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Abstract

Few systematic structure–property-processing correlations for directionally freeze-cast biopolymer 

scaffolds are reported. Such correlations are critical to enable scaffold design with attractive 

structural and mechanical cues in vivo. This study focuses on freeze-cast collagen scaffolds with 

three different applied cooling rates (10, 1, and 0.1°C/min) and two freezing directions 

(longitudinal and radial). A semi-automated approach for structural characterization of fully 

hydrated scaffolds by confocal microscopy is developed to facilitate an objective quantification 

and comparison of structural features. Additionally, scanning electron microscopy, and 

compression testing are performed longitudinally and transversely. Structural and mechanical 

properties are determined on dry and fully hydrated scaffolds. Longitudinally-frozen scaffold have 

aligned and regular pores while those in radially-frozen ones exhibit greater variations in pore 

geometry and alignment. Lamellar spacing, pore area, and cell wall thickness increase with 

decreasing cooling rate: in longitudinally-frozen scaffolds from 25 μm to 83.5 μm, 814 μm2 to 

8,452 μm2, and 4.21 μm to 10.4 μm, and in radially-frozen ones, from 69 μm to 116 μm, 7,679 

μm2 to 25,670 μm2, and 6.18 μm to 13.6 μm, respectively. Both longitudinally- and radially-frozen 

scaffolds possess higher mechanical property values, when loaded parallel rather than 

perpendicular to the ice-crystal growth direction. Modulus and yield strength range from 779–

4,700 kPa and 38–137 kPa, respectively, as a function of cooling rate and freezing direction. 

Collated, the correlations obtained in this study enable the custom-design of freeze-cast collagen 

scaffolds, which are ideally suited for a large variety of tissue regeneration applications.
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1. Introduction

Little reported, but of particular importance for a biomaterial scaffold’s successful 

integration into the host tissue, are its structure and mechanical performance in both the dry 

and fully hydrated states (Ashworth et al., 2014). Scaffolds are hydrated, when surgically 

handled, during implantation (Anderson et al., 2008; Rahmanian-Schwarz et al., 2014) and 

in situ, so that a knowledge of the scaffold properties in the fully hydrated state are of 

particular importance. In this study, we focus on confocal microscopy (CM) as a means of 

biopolymer scaffold characterization in the fully hydrated state to illustrate a new CM-based 

method for the semi-automated rigorous quantification of pore architecture and morphology. 

Highlighted is, how the new technique complements strengths of scanning electron 

microscopy (SEM) such as a high resolution and depth of field (Deville, 2017; Ratner et al., 

2004) and how it helps overcome its weaknesses such as the typical limitation to the imaging 

of dry samples (Bozkurt et al., 2007; Divakar et al., 2018, 2017; Francis et al., 2017, 2013; 

Lien et al., 2009; Loh and Choong, 2013; Re et al., 2015; Scotti and Dunand, 2018; Yin et 

al., 2018a).

We apply CM to determine structure-property-processing correlations in fully hydrated 

freeze-cast Type I bovine Achilles tendon collagen scaffolds. Freeze casting is a 

manufacturing technique, with which highly porous scaffolds can be manufactured from 

biopolymers whose hierarchical architecture can be controlled at multiple length scales to 

produce nano-, micro-, and macro-features that are known to play key roles in the successful 

biomaterial-tissue integration in a given clinical application (Bozkurt et al., 2012; Deville, 

2017; Gibson et al., 2010; Riblett et al., 2012; Schoof et al., 2001; Scotti and Dunand, 2018; 

von Heimburg et al., 2001; Wegst et al., 2015, 2010). Collagen is an attractive biomaterial 

for tissue regeneration (Bozkurt et al., 2012, 2007; Chattopadhyay and Raines, 2014; 

Divakar et al., 2018, 2017; Lister, 1881; Macewen, 1881; Mohan et al., n.d.; Schoof et al., 

2001). Its structural (e.g. degree of fibrillation), mechanical (e.g. stiffness, strength) and 

functional (e.g. cell adhesion) properties are known to be affected and determined by 

structural self-assembly processes that occur during processing (Bozkurt et al., 2007; 

Davidenko et al., 2012; Kuberka et al., 2002; O’Brien et al., 2005; Schoof et al., 2001, 2000; 

von Heimburg et al., 2001).

The collagen scaffolds were freeze cast with applied cooling rates of 10 °C/min, 1 °C/min, 

and 0.1 °C/min in PTFE molds (with a copper bottom) and aluminum molds (with a PTFE 

bottom) that result in a preferentially longitudinal or radial freezing direction, respectively. 

Performance-relevant structural parameters, such as overall porosity, pore morphology (e.g. 

pore area, long and short pore axes, pore aspect ratio), and the cell wall thickness were 

determined on the fully hydrated samples using a newly developed, semi-automated 

quantitative method based on Imaris (8.4.1) software (Bitplane, Belfast, UK). The 

mechanical properties (e.g. stiffness, strength, toughness) of the dry and fully hydrated 

samples were determined on cylindrical samples in compression both parallel and 

perpendicular to the cylinderical axis. Quantitative structure-property-processing 

correlations were established.
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The new CM-based approach was found to offer a reliable and reproducible means for the 

characterization of scaffolds with a complex hierarchical pore architecture and offers a 

faster, more objective alternative to manual techniques for structural characterization, which 

are typically limited to a smaller number of pores than that achievable by a semi-automated 

approach (Re et al., 2015). The newly obtained results and structure-property-processing 

correlations allow to further streamline the process of rapid custom-design and manufacture 

of new tissue scaffolds; in doing so, structural and mechanical properties can be custom-

designed to invoke the desired in vivo host response (Brown and Badylak, 2013; Madden et 

al., 2010; Ratner et al., 2004; van Tienen et al., 2002).

2. Materials and Methods

2.1 Slurry Preparation

For freeze casting, a 2% (w/v) collagen slurry was prepared by adding 2 g of Type I fibrous 

bovine tendon collagen powder (Advanced Biomatrix Inc., San Diego, CA) to 0.05 M acetic 

acid, raising to a total volume of 100 mL, refrigerating the mixture for at least 12 hours, and 

homogenizing (Fisher Scientific™ Homogenizer 152; Fisher Scientific International, Inc., 

Hampton, NH) thoroughly (at ~ ¾ maximum rpm) for 1.5 hours in an ice bath. Prior to 

freeze casting, slurries (≥ 10 mL) were shear mixed for 3 minutes at 2200 rpm (Speed 

Mixer™, DAC 150FVZ-K, FlackTek, Landrum, SC).

2.2 Freeze casting

To freeze cast the scaffolds, the collagen slurry was injected with a syringe and needle (161/2 

gauge) into the 4 mm diameter cylindrical bores of either PTFE molds (25.4 mm diameter; 

30 mm length total length; mold bottom: copper) for longitudinal freezing or aluminum 

molds (25.4 mm diameter; 45 mm total length; mold bottom: PTFE) for radial freezing 

(Figure 1). The slurries were frozen on the copper coldfingers of a standard freeze-casting 

system(Wegst et al., 2010), at applied cooling rates of 10°C/min, 1°C/min, or 0.1°C/min. 

Once the samples were fully solidified, the molds were equilibrated to −20 °C in a freezer 

(HF-5017W-PA, VWR, Radnor, PA) prior to sample punch-out with an Arbor press for 

lyophilization at 0.008 mBar (−85 °C cooling coil temperature) for at least 24 hours in a 

Freezone 6 Plus system (Labconco, Kansas City, MO).

2.3 Scaffold Crosslinking

For cross-linking, the freeze-cast and lyophilized collagen-based scaffolds were immersed in 

a solution of 33 mM 1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) and 6 mM N-

hydroxysuccinimide (NHS) (both Sigma-Aldrich, St. Louis, MO) with 200 proof ethanol as 

the solvent, and stirred for 6 hours at room temperature (Pieper et al., 1999). To remove any 

residual crosslinking agents, the scaffolds were immersed in fresh batches of distilled water 

and gently stirred in three wash cycles (1 hr, 12 hrs, and 1 hr). Before each wash cycle, 

samples were gently palpated to aid the removal of absorbed solution. Finally, the samples 

were immersed and fully hydrated in distilled water before flash freezing in liquid nitrogen, 

and lyophilization at 0.008 mBar (−85 °C cooling coil temperature) for at least 24 hours 

(Freezone 6 Plus, Labconco, Kansas City, MO).
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2.4 Scaffold Density and Porosity

Overall scaffold porosity P0 for the cylindrical scaffolds (Eq.1) was determined from the 

density of the freeze-cast scaffold, ρ0, and the theoretical density of the collagen of which 

the scaffold is composed, ρS = 1.30 mg/mm3 (Wiederhorn and Reardon, 1952).

P0 = 1 −
ρ0
ρS

(Eq. 1)

where the scaffold density, ρ0, was calculated for each cylindrical sample as scaffold mass 

per scaffold volume, with the volume calculated from scaffold diameter and length 

measurements made using an optical microscope (Leica Optical Microscope M205C, Leica 

Camera AG, Wetzlar, Germany). A sample size of n = 10 was used for overall scaffold 

porosity and density calculations.

For comparison, the overall image-based scaffold porosity, PI, was determined based on the 

analysis of high magnification confocal images and measurements of the cell wall area, AS, 

and the pore area, AP, using the Imaris (8.4.1) image analysis software (Bitplane, Belfast, 

UK):

PI = 1 −
AS

AS + AP
(Eq. 2)

Standard deviation (S.D.), standard error (S.E.), confidence interval (C.I.) calculations and 

graphing were performed using Origin 9.1 (OriginLab Corporation, Northampton, MA). For 

porosity calculations based on image analysis in the fully hydrated (confocal microscopy) 

state, individual pores were analyzed.

2.5 Confocal and Scanning Electron Microscopy

For confocal microscopy (CM), scaffolds were analyzed in both the lower (7 mm from mold 

bottom) and upper regions (22 mm from mold bottom) of the scaffold, in which the local 

cooling rates are expected to be different.

Samples from the upper region were biopsy punched (2 mm) in the frozen state from the 4 

mm diameter cylindrical samples before lyophilization and analysis. These central 2 mm 

diameter regions of the scaffolds parallel in size and shape the cylindrical samples prepared 

and used for in vivo studies (Divakar et al., 2018, 2017). Transverse and longitudinal 

scaffold sections (Figure 1) were prepared using a razor blade (Astra Superior Platinum) and 

custom-designed 3D printed miter boxes. For imaging, the cylinders were stained in 0.05 

mg/mL fluorescein/PBS solution for 24 hrs on an orbital shaker (VWR International 

Company, Radnor, PA). Immediately before imaging, samples were first gently palpated (at 

least 3 times) to remove residual fluorescein solution, then washed in fresh PBS. Both 

transverse and longitudinal cross-sections of the samples were imaged with a Nikon A1R 

Confocal Microscope (Nikon Corporation, Tokyo, Japan) at a 488 nm excitation wavelength 
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and 525/50 nm emission filter; samples were placed on a #1.5 coverslip (0.16–0.19 mm); no 

Z-stacking was used. SEM micrographs were obtained with a FEI Scios2 FEG SEM (FEI 

Company, Hillsboro, OR) after gold sputter coating.

The Imaris (8.4.1) imaging software (Bitplane, Belfast, UK) was used to analyze the 

transverse confocal micrographs. For longitudinally-frozen scaffolds, analysis was 

performed on high-magnification micrographs obtained for each sample type; for radially-

frozen scaffolds, analysis was performed on micrographs of the entire cross-section obtained 

for each sample type. Different imaging depths were chosen to accommodate the structural 

differences between the two freezing directions.

The analysis was performed using the Imaris (8.4.1) “Cell module” (Figure 2) using 

following criteria: i) “cell-only detection,” since the scaffolds’ “cell-like” pores are empty 

and do not contain nuclei; ii) “cell boundary” detection, because the demarcation of the cell 

walls is of interest; iii) an estimate of 10–25 μm as the minimum length-wise pore size for 

each image; iv) default “cell intensity,” and adjusted “quality threshold” until most pores 

were correctly segmented; v) pores that extended beyond the image (partial pores) were 

filtered out with a built-in function; vi) upon visual inspection, if a pore was segmented 

incorrectly, it was fused or deleted to create a more accurate collection of demarcated pores 

for every image; vii) the number of pixels for each pore (converted to units of length based 

on pixel dimensions) as well as object-oriented (Figure 2) long and short axes were 

calculated with built-in software functions; the pore aspect ratio was calculated as the long 

axis divided by the short axis.

To determine the pore area without the cell wall, the “Surfaces” module was used to create a 

mask based on absolute intensity, which was then subtracted from the original demarcated 

image (Figure 2). To calculate image-based porosity, PI, the area of the mask was considered 

the AS and the area of the total image was considered the sum of AS and AP to apply Eq. 2. 

Cell wall thickness was approximated using the “Filaments” module to analyze a mask of a 

representative confocal micrograph. Pore size analysis was performed on three 

representative confocal images for each scaffold type; the number of pores analyzed for each 

of the sample types was as follows (Table 1):

2.6 Compression Testing

Compression tests were performed parallel and perpendicular to the cylinder axis on both 

dry and fully hydrated samples of 5 mm length and 4 mm diameter. Dry samples were tested 

at ambient conditions (22–24 °C and r.h. 52–55%) on an Instron 5498 (Instron, Norwood, 

MA) with a 50 N load cell; fully hydrated samples were soaked for 24 hours in PBS before 

testing in longitudinal compression with a 5 N load cell and a cross-head speed of 0.05 mm.s
−1 thus at a strain rate of 0.01/s. Compression tests were chosen, because scaffolds, such as 

those described here, tend to be used in applications in which they are loaded in 

compression and bending, rather than in tension, and because they typically fail in 

compression, also when loaded in bending (Figure 3). For samples tested parallel to the 

cylinder axis, the modulus (the slope of initial linear region), yield strength (yield point, if 

present, otherwise the intersection of the initial linear slope and the slope of the initially 

linear plateau region), and toughness (work to 60% strain) were determined from the stress-
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strain curves as indicated in Figure 3. Dry longitudinal compression testing (n = 3–5) was 

performed for the six scaffold types. In contrast to the longitudinal tests, radial testing 

involved a constantly varying cross-sectional area and complex stress- and strain 

distributions within the samples; thus, tests were performed only for direct comparison; no 

mechanical properties were determined. As expected, fully hydrated samples had 

significantly lower properties than their dry counterparts.

3. Results

3.1 Scaffold Structure by Confocal and Scanning Electron Microscopy

The structural characterization of the fully hydrated Type I collagen scaffolds revealed 

significant differences in pore size and morphology (Figures 4–7) for the three applied 

cooling rates (10 °C/min, 1 °C/min, and 0.1 °C/min), the two mold types and configurations 

(PTFE versus aluminum) that result in a predominantly longitudinal or radial thermal 

gradient and freezing direction, respectively, and the upper and lower scaffold regions. The 

dry scaffold porosity for the different scaffolds types remained relatively similar, while there 

was a slight decrease in density from the lower to upper scaffold regions (Table 2).

3.1.1 Longitudinally-frozen Scaffolds—In the case of the longitudinally-frozen 

scaffolds, the porosity was highly aligned parallel to the freezing direction (Figures 4–7). 

High-resolution SEM micrographs of collagen scaffolds longitudinally frozen at 1 °C/min 

reveal a preferential alignment of collagen fibrils within the scaffold microstructure; in 

particular, aligned collagen fibers follow the curvature of fibrillar bridges and collagen fibers 

observed in the scaffold lamellae appear parallel to the freezing direction (Figure 8).

Both pore area and the cell wall thickness increased considerably—from 813 to 5372 μm2 

(Table 1) and from 4.21 to 9.99 μm (Table 3), respectively—with a decreasing applied 

cooling rate (Figure 9); also moving from the lower region (close to the mold bottom) 

upwards, the pore area and the cell wall thickness increased with values ranging from 1809 

to 8452 μm2 (Table 4) and 4.82 to 10.4 μm (Table 3), respectively. The cell walls were 

connected by numerous fibrillar bridges; the largest number of bridges per area were 

observed in the scaffolds longitudinally frozen at 10 °C/min (Figure 6A and Figure 7A).

3.1.1 Radially-frozen Scaffolds—The same fundamental correlation of an increasing 

pore size and wall thickness with both decreasing applied cooling rate and increasing height 

from the mold bottom was observed in the radially-frozen scaffolds (Figures 4–7). However, 

the radial alignment and morphology of the pores was found to be less regular among 

different applied cooling rates; the most regular and continuous pore alignment was found in 

the scaffolds frozen at 1 °C/min (Figures 4E & 5E). Micrographs of longitudinal cross-

sections of the radially frozen samples revealed that the porosity is not strictly radially 

aligned, but that the long pore axis forms an inclined angle with the mold surface (Figures 

6E and 7E). A comparatively less homogenous pore morphology was observed in the case of 

applied cooling rates of 10 °C/min and 0.1 °C/min (Figures 4E, 4F, 5E, & 5F).

The pore area and pore aspect ratio distributions for all longitudinal and radial scaffold types 

are log-normal and thus skewed towards lower values (Figure 10). Because a decreasing 

Divakar et al. Page 6

J Mech Behav Biomed Mater. Author manuscript; available in PMC 2020 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



cooling rate results in larger ice crystals and the polymer concentration remains almost 

constant, the same amount of solid needs to be accommodated in a considerably reduced 

overall cell wall length. Therefore, not only the pore area, and long and short pore axes but 

also the cell wall thickness increases along the freezing direction in the case of the 

longitudinally-frozen scaffolds. However, the pore aspect ratios remain almost constant. In 

the case of radially-frozen scaffolds, the pore area distribution is more varied, but the pore 

aspect ratio is generally higher than that in the longitudinally-frozen scaffolds (Figures 9 & 

10).

3.2 Mechanical Properties in Compression

The mechanical tests performed in compression on the dry and fully hydrated Type I 

collagen scaffolds resulted in stress-strain curves (Figure 11) that are typical for cellular 

solids in general (Gibson et al., 2010; Gibson and Ashby, 1999), and directionally freeze-

cast scaffolds in particular (Donius et al., 2014a; Hunger et al., 2013a; Meghri et al., 2010). 

Longitudinally-frozen samples and one radially-frozen type (0.1 °C/min) exhibited a distinct 

yield point, while the other samples did not (Figure 11). The significant differences in 

modulus, strength, and toughness observed for the samples freeze-cast at the three applied 

cooling rates (10 °C/min, 1 °C/min, and 0.1 °C/min), using two mold types and 

configurations (PTFE versus aluminum), reflect the scaffold anisotropies, the predominantly 

longitudinal or radial alignment of the fibrillary components that form the cell walls, the 

observed variations in cell wall thickness and pore size, and the cell wall material structure 

and properties that result from the specific processing conditions and resulting self-assembly 

phenomena.

In the case of longitudinally-frozen scaffolds, we found the modulus to decrease with a 

decreased applied cooling rate (from 4,700 kPa to 2,050 kPa); the opposite, if less 

pronounced, trend was observed (Figure 12) in the case of the yield strength (from 82.5 kPa 

to 93.3 kPa). In contrast, radially-frozen scaffolds showed an increasing modulus (from 779 

kPa to 2,780 kPa) and strength (from 38.8 kPa to 137 kPa) with decreasing applied cooling 

rate (Figure 12). Longitudinally-frozen scaffolds loaded parallel to the cylinder axis were 

found to possess a two- to three-fold higher modulus (Figure 11) than radially-frozen 

scaffolds loaded in the same direction; radially-frozen samples loaded in the radial direction 

of the cylinder had higher properties than longitudinally-frozen samples loaded in this 

direction (Figure 11). Mechanical properties based on an evaluation of the load displacement 

curves are at least one magnitude lower in the fully hydrated state (Figure 11).

4. Discussion

Few systematic studies reporting structure-property-processing correlations for directionally 

ice-templated collagen scaffolds such as effects of applied cooling rate on scaffold pore size, 

cell wall thickness and to mechanical properties, have been reported, to date (Clearfield and 

Wei, 2016; Kuberka et al., 2002; Schoof et al., 2001, 2000). In addition, most of the work on 

directional freeze casting focuses on generating longitudinal anisotropy (Scotti and Dunand, 

2018; Wegst et al., 2015, 2010). Radial anisotropy (Bai et al., 2015; Li and Dunand, 2011; 

Macchetta et al., 2009; Tang et al., 2014; Yin et al., 2018b, 2018a) has been a less 
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emphasized area of investigation. In this study, strong correlations were observed between 

structure, mechanical properties, and processing conditions for anisotropic collagen 

scaffolds made with three applied cooling rates 0.1 °C/min, 1 °C/min, and 10 °C/min.

4.1 Scaffold Structure by Confocal Microscopy (CM)

In the light of the fact that biomedical materials are typically used in fully hydrated 

environments, it is critical to characterize their structure and mechanical performance under 

comparable conditions. Cell wall swelling and the resulting reduction in open and cell-

accessible porosity cannot usually be predicted from SEM micrographs, since these are 

typically obtained when the scaffold is dry. Required is the imaging of the fully hydrated 

biomaterial by CM. A comparison of the pore morphologies of the collagen scaffolds in 

their dry (Figures 5 & 7) and their fully hydrated (Figures 4 & 6) states highlight the 

structural changes that occur after hydration. We conclude that ideally both imaging 

techniques should be combined for a fair and best-informed assessment of both structure-

property-processing correlations and the scaffold’s promise for a given application.

Advantages of SEM over CM imaging are a considerably higher depth of field, 

magnification, and resolution that can be obtained. With the SEM, it is possible to 

investigate important structural features such as nano- and microtopographies of the cell 

walls that result from self-assembly processes during freeze casting (Figure 8). However, 

high resolution, precise, and quantitative image analysis such as that of the pore 

morphology, for example, is particularly challenging in thin-walled structures, because of 

their slight deformation during sample preparation, which in combination with the high 

depth of field, leads to artefacts, such as an overestimation of cell wall thickness, when the 

images are binarized for further analysis.

Advantages of CM over SEM imaging are that it enables the 2D imaging and quantitative 

structure analysis of scaffold cross-sections in the application-relevant fully hydrated state, 

when the cell walls are swollen. The results of the structural analysis demonstrate that low 

depth-of-field CM is a powerful technique for the rigorous quantitative imaging of fully 

hydrated collagen scaffolds and other biopolymer porous materials, which are either 

transparent or fluorescent. Using CM micrographs and the Imaris (8.4.1) software (Bitplane, 

Belfast, UK), the scaffold’s overall porosity and the pore morphology, defined by the long 

and short pore axes, pore aspect ratio, and cross-sectional pore area (with and without cell 

wall area), and cell wall thickness were quantified in a semiautomatic process. Advantages 

of this semi-automated over a manual approach are that individual pores can be analyzed 

more objectively and in larger numbers.

What is not possible with CM, despite the availability of z-stacking of a series of images and 

a penetration depth that can reach 100–200 μm, is a robust analysis of the 3D architecture of 

the collagen scaffolds to determine pore interconnectivity, for example. For such an analysis 

the pore sizes are too large and a truly tomographic 3D imaging method would be required. 

A tomographic data set would also offer virtual sectioning in any desired image plane, 

whereas CM relies on careful sample preparation to ensure imaging in a preferred 

orientation or direction. Where CM and tomographic imaging methods are comparable are 

pixel resolutions of about 1–5 μm obtainable with typical desktop systems and camera sizes.
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Structurally, for all scaffold types, the long and short pore axes, the cross-sectional pore 

area, and the cell wall thickness, were found to increase with a decrease in the applied 

cooling rate; pore size and cell wall thickness also increased from the lower to upper 

scaffold regions, reflecting the decrease in local cooling rate in a given sample due to 

thermal losses. These trends are consistent with correlations between structure and 

processing in longitudinally freeze-cast materials in general (Hunger et al., 2013a; Scotti and 

Dunand, 2018; Wegst et al., 2015, 2010) and collagen, in particular (Kuberka et al., 2002; 

Schoof et al., 2001). Longitudinal freezing resulted in highly reproducible, regular 

honeycomb-like pore morphologies for all tested applied cooling rates. Radial freezing, 

while still highly reproducible in overall pore size distribution, yielded a more complex pore 

architecture and less regular pore alignment both along and across the cylinder axis. Both 

the longitudinally- and the radially-frozen samples exhibited a log-normal pore size 

distribution, which is expected for porous materials (Re et al., 2015; Scaffaro et al., 2012). 

The observed pore sixes (short pore axes) of 25 – 53 μm agree well with the values of 20 – 

60 μm reported in the literature for collagen scaffolds made with an applied cooling rate of 1 

– 10 °C/min (Bozkurt et al., 2012, 2007; Kuberka et al., 2002; Schoof et al., 2001, 2000; von 

Heimburg et al., 2001). We further show, that the pore size achieved with an applied cooling 

rate of 10 °C/min can be doubled to 83.5 ± 39.2 μm with a tenfold lower cooling rate of 

0.1 °C/min.

Systematic trends and correlations become useful, when they allow predictions of 

performance and thus, the custom-design of new materials and structures. Traditionally, in 

the freeze-casting community, structural features, such as the lamellar spacing, λ (which in 

our case is equivalent to the short pore axis), are correlated with the freezing front velocity, 

v, during processing, where k1 and n1 are material and mold-specific quantities.

λ = k1v
−n1 (Eq. 3)

Since the accurate measurement of the freezing front velocity for a given mold design and 

freezing setup is an elaborate undertaking that either requires specialized molds or cryo-X-

ray tomography(Hunger et al., 2013b; Waschkies et al., 2011), it is more practical and useful 

to obtain correlations between structural features and the applied cooling rate. This is what 

we propose and report, here, for the case of longitudinal solidification, which results in a 

particularly reproducible and regular pore architecture.

In analogy to the expression of Eq. 3, we find as the correlation between the short axis of the 

pore, Saxis, and the applied cooling rate, Ċ:

Saxis = k2Ċ
−n2 (Eq. 4)
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where Ċ is the applied cooling rate [°C/min], Saxis is the short axis of the pore [μm], and k2 

and n2 are material and mold-specific quantities that describe the correlation for a given 

applied cooling rate and position along the length of the mold.

Similarly, we can describe the correlation between pore area, A, and the applied cooling 

rate, Ċ:

A = k3Ċ
−n3 (Eq. 5)

where A is the pore area (μm2), Ċ is the applied cooling rate [°C/min], and k3 and n3 are 

material and mold-specific quantities that describe the correlation for a given applied 

cooling rate and position along the length of the mold. We find strong correlations (Table 4) 

using the models described above (Figure 13), with constants that are consistent with 

literature values (Kuberka et al., 2002; Kurz and Fisher, 1981; van der Sman et al., 2013).

A new observation is that the number of the fibrillar bridges between the cell walls, which 

are characteristic for fibrillary scaffolds such as those composed of collagen, decreases 

noticeably with decreasing applied cooling rate. Collagen fiber bridges form, when collagen 

fibrils are first aligned due to the shear flow that results from the volumetric expansion of the 

ice dendrites, then held in the increasingly viscous collagen slurry that self-assembles into 

the cell wall material. When the solidification has progressed so far that no further fiber flow 

is possible, and the fibers are bundled and firmly held in the solid, they are overgrown and 

integrated into the ice phase.

The lower the applied cooling rate, the longer the continuously upconcentrating collagen 

slurry remains viscous, thus the more time the fibrils have to disentangle, flow, and 

rearrange with a slight preference of a fibril alignment parallel to the freezing direction 

(Figure 8). Similarly, a lower applied cooling rate leaves more time for water-polymer 

interdiffusion, fibrillar and structural self-assembly, and a more effective removal of water 

from the paper-like collagen fiber mat that forms the cell walls of the scaffold. Preferential 

fiber alignment, fiber bridging, and differences in moisture content in the cell wall materials 

contribute to the observed differences in scaffold structure, on the one hand, and mechanical 

properties and the resulting overall mechanical performance of the scaffolds, on the other. 

All these features contribute, along with the difference in pore structure and alignment, to 

the considerable differences in structural regularity, features, and mechanical performance of 

longitudinally- and radially-frozen scaffolds.

4.2 Mechanical Properties in Compression

Correlating freezing conditions with structural features, we find that both the pore area and 

the cell wall thickness increase with a decreasing applied cooling rate and that consistently, 

the modulus is higher in the upper scaffold region, where the pore area and as a result also 

the cell wall thickness are larger due to a decreased local cooling rate. The situation is more 

complex for correlations of structure, properties, and processing conditions for the different 

applied cooling rates, and the longitudinally- and radially-frozen samples, respectively.
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4.2.1 Mechanical Properties of Longitudinally-Frozen Scaffolds—Correlating 

mechanical properties with structural features (Table 5) in longitudinally frozen samples 

(Figure 13), we find that the modulus decreases while the yield strength increases slightly 

with increasing pore size and cell wall thickness, when loading the samples parallel to their 

cylinder axis, thus parallel to the freezing direction and pore alignment.

The explanation for these structure-property correlations are differences in overall structural 

features and the mechanical properties of the cell wall material, which result from 

differences in fibrillar self-assembly and preferential fiber alignment, as described above. 

The mechanical testing results suggest that the higher number of fibrillar bridges combined 

with a larger number of domains found in samples with thinner cell walls result in a 

significant stiffening effect. This trend is more pronounced in the case of the upper scaffold 

region in longitudinally frozen samples, because structurally it is more regular than the 

lower region. These findings suggest a correlation between cell wall thickness, t (μm), and 

scaffold mechanical properties (Eqs. 6 and 7), such as modulus, E (kPa), and yield strength, 

σ (kPa), which can be determined from the experimental results as:

E = − mEt + bE (Eq. 6)

and

σ = mσt + bσ (Eq. 7)

where mE and bE and mσ and bσ, respectively, are quantities that are material and mold-

specific that describe the correlation for a given applied cooling rate, Ċ, and position along 

the length of the mold.

Thus, the applied cooling rate not only affects pore morphology, but also cell wall material 

properties: the slower the applied cooling rate, the more effective molecular and fibrillar 

packing and drying of the self-assembled structure (Donius et al., 2014a; Tong et al., 1984). 

Additionally, in the case of fibrillar materials like the collagen of this study, we observe with 

a decreasing applied cooling rate, a decreasing number of fibrillar bridges that connect the 

cell walls. Features like these fibrillar bridges have been observed to enhance structural and 

mechanical performance in freeze-cast and porous materials (Davidenko et al., 2016; Donius 

et al., 2014a, 2014b; Francis et al., 2017, 2013; Riblett et al., 2012).

In the light of the above, the overall lower values for the modulus can be explained by the 

lower degree of pore alignment and smaller pore sizes and cell wall thicknesses, which we 

observed in the lower region of higher density near the sample bottom plate compared to the 

upper region of slightly (~10%) lower density for all scaffold types (Table 2). This result is a 

little counterintuitive, since fundamentally, the modulus of cellular solids is expected to 

increase with increasing density (Gibson et al., 2010; Gibson and Ashby, 1999). That this is 

not the case, suggests that architectural structural features resulting from fibrillation and 
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fiber self-assembly in the cell wall material play an important and, in this case, dominant 

role.

Yield strength values slightly increase with decreasing freezing rate; the values remain 

almost constant along the length of the sample, despite a decrease in density from the 

bottom to the top (Figure 12). Thus, the correlations between strength and cell wall 

thickness are not as clear as for the modulus. As before, this is partly attributed to the 

compensation of the lower scaffold density by architectural features, such as thicker cell 

walls, in the case of the lower freezing rate, and cell wall bridging, in the case of a higher 

freezing rate (Figures 6 & 7 and Table 3).

4.2.2 Mechanical Properties of Radially-Frozen Scaffolds—In radially-frozen 

scaffolds a decrease in the applied cooling rate resulted in an increase in stiffness and 

strength as a result of both an increase in cell wall thickness and the creation of the angled 

pore alignment, respectively. The earlier observed loss in stiffness and strength through a 

lower fibrillar reinforcement at the slower freezing rate was likely dominated by this change 

in microstructure. Scaffolds radially frozen at 1°C/min possess higher values for stiffness, 

strength, and toughness in the lower region than in the upper region; also, this outcome is 

likely a result of a lower degree of fibrillar bridging, and insufficient cell wall thickening to 

compensate (Table 3). The highest strength of all scaffold types (radial and longitudinal) was 

observed in scaffolds radially frozen at 0.1°C/min. This is most likely due to the high cell 

wall thickness at the low applied freezing rate and a favorable alignment of the angled cell 

wall with the loading direction (Figures 6F & 7F), the latter being supported by a stress-

strain curvature similar to those obtained with longitudinally-frozen scaffolds.

5. Conclusion

Structure-property-processing correlations fundamental to the custom-design of tissue 

scaffolds with the required structural and mechanical properties for a given in vivo 

application were determined for directionally freeze-cast 2% (w/v) Type I collagen 

scaffolds. Scaffolds were prepared at three different applied cooling rates (10 °C/min, 1 °C/

min, and 0.1 °C/min) in either a PTFE or an aluminum mold that resulted in a predominantly 

longitudinal or radial thermal gradient and freezing direction, respectively. Longitudinal (25 

μm - 83.5 μm) and radial (69 μm to 116 μm) pore sizes varied considerably based on 

freezing rate and scaffold region. Overall, a lower freezing rate was found to produce a 

larger pore size and cell wall thickness. For longitudinally frozen samples, strong power 

correlations (R2 = 0.995 and 0.999) were established between applied cooling rate and pore 

size; inverse linear correlations between cell wall thickness and modulus (R2 = 0.952 and 

0.960) were found for the lower and upper scaffold regions, respectively. Additionally, while 

significant changes in the degree of fibrillar bridging between cell walls are apparent, the 

pore aspect ratio is conserved. Radially frozen samples, on the other hand, are greatly 

affected by freezing rate as not only reflected by pore size, but also pore alignment and 

aspect ratio. Mechanically, all scaffolds had higher mechanical properties when loaded 

parallel to the direction of pore alignment than perpendicular to it. Upon loading parallel to 

the scaffold’s cylindrical axis, the modulus (779–4,700 kPa), yield strength (38–137 kPa) 

and toughness (30–76 kJ/m3) properties differed considerably based on freezing rate and 
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direction. Fully hydrated, the scaffolds had, based on an evaluation of the load displacement 

curves a mechanical performance about one magnitude lower than in the dry state. The 

newly developed semi-automated approach for structural characterization of fully hydrated 

scaffolds by confocal microscopy facilitates an objective quantification and comparison of 

structural features. The structure-property-processing correlations obtained in this study 

enable the custom design and manufacture of freeze-cast collagen scaffolds with 

architectures and properties that are attractive for a wide variety of biomedical applications.
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Figure 1. 
(A) longitudinal and (B) radial freeze casting; (C) transverse (top) and longitudinal (bottom) 

imaging planes; (D) longitudinal and (E) radial compression loading directions; (F) upper 

and lower imaging planes and mechanical testing sample locations on a full-length scaffold.
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Figure 2. 
(A) confocal micrograph; (B) automated pore identification for size and aspect ratio 

measurements using the Imaris (8.4.1) software; (C) image mask created based on absolute 

intensity used for image-sbased porosity, pore size (area and axes), and cell wall thickness 

measurements; (D) object-oriented method (in blue box) for long and short axes 

measurements for each pore, which is independent of image orientation (adapted from 

Imaris 8.4.1).
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Figure 3. 
Typical stress-strain curves for (A) longitudinally and (B) radially-frozen cylindrical 

scaffolds in the loading direction parallel to the cylindrical axis (longitudinal compression).
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Figure 4. 
Confocal micrographs of transverse cross-sections in the upper region of scaffolds freeze-

cast longitudinally (A: 10 °C/min, B: 1 °C/min, C: 0.1 °C/min) and radially (D: 10 °C/min, 

E: 1 °C/min, F: 0.1 °C/min).
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Figure 5. 
SEM micrographs of transverse cross-sections in the upper region of scaffolds freeze-cast 

longitudinally (A: 10 °C/min, B: 1 °C/min, C: 0.1 °C/min) and radially (D: 10 °C/min, E: 

1 °C/min, F: 0.1 °C/min).
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Figure 6. 
Confocal micrographs of longitudinal cross-sections in the upper region of scaffolds freeze-

cast longitudinally (A: 10 °C/min, B: 1 °C/min, C: 0.1 °C/min) and radially (D: 10 °C/min, 

E: 1 °C/min, F: 0.1 °C/min).
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Figure 7. 
SEM micrographs of longitudinal cross-sections in the upper region of scaffolds freeze-cast 

longitudinally (A: 10 °C/min, B: 1 °C/min, C: 0.1 °C/min) and radially (D: 10 °C/min, E: 

1 °C/min, F: 0.1 °C/min).
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Figure 8. 
High-resolution SEM micrographs of longitudinally freeze-cast (1 °C/min) collagen 

scaffolds revealing (A) fibrillar bridge connecting cell walls with aligned collagen fibers, 

and (B) nano- and microtopography created by collagen fibers in scaffold lamellae that are 

preferentially-aligned with the freezing direction (arrow).
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Figure 9. 
Pore length (long and short axis) and pore aspect ratio for the (A) longitudinally- and (C) 

radially-frozen scaffold types (mean ± 95% C.I.). Pore area (with the cell wall) and pore 

aspect ratio are plotted for the scaffold types (mean ± 95% C.I.), for both (B) longitudinally- 

and (D) radially-frozen scaffolds comparing the lower and upper scaffold regions.
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Figure 10. 
(A–F) Pore area (including the area of half of the cell wall thickness) distribution for the 

scaffolds frozen longitudinally and radially at three different applied cooling rates (0.1 °C/

min, 1 °C/min, and 10 °C/min); pore aspect ratio (G-L) distribution for the longitudinally 

and radially-frozen scaffolds at the three different applied cooling rates (upper scaffold 

region).
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Figure 11. 
Typical compressive stress-strain curves for tests performed parallel to the long cylinder axis 

of samples from the upper regions of (A) dry (inset magnifies initial slope region) and (B) 

fully hydrated collagen scaffolds freeze cast at three different applied cooling rates (0.1 °C/

min, 1 °C/min, and 10 °C/min). Typical compressive stress-strain curves for tests performed 

perpendicular to the long cylinder axis of samples from the upper regions of (C) dry and (D) 

fully hydrated collagen scaffolds.
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Figure 12. 
Yield strength plotted versus modulus (mean ± S.E.) for the upper and lower regions of the 

scaffolds (A) longitudinally and (B) radially freeze-cast at three different applied cooling 

rates (0.1 °C/min, 1 °C/min, and 10 °C/min).
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Figure 13. 
(A) Pore area and short axis (mean ± S.E.) plotted versus applied cooling rate for the upper 

and lower regions of longitudinally frozen scaffolds; (B) yield strength and modulus (mean 

± S.E.) plotted versus cell wall thickness for the scaffolds at the three different applied 

cooling rates.
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Table 1.

Number of pores, n, analyzed per scaffold type and region

Scaffold Type Applied Cooling Rate (°C/min) Lower n Upper n

Longitudinal 10 4688 1548

1 2351 1117

0.1 542 409

10 683 294

Radial 1 707 344

0.1 411 172
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Table 2.

Density and porosity (mean ± S.D.) for lower and upper regions of the dry scaffolds. Porosity calculated with 

Eq. 1, assuming a solid collagen density of 1.30 mg/mm3. (Wiederhorn and Reardon, 1952)

Scaffold Type Applied Cooling 
Rate (°C/min) Lower Upper

Density (mg/cm3) Calculated Porosity, P0 (%) Density (mg/cm3) Calculated Porosity, P0 (%)

10 27.9 ± 1.6 97.9 ± 0.12 25.6 ± 1.4 98.0 ± 0.10

Longitudinal 1 28.5 ± 1.5 97.8 ± 0.11 25.4 ± 3.2 98.0 ± 0.25

0.1 28.6 ± 1.3 97.8 ± 0.10 27.0 ± 5.2 97.9 ± 0.40

10 22.9 ± 1.4 98.2 ± 0.11 23.1 ± 0.87 98.2 ± 0.067

Radial 1 22.8 ± 2.5 98.2 ± 0.19 22.4 ± 0.77 98.3 ± 0.059

0.1 24.8 ± 0.61 98.1 ± 0.047 23.7 ± 0.98 98.2 ± 0.075
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Table 3.

Cell wall thickness (mean ± S.D.) for lower and upper regions of the fully hydrated scaffolds

Scaffold Type Applied Cooling Rate (°C/min) Cell Wall Thickness (μm)

Lower Upper

Longitudinal 10 4.21 ± 1.14 4.82 ± 1.57

1 5.28 ± 1.76 5.73 ± 1.87

0.1 9.99 ± 6.63 10.4 ± 6.51

Radial 10 6.18 ± 2.43 8.38 ± 3.76

1 8.3 ± 4.13 8.44 ± 3.84

0.1 13.6 ± 5.89 11.8 ± 4.71
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Table 4.

Correlations between applied cooling rate and pore size for longitudinal freezing

Lower Upper

k n R2 k n R2

Saxis (k2, n2) 39.2 0.203 0.995 53.5 0.191 0.999

Pore Area (k3, n3) 1956 0.410 0.985 3803 0.335 0.996
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Table 5.

Correlations between cell wall thickness, t, and mechanical properties for longitudinally freezing

Lower Upper

m b R2 m b R2

Modulus (mE, bE) 154 3740 0.952 440 6580 0.960

Yield Strength (mσ, bσ) 1.8 74.8 0.999 −0.679 90.1 0.984
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