on microstructure—We developed a 

model of the microstructure and verified the model experimentally in order to establish the 

influence of microstructure on the capillary forces that draw cells into the micropores. The 

model predicts capillary force, Fc, exerted on cells by a scaffold as a function of intrinsic 

material parameters (contact angle of the solid/fluid/air interface, α, and surface tension of 

the fluid, σ) and an experimentally controllable microstructural parameter (the wetted 

perimeter of a capillary tube, Pw):

Fc = Pwσcos α (1)

For a cylindrical tube of radius r the wetted perimeter is Pw = 2πr. However, for a 

microporous scaffold the wetted perimeter must be estimated via statistical methods.

To estimate the wetted perimeter we performed Monte Carlo simulations using a custom 

code written in the Matlab environment (MathWorks, Natick, MA). The code modeled a 

population of micropores using a set of rigid, non-overlapping spheres, with radii following 

a normal distribution of prescribed mean and standard deviation. The mean and standard 

deviation that were used were measured experimentally from the same system as part of 

another study [12]. Micropores were distributed randomly in rectangular volumes of height 

10μm and prescribed square cross-sectional area A to achieve a prescribed void fraction, ε.

Statistical analysis of the wetted perimeter per unit area was conducted on ten representative 

two-dimensional cross-sections of each volume, taken at one-micron increments through the 

ten micron height (see Figure 2). Summing the perimeter of all the circles created by 

sectioning the spheres gives the total wetted perimeter of each section. Because there is a 

distribution of pores in the microstructure, and therefore spheres in the model, an average 

wetted perimeter comes from the ten sections. The cross-sectional area A was varied to 

ensure a sufficiently large sampling volume and the existence of the expected linear 

relationship between Pw and A:
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Pw = CεA (2)

where the constant of proportionality C is a function of the mean and standard deviation of 

the void radius. Thus, the total capillary force per unit cross-sectional area for a specific 

microstructure is:

Fc = CεAσcos α (3)

This force can be converted to a mean capillary pressure, P, associated with capillaries in a 

specific microstructure by dividing by the mean cross-sectional area of voids within a cross-

section, which by Delesse’s principle is εA [25]:

P = Cσcos α (4)

The mean capillary pressure is then a function of the geometrical parameter C and the two 

material parameters σ and α. Note that this drops to zero for a scaffold that is already filled 

with fluid, because the parameters are a property of the air/fluid/solid interface.

Two microstructures were simulated using the Matlab© program in order to determine their 

respective wetted perimeter and resulting capillary pressure generated. The pore size 

distributions were determined in previous work [12], using Mercury Intrusion Porosimetry 

(MIP). These were 4.86 ± 3.62μm, nominally 5μm, and 9.6 ± 6.68μm, nominally 10μm, 

diameter pores. The measured pore size distributions account for sintering pores, which are 

on the order of <1μm, the pores generated by the sacrificial porogens used in the CaP ink, 

which are on the order of 5μm [12], and the interconnections between pores, which are on 

the order of 2μm. Because the algorithm takes into account the pore size distribution in a 

specific microporous network, it can be applied to any porous microstructure with known 

pore size distribution.

Model validation—To validate the model, we experimentally measured the pressure drop, 

ΔP, across two substrates with the different microstructures used in the model, using 

capillary rise tests and the relation:

Δ P = ρg Δ h (5)

Then, we implemented the measured pressure in Equation 3 to determine the contact angle 

that would be required to generate that pressure. Because the material and fluid system are 

the same, and only the microstructures are different, we would expect the contact angle to be 

the same.
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For the rise tests, 2D MP substrates with dimensions 3×4×45mm were suspended above a 

beaker of water and then brought in contact with the water. The height of the water, Δh, was 

recorded at regular time intervals as it rose through the sample. This was repeated for five 

samples for each microstructure. The maximum height for the substrates with 5μm pores 

was greater than the height of the substrate itself, therefore the maximum height was 

determined by fitting an equation to the height versus time curve and using the 

asymptomatic value as the maximum height. Finally, we compared the calculated contact 

angle to the measured contact angle for a solid, non-porous substrate using a Canon© 

EOS-5D Mark II SLR digital camera. We also compared the pressures determined from the 

capillary rise experiments to the pressures calculated from the simulation for further 

validation.

Modeling of cellular ingress—The effect of cell size and stiffness on cellular ingress 

was assessed by comparing the microstructure-dependent mean capillary pressure P from 

Equation 4 to the pressure Pcrit needed to draw a cell of a certain size and stiffness into a 

capillary tube. The first question to ask is what stiffness to use given that cellular stiffness 

varies over many orders of magnitude from tens of Pascals for laser tracking microrheology 

[26] to tens of kPa for nanoindentation [26–27] to nearly a MPa for activated cells in a 3D 

tissue construct [29–31]. For the case of cells entering capillary tubes, the stiffness is likely 

no longer dominated by cytoskeletal proteins that disassemble under high strain (cf. [33–

34]) but rather by cortical tension. Following work on micropipette aspiration of cells, the 

critical pressure depends on the pore radius, Rp, cell radius, Rc, and the cortical tension of 

the cell, γten, which is a measure of cell stiffness [26–34]

Pcrit = 2γten
1

Rp
− 1

Rc
(6)

The average pore radius from the in vivo study, 2.5μm, was used for Rp in the results from 

the calculations, which are summarized in Table 1.

2.3 Cell localization in vitro

In order to determine the effect of capillary forces on cell localization to a substrate surface, 

we seeded cells in vitro on the top of 2D substrates in the presence and absence of capillary 

forces and then measured the cell density. To isolate the effect of capillary forces, we used 

two types of substrates, non-microporous (NMP, Figure 1b) and MP (Figure 1c), and two 

different initial conditions, PBS-submerged and dry. Of these, only the dry MP substrates 

could generate capillary forces. Submerging the substrates for approximately 30 seconds, 

thus filling the pores with PBS, eliminated capillary forces, but still maintained other surface 

properties such as surface roughness, pore size, and pore fraction. Comparing MP and NMP 

substrates separated the effect of the microstructure from the wet or dry surface.

The substrates were homogeneous CaP (hydroxyapatite) disks 0.74mm in height made with 

MP or NMP CaP or they were composite 1.31mm in height with one hemi-circle MP CaP 

and the other hemi-circle NMP CaP. Substrates were either seeded with cells dry or after 
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submersion in PBS to fill the micropores. Care was taken to ensure that procedures were 

performed quickly to avoid any effects of reprecipitation. Although these effects are large in 

thin specimens of biological hydroxyapatite (e.g. [26]), they are sufficiently small in larger 

geological hydroxyapatite specimens that little reprecipitation was expected in our study (cf. 

[6]). The four treatments were: MP dry, MP wet, NMP dry, and NMP wet.

Cells from a murine pre-osteoblastic cell line (D1s) were prepared by staining with 

CellTracker™ Green CMFDA (Invitrogen, Grand Island, NY) and seeded on the substrates 

at a concentration of 3×105 cells/ml. The cells were allowed 15 minutes to adhere before 

rinsing and imaging with a fluorescent microscope (Zeiss Axiovert 200M, Beckman ITG). 

Cells in five randomly selected regions on each two-dimensional substrate were counted to 

determine a cell density for each substrate.

2.4 Cell and polystyrene bead penetration in vitro

Penetration of three cell types into a microporous substrate was measured in vitro: a murine 

osteoblast cell line MC-3T3-E1 subclone 4 cells (E1), D1s that were used in the cell 

localization experiments, and primary rat MSCs. All cells were tagged with CellTracker™ 

Green CMFDA (Invitrogen, Grand Island, NY) and resuspended to a concentration of 5×105 

cells/ml. The MP substrates used in these experiments were 10×20×0.3mm sheets, 

approximately the size of a microscope slide, with a void fraction of 0.46 and a pore 

diameter of 4.86 ± 3.62μm [12]. A microscope slide was affixed to the bottom of a 10cm 

diameter petri dish and then 20μl of the diluted bead solution was pipetted along the edge of 

the top of the slide. The MP substrate was brought into contact with the edge of the slide, 

bringing the substrate and the cell solution in contact (see Figure 4a). This lasted 

approximately 5 minutes, until all of the solution was absorbed into the substrate and the 

fluid ceased to move through the micropores. Substrates were imaged with a fluorescent 

microscope and the penetration distance measured. To explore self-loading for drug delivery 

applications, the same experiment was repeated using a 1% w/v stock solution of 

SPHERO™ high intensity fluorescent beads (Spherotech, Crystal Lake, IL) with a diameter 

of 1.84 μm, diluted 1:20 with DI water, instead of a cell suspension.

2.5 Surgical procedure

Four-five month old, 60 kg male Yorkshire-cross pigs were used for the in vivo experiments 

in this study. All animal experiments were done in accordance with the Guide for the Care 

and Use of Laboratory Animals (8th Ed.) and approved by the Washington University 

Animal Studies Committee. Pigs were fasted for approximately 12–14 hours prior to surgery 

and were sedated using a cocktail of Telazol (4 mg/kg), ketamine (2 mg/kg) and xylazine (2 

mg/kg) IM. Anesthesia was maintained using isoflurane gas (1–5%) following endotracheal 

intubation, and vital signs were monitored throughout the procedure. Bilateral 

retromandibular incisions were made through the skin and subcutaneous tissue, avoiding the 

facial nerve, artery and vein. At the inferior boarder of the mandible the periosteum was cut 

and reflected to expose the bone. A Dremel rotary drill (Robert Bosch Tool Corp, Racine, 

WI) with a trephine bur was used to create three 5 mm diameter bicortical defects on the 

lateral surface at the angle of each of the mandibles. The 5 mm diameter holes extended 

through the thickness of the ramus. Constant irrigation with saline at the osteotomy site was 
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required to maintain the integrity of the tissue. Animals were implanted with 5mm diameter 

MP scaffolds that were either dry or that had been submerged in saline prior to implantation. 

The scaffolds submerged in saline were tapped against the container wall to ensure all the 

trapped air had escaped the scaffold. Each hemi-mandible had three defects created for a 

total of six defects per animal. Scaffolds were press-fit into the defects and remained in the 

animal for 30 minutes before removal; no differences were observed in additional 

experiments for which the scaffolds were implanted for 15 minutes or 60 minutes before 

removal.

2.6 Histology

Scaffolds removed from the animals after 30 minutes were immediately placed in 10% 

formalin. After 12–24 hours the samples were dehydrated in increasing concentrations of 

ethanol in DI water before PMMA embedding. Histological procedures are similar to those 

reported previously [16]. Briefly, on day one of embedding, the samples were placed under 

vacuum in a 1:1 mixture of methyl methacrylate (MMA) monomer (Acros 127140010) and 

ethanol. On day two, the samples remained under vacuum and were placed in a 100g MMA 

per 1g benzoyl peroxide (Aldrich 17,998–1) mixture. On day three, the samples remained 

under vacuum in a 100g MMA per 1g benzoyl peroxide per 20g PMMA (Acros 41806–

0010) mixture. After 24 hours, the samples were moved to a 25°C water bath. The 

temperature was increased by ~1°C per day until the samples polymerized. Upon 

polymerization the samples were cured at 60°C for 1 hour.

Samples were then removed from their containers and affixed to wooden dowel rods prior to 

diamond saw sectioning. Sections were cut approximately 1.2mm thick and mounted onto 

acrylic slides. The slides were polished using a series of sand paper grits down to <200μm in 

thickness. Samples were then stained with Sanderson’s rapid bone stain and imaged using 

light microscopy (AxioImager A1, Ziess, Inc.).

3 Results

3.1 Characteristics of the HA substrates and scaffold system

The scaffold system is one used in previous work [14–16,20]. Briefly, scaffolds consist of 

layers of orthogonal rods of HA, approximately 395μm in diameter (Figure 1). The center-

to-center spacing of the rods is 753μm in-plane and 646μm out-of-plane. The rods 

themselves are either solid (Figure 1b) or microporous (Figure 1c). In previous work 

cylindrical scaffolds were implanted in the mandibles of pigs for times ranging from 3 to 24 

weeks. Microporous samples contained bone and cells within the micropores (Figure 1d). 

The 2D substrates used consisted of slabs made from the same inks.

3.2 Model predicts capillary forces in a microporous network

We developed a model of the microstructure and verified the model experimentally in order 

to estimate capillary forces in the microporous network in scaffolds used in our previous in 
vivo studies (Figure 1) [14–16,20] as well as for other microstructures of interest. The 

model, described in Section 2.2, relates contact angle, surface tension, surface area, and 

microstructure to the capillary pressure generated by the microstructure.
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One of the microstructures modeled was used in previous studies [14–16,20] and had 

nominally 5μm diameter pores (Figure 1c). The other had a different pore size distribution of 

9.6 ± 6.68μm diameter pores [12], or nominally 10 μm diameter pores. Both substrates had a 

void fraction of 0.46. The constant, C, determined by the model and which relates the wetted 

perimeter to the void area for a given microstructure according to Equations 2–4, was 

0.68μm−1 and 0.40μm−1, for the respective microstructures. The contact angle measured as 

described in Section 2.2 was an average of five samples, 89.8 ± 5.0°. Using the surface 

tension for water as 0.072N/m [27] and the measured contact angle along with Equation 3, 

the calculated simulated pressures in the substrates with the smaller and larger micropores 

were 584Pa and 345Pa, respectively.

For the capillary rise tests, the maximum heights of the liquid in the substrates with 

nominally 5μm and 10μm diameter pores were 60mm (R2=0.95) and 42mm (R2 = 0.96), 

respectively. Using the equation for hydrostatic pressure (Equation 5), the resulting 

measured pressures in the substrates were 588Pa for the 5μm diameter micropore samples 

and 412Pa for the 10μm diameter micropore samples. The corresponding contact angles 

required to achieve these pressures were 89.3° and 89.2°, respectively. Equivalent contact 

angles were expected given that contact angle is a property of the material and fluid. These 

results helped to further validate the model of the microstructure.

3.3 Capillary pressure in the microporous substrates exceeds the theoretical critical 
pressure to draw in cell types relevant to bone formation

With values for pressure generated by the microstructure of interest, we next calculated the 

critical pressure, Pcrit, required for a single cell to deform and enter a capillary tube in vitro 
using Equation 6 [28] and data in the literature [29–37] for several cell types (Table 1). The 

critical pressure was compared to the pressure generated based on the model of the 

microstructure, in order to predict whether the pressure is sufficient to draw cells into the 

microporous network.

With the measured capillary pressure in the scaffold rods of 588Pa, the microstructure in 

Figure 1c would generate large enough capillary forces to draw in neutrophils, osteoblasts, 

E1s, and MSCs. The calculated critical pressure was lowest for neutrophils, at 7.77Pa, 

because they have both a small radius, 4.2 μm [18], and small cortical tension, 2.4 × 10–5 

kg/s2 [29] On the other hand chondrocytes had the highest critical pressure at 1131Pa, 

largely due to their high cortical tension [30,32]. An important point from this result is that 

there is a large range of critical pressures to draw different types of cells into the 

microporous network and a range of pressures can be generated for different 

microstructures. This suggests that the microstructure could potentially be tailored to select 

specific cell types.

3.4 Cells localize to microporous substrate surface in the presence of capillary forces in 
vitro

To study cell localization in vitro, cell suspensions were placed on the surface of wet (PBS-

submerged) and dry, MP and NMP substrates and cell density measured. Significantly more 

cells localized to the dry MP substrates, the only substrates with active capillary forces, as 
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compared to both the PBS-submerged substrates, whose pores were filled with fluid, and the 

dry NMP substrates (Figure 3a,b). Cell density was five times greater on dry MP substrates 

as compared to dry NMP substrates, and eleven times greater than on PBS-submerged MP 

substrates (Figure 3d). The differences seen between the other treatments groups were not 

statistically significant but may be due to the presence of small sintering pores. The stark 

contrast is apparent in a dry-treatment composite substrate that shows a distinct boarder 

between the MP and NMP domains (Figure 3e–i). As the presence of capillary forces was 

the only difference for the dry MP, we attributed the cell localization to these forces.

3.5 Capillary forces draw cells into microporous network in vitro with cell-type depth 
dependence

Next, we investigated in vitro whether capillary force, or pressure, generated by the 

microstructure was sufficient to deform the cells and draw them into micropores and, if so, if 

the cell penetration depth was cell-type dependent. We designed and conducted experiments 

to constrain the cells to travel primarily in one direction. This allowed us to measure the 

linear distance traveled by the cells, which was not possible with the surface localization 

experiments.

The cell penetration depth into the microporous network in vitro depended on the cell type 

(Figure 4b–d). E1 cells traveled furthest at 165.6 ± 7.8μm (± standard error) and this was 

significantly different than the other two cell types. MSCs and D1s penetrated 116.1 

± 5.2μm and 88.2 ± 6.8μm, respectively (Figure 4f), but there was no statistical difference 

between them. Importantly, these depths are of similar magnitude as the radius of the 

scaffold rods in scaffolds used in the in vivo study (Figure 1) [14–16]. The results from these 

experiments clearly demonstrate that capillary forces generated by a microporous network 

will draw a range of cell types into the network and that the final depth is cell-type 

dependent.

3.6 Capillary forces as a potential self-loading mechanism for protein and drug delivery

We propose that self-loading via capillary forces and then release in vivo could be an 

effective protein and drug delivery mechanism. To demonstrate the self-loading potential, we 

repeated the capillary rise tests in vitro using non-deformable, fluorescent, polysterene beads 

– 1.84 μm in diameter. The bead suspension wicked into the microporous network and 

penetrated 2.05±0.07mm (Figure 4e) into the 10mm long substrate. The fluid, however, 

traveled the entire 10mm. The relatively large bead penetration distance, as compared to 

cells (Figure 4), suggests that drugs tethered to or encapsulated by small, non-deformable 

particles can also be drawn into a microporous tissue scaffold via capillary forces. Proteins 

or drugs in solution would penetrate even further because their weight and size would be a 

fraction of those of the polymer beads.

The penetration of the cells described in Section 3.5 shows that larger, deformable drug 

carriers, such as gelatin microspheres, could also be drawn in. This micropore-generated 

capillary pressure provides a “self-loading” mechanism for endogenous proteins or 

exogenous proteins and drugs relevant to bone formation at the time of implantation or prior 

to implantation, respectively. The initial sequestration by capillary forces would mitigate a 
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bolus delivery and the diffusion through the microporous network could provide a steady 

release. The release rate may be tailored by modifying the microstructure to facilitate or 

hinder diffusion.

3.7 Capillary forces enable self-seeding of micropores in vivo

The in vitro experiments conducted in this study clearly show that capillary forces localize 

cells to the substrate surface and that cell penetration into the microporous network is cell-

type dependent. However, the environment in vivo is more complex and heterogeneous. 

Further, clotting may influence the seeding. Therefore we implanted scaffolds into a bone 

defect in vivo in order to demonstrate that cells are drawn into micropores in vivo as well, 

and that this process is also dependent on capillary forces. Capillary forces were eliminated 

in some MP scaffolds in the same manner they were for the in vitro studies; some MP 

scaffolds were submerged in PBS to fill micropores with fluid.

Results show that the endogenous cells are, in fact, drawn into the microporous network via 

capillary forces. Cells penetrated the scaffold rods approximately 100μm, consistent with 

what was observed in cell penetrations experiments in 2D substrates in vitro for all three cell 

types (cf. Figure 4). This distance is also the same size scale as individual trabeculae in 

trabecular bone. Cells were not present in rods that had fluid-filled micropores upon 

implantation (Figure 5). Cells were not present in the outer edge of scaffold rods where the 

scaffold had been machined from its lattice either (Figure 6a and b). SEM images reveal that 

the micropores at the machined interface are filled with debris (Figure 6c). This both 

provides an explanation for the lack of cell penetration and strengthens the argument that 

capillary forces are important to cell penetration.

4 Discussion

4.1 Model predicts capillary forces for microporous network

The model we developed and validated allows us to predict the capillary forces generated in 

a microporous network. Combined with the estimation of the critical pressure for a cell to 

enter a single pore, the model demonstrates that certain microstructures could potentially 

draw in cells via capillary force alone. This model could be used to design microstructures 

that allow certain cells to enter immediately upon implantation, while preventing others from 

entering. Scaffolds could also be designed and fabricated with distinct domains [7] that 

would generate different capillary pressures at specific locations within the scaffold. This 

could potentially improve bone regeneration over larger distances than were previously 

thought possible. While we focused on the microstructure used in our previous work, the 

simple model could be used to calculate capillary forces generated for a wide range of 

porous networks.

4.2 Capillary forces for cell localization

A critical step for bone regeneration within a scaffold in vivo is for the relevant cells to 

simply reach the surface of the scaffold material, throughout the 3D scaffold structure and 

deep into the defect. In fact, this may be the limiting step in healing of large defects. Even 

for small defects, the distance cells must travel relative to their size is significant. Cells may 
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reach the scaffold surface by migration from the defect periphery, but this mechanism alone 

may prolong regeneration and/or result in incomplete healing, depending on the size of the 

defect. In vivo, this cell localization by capillary forces could draw cells to the surface of the 

scaffold rods, drawing in cells relevant to bone formation deep within the scaffold, seeding 

the macropores, and removing the dependence on cell migration to the surface for bone 

regeneration. Thus, importantly, the cell localization mechanism could be effective even in 

the event that micropores were too small for cells to enter. This mechanism could lead to 

faster healing and the ability to heal larger defects than was previously possible.

To isolate the effects of capillary forces on cell localization, we seeded cells on substrates in 

vitro with identical microporous networks, but different capillary forces. The wet MP 

substrate was identical to the dry MP substrate except that the micropores in the wet 

substrates were filled with PBS prior to seeding the cells. As empty micropores were 

essential to generating capillary forces, the wet MP substrate had significantly fewer cells on 

the surface as compared to the dry MP substrate (Figures 3 and 5). By comparing the wet 

and dry NMP substrates in vitro we demonstrated that the PBS on the substrate surface did 

not alter the cell localization. Demonstration of increased cell localization to the surface of 

dry MP substrates illustrates an important effect of capillary forces. The 11-fold higher cell 

density on the surface of the dry MP substrate (Figure 3) compared to the wet MP substrate, 

shows that capillary forces can be used to localize the patient’s cells on a scaffold either 

prior to implantation into the defect or actually as the scaffold is placed directly into the 

defect site. As attracting the cells is an important first step in bone formation and healing, 

this suggests that documented increase in bone volume seen in MP over NMP scaffolds 

[5,11,14,19,20] in vivo may be partially due to this initial localization of cells.

4.3 Capillary forces draw cells into the microporous network both in vitro and in vivo

In addition to increasing cell localization, MP substrates and scaffolds showed cell 

penetration into the microporous network both in vitro (Figure 4) and in vivo soon after 

implantation (Figure 5 and 6), respectively, but only in the presence of capillary forces. The 

in vitro experiments showed this to be true for a range of cell types, including cells relevant 

to bone formation such as E1s (osteoblasts), MSCs, and D1s (pre-osteoblasts) (Figure 4b–d). 

Furthermore, the final penetration depth was cell-type dependent.

The measured in vitro cell penetration depths were consistent with the critical pressure 

calculations (Table 1, Equation 6). If the calculated critical pressure for the cell to enter a 

pore is lower, we expect cell penetration into the network to be easier and therefore the cell 

would travel further. Recall the critical pressure depends on both the cell radius and cortical 

tension according to Equation 6. The critical pressure for E1s was lower than that of MSCs, 

at 265Pa versus 320Pa, respectively (Table 1), thus we expect the E1s to travel further, and 

they did. E1s had a similar radius in suspension compared to D1s (Figure 4g, h) and both 

cell types were smaller than MSCs (Table 1). We speculate that the difference in penetration 

depth between E1s and D1s may therefore be due to a difference in cortical tension. The 

lower cortical tension would allow E1s to deform more easily and therefore travel further in 

the microporous network. Finally, the difference in penetration depths measured for these 
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cell types suggests that the microstructures could be tailored to select specific cells to 

penetrate the microporous network in vivo.

To our knowledge, in the majority of other work on CaP scaffolds control of microporosity 

is through sintering time and temperature [5,11,21]. Using this approach, the change in size 

and fraction of micropores is limited and the micropores are a smaller fraction of the size of 

the cells. These scaffolds may allow for cell localization, but not cell penetration. The 

fabrication process we use allows us to incorporate sacrificial polymer microspheres of 

different sizes and in different fractions, which burn out during sintering [8,10]. Our 

approach allows us a much broader range and more control of pore size and fraction [12] 

and therefore capillary pressure generated by the microstructure.

While the cell’s critical pressure and the capillary force generated by the microstructure can 

be used to determine if a cell will enter the microporous network, they cannot be used to 

determine how far a cell will penetrate. The frictional losses that result from a cell 

deforming through a small pore or pore interconnection limit the cell penetration distance. 

However, the calculations from the model and the critical pressure do indicate whether a cell 

will enter the microstructure and can help predict how far one cell type will penetrate 

compared to another. Additional experiments and modeling may allow us to quantitatively 

predict the frictional losses associated with cell deformation through pores.

Data from these experiments and model present capillary forces as a tunable mechanism for 

localizing cells within macropores of these rigid CaP scaffolds as well as for cell-seeding in 

micropores. While results clearly show that the cell penetration occurs in vivo, results do not 

explicitly show that the presence of cells in micropores enhances bone regeneration 

macropores. This remains to be proven and work is underway. We further recognize that the 

cell population within micropores in our previous work [refs] at 3, 6, 12, and 24 weeks in 
vivo could include daughter cells from those that entered via capillary forces or cells that 

migrated into the microporous network. Evidence of cell migration contributing to the cell 

population in micropores is in previous work [ref]. There BMP-2 was added to gelatin 

microspheres, which were then suspended in a dilute gelatin solution. This solution was 

added to dry scaffolds and implanted in the pig ramus for up to 24 weeks. Scaffolds with 

BMP-2 so administered also contained cells in micropores. However, the bone in the 

macropores did not differ between scaffolds with or without BMP-2 [ref]. We concluded that 

capillary forces drew BMP-2 into micropores and that the presence of the BMP-2 in those 

micropores may have been a strong enough driving force for cells to migrate, proliferate, 

differentiate, and form bone in the micropores. This does support our hypothesis that the 

capillary-force induced cell localization contributes to enhanced bone regeneration.

4.4 Capillary forces as a potential self-loading mechanism for protein and drug delivery

The entrance of cells into the microporous network demonstrates that proteins, which are 

substantially smaller than cells, or other carriers will enter as well. We postulate that 

capillary forces generated by the microporosity can be used as a self-loading mechanism for 

drug delivery, with or without a carrier. Our experiments showed that non-deformable beads 

with diameters smaller than the average pore traveled the furthest in through the 

microstructure, approximately 2mm (Figure 4e). The molecules inside or coating the carrier 
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could diffuse out over time without a significant bolus effect and have a chemotactic effect 

on cells within the scaffold macropores. Coupled with the evidence showing that the 

microstructure localizes cells to the surface, this creates an effective system where cells are 

drawn to the surface and drugs are released over time to, for example, promote 

differentiation or migration.

5 Conclusion

Taken together, the results presented show that capillary forces can play a central role in 

seeding microporous substrates. We suggest this as a novel, yet simple, mechanism that 

could potentially account for the presence of cells and bone in micropores in CaP-based 

bone scaffolds [15,16]. This work clearly demonstrates that capillary forces can play an 

active role in cell localization to the surface of a microporous CaP substrate (Figure 3). We 

also definitively show, both in vitro and in vivo, that these forces are capable of deforming 

the cells and drawing them into the microporous network (Figures 3, 4 and 5). We 

hypothesize that these two processes, cell localization to the surface of the material deep 

within the scaffold macropores as well as cell sequestration or entrapment in micropores, 

may be responsible for the results in the literature and from our lab showing enhanced bone 

regeneration in the presence of scaffolds containing both macro and microporosity 

[5,9,11,14–16,19]. In our work this enhancement was equal to or better than BMP-2 by 

some measures. We further hypothesize that the cell localization and penetration could result 

in the multiscale osteointegration that we reported previously [15,16]. We emphasize that 

this study does not prove this hypothesis, further work is necessary, nor does it consider 

other relevant factors such as proteins and cell adhesion [38].

This study marks the first identification of a governing principle potentially underlying 

observations of the efficacy of micropores, and predictions match observations well. Results 

from the simulations and experiments will allow scaffolds to be designed with appropriate 

microstructures to self-load with cells and proteins, potentially enhancing healing and 

improving scaffold/tissue integration. Microstructure could be tailored to select or draw in 

specific cells to a certain depth, or for controlled drug release: given that different types of 

cells penetrate different distances into the 2D substrates (cf. Figure 4), the possibility of 

microstructural features could be optimized for particular cell types. Results from this study 

have important implications in bone scaffold design and the potential for healing of large 

bone defects.
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Figure 1. Characteristics of CaP scaffolds of interest.
(a) Optical image of a representative CaP scaffold lattice with orthogonal rods and a 

schematic of the lattice including dimensions. The rods in a given scaffold have a 

microstructure that is either non-microporous, NMP, (b) or microporous, MP (c). Scale bar 

is 20μm. (d) Optical histology image showing cells in a microporous scaffold rod [15]. The 

image was adapted from previous work and used with permission. The sample was stained 

with Sanderson’s rapid bone stain and counter-stained with acid fuschin. Pink/red is 

mineralized tissue (arrow), dark blue spots are cell nuclei (arrowheads), and the dotted line 

demarcates the scaffold edge. Scale bar is 50μm.
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Figure 2. Capillary forces in a microporous, cylindrical rod are determined using a simulated 
microporous network.
(a) Schematic of capillary forces in a single capillary tube with radius r, surface tension σ, 

and contact angle α. The perimeter of the capillary is highlighted. (b) A representative 

volume of the simulated microstructure. Each colored sphere represents a micropore in the 

cylindrical rod. Units are in micrometers. Cross-sections (c) were taken at one-micrometer 

increments through the volume 10μm high for a range of cross-sectional areas, A. The top 

image in (c) highlights the wetted perimeter in blue and the bottom of (c) highlights the void 

area. (d) A schematic representation of the relationship between wetted perimeter, Pw, and 

void area, Av, with slope C.
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Figure 3. Capillary forces localize cells.
Column (a) shows the density of D1 cells on MP substrates for dry (top) and PBS-

submerged (bottom) substrates. Column (b) shows the cell density on NMP substrates for 

the same cases as in (a). All images are shown at 20x. (c) Schematic of capillary force 

hypothesis. Dry MP substrates will actively draw in cells and proteins in solution. MP 

substrates with fluid-filled pores must rely on cell migration and diffusion for cells and 

proteins to localize. (d) Dry MP substrates have a greater cell density than any of the four 

substrates (p<2.5E-5). The cell density of the dry MP substrate is eleven times that of wet 

MP substrate, and five times that of dry NMP substrate. There is no difference between 

NMP dry, NMP wet, and MP wet substrates (p>0.05). (e) Dry, composite substrate 

demonstrating cell localization. The upper hemi-circle is made of NMP CaP while the lower 

hemi-circle is made of MP CaP. Scale bar = 500μm. (f-i) scanning electron microscopy 

(SEM) images of MP and NMP substrate surfaces with D1 cells. Cells were stained with 

Cell-Tracker Green (CellTracker™ Green CMFDA) for fluorescent imaging.
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Figure 4. Capillary force experiments show cell-type penetration depth and bead penetration.
(a) Schematic representation of the experimental procedure. The substrate (dark grey) was 

brought into contact with the solution containing either cells or hard beads on the edge of the 

slide. This resulted in bead/cell motion due only to capillary forces. (b), (c), and (d) are 

representative images of E1, MSC, and D1 cell penetration, respectively. (e) Fluorescent 

image of the substrate after contact with the bead solution. The edge of the substrate that 

contacted the coverslip is at the bottom of the image. The dark region directly above the 

region containing the fluorescent beads is the remainder of the substrate through which the 

beads did not penetrate. (f) Average measured distance traveled by each cell type. The E1 

cells penetrate significantly further than the MSCs and D1s (p<5E-5). E1s (g) and D1s (h) in 

solution imaged using bright field microscopy. E1s have a radius of 6.9 ± 0.65μm and the 

D1s have a radius of 7.5 ± 1.20μm.
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Figure 5. Histologic images of MP scaffolds implanted in porcine mandibular defect for 30 
minutes.
(a) and (b) are MP scaffolds implanted dry. (c) and (d) are MP scaffolds implanted after 

submerging in saline, which filled micropores with solution. All images are stained with 

Sanderson’s rapid bone stain. Dark blue = cell nuclei.
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Figure 6. Edge effects in capillary forces.
(a) and (b) are histologic images of 30 minute implanted dry MP scaffolds. The stain is 

Sanderson’s rapid bone stain which colors cell nulcei dark blue. Note the end-milled areas 

such as the lower portions of the rods in (a) and the side portion of the rod in (b) lack cells. 

Scale bars = 100μm. (c) is an SEM image of the end-milled face of an MP scaffold. Note the 

debris in the micropores. Scale bar = 5μm.
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Table 1.
Critical pressure for a cell to enter a single capillary and cell penetration distances in 
microporous substrates.

Critical pressures required for different cell types to enter a pore with a radius of 2.5μm. Neutrophils require 

the least pressure, while chondrocytes require the most. Penetration distance determined experimentally for 

three cell types used in this study is given. E1s penetrate the greatest distance and the difference was 

statistically significant (p<0.001). Data obtained from the literature are indicated by the adjacent reference. 

Other values were not available (N/A) or were measured experimentally.

Cell γten (kg/s2) Rc (μm) Pcrit (Pa) Distance (μm)

Neutrophil 0.000024 [29] 4.2 [31] 7.77 N/A

Osteoblast 0.00052* 7.5 [34] 277 N/A

MSC 0.00052 [35] 11.5 [33,35] 326 116

Chondrocyte 0.0022 [30] 7.0 [32] 1131 N/A

D1 N/A 7.5 N/A 89.6

E1 0.00052** 6.9 265 165

*
The cortical tension for MSCs was used for osteoblasts, however the osteoblast cortical tension is less than the MSC cortical tension due to the 

osteoblast’s similar elastic modulus [37] but smaller radii [30,33,34]

**
The cortical tension for osteoblasts was used for the E1 cells.
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