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Abstract

The cellular structure of collagen-glycosaminoglycan (CG) scaffolds used in tissue engineering must be designed to meet a number

of constraints with respect to biocompatibility, degradability, pore size, pore structure, and specific surface area. The conventional

freeze-drying process for fabricating CG scaffolds creates variable cooling rates throughout the scaffold during freezing, producing a

heterogeneous matrix pore structure with a large variation in average pore diameter at different locations throughout the scaffold.

In this study, the scaffold synthesis process was modified to produce more homogeneous freezing by controlling of the rate of

freezing during fabrication and obtaining more uniform contact between the pan containing the CG suspension and the freezing

shelf through the use of smaller, less warped pans. The modified fabrication technique has allowed production of CG scaffolds with

a more homogeneous structure characterized by less variation in mean pore size throughout the scaffold (mean: 95.9 mm, CV: 0.128)
compared to the original scaffold (mean: 132.4mm, CV: 0.185). The pores produced using the new technique appear to be more

equiaxed, compared with those in scaffolds produced using the original technique.

r 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

Porous scaffolds have been used extensively in tissue
engineering to provide a three-dimensional structure for
both in vitro studies of cell-scaffold interactions and
tissue synthesis as well as in vivo studies of induced
tissue and organ regeneration. Regardless of the
application, the scaffold material, as well as the three-
dimensional structure of the scaffold, have a significant
effect on cellular activity. For a biologically active
scaffold to promote cell adhesion and growth, it must
satisfy a number of constraints. It must be biocompa-
tible and degrade in the body at a rate that allows the
scaffold to remain insoluble just for the duration of the
critical cellular processes; the products of degradation
must also be biocompatible. The chemical composition
must incorporate ligands appropriate for the binding of
cells specific to each application. The average pore
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diameter must be large enough for cells to migrate
through the pores and small enough to retain a critical
total surface area for appropriate cell binding. To allow
for transport of cells and metabolites the scaffold must
have a high specific surface and large pore volume
fraction (generally greater than 90%) as well as an
interconnected pore network [1]. Scaffold pore size, pore
shape, and pore volume fraction are especially critical as
they define the total surface area and special distribution
of ligands presented to cells.
Scaffold pore size has been shown to influence cellular

activity. The optimal scaffold pore size that allows
maximal entry of cells [2] as well as cell adhesion and
matrix deposition has been shown to vary with different
cell types [3,4]. Scaffold pore size has been observed to
influence adhesion, growth, and phenotype of a wide
variety of cell types, notably endothelial cells, vascular
smooth muscle cells, fibroblasts, osteoblasts, rat marrow
cells, chondrocytes, preadipocytes, and adipocytes [5–12].
Scaffold heterogeneity has been shown to lead to
variable cell adhesion and to affect the ability of the
cell to produce a uniform distribution of extracellular
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matrix proteins [5]. There is also evidence that tissue
synthesized in a scaffold with non-uniform pore
architecture shows inferior biomechanical properties
compared to tissue synthesized in a scaffold with a
more uniform pore structure [13]. In scaffolds with
equiaxed pores, cells aggregate into spherical structures,
while in scaffolds with a more elongated pore shape,
cells align with the pore axis [14]. With scaffold pore
structure so significantly affecting cellular activity, it is
important to be able to manufacture scaffolds with a
well-defined pore structure.
This study utilizes a porous, type I collagen-glycosa-

minoglycan (CG) scaffold that has been successfully
used to regenerate skin in burn patients, induce
regeneration of the conjunctiva, and to enhance
peripheral nerve regeneration across long (>25mm)
gaps [1,15–17]. CG scaffolds have also been used for a
wide variety of in vitro studies of cellular migration,
contraction, and tissue growth [1,8,14,18–20]. Porous,
CG scaffolds have been primarily manufactured using a
freeze-drying, or lyophilization, technique [1]. Using this
technique, a suspension of collagen and glycosamino-
clycans is solidified (frozen); the CG co-precipitate is
localized between the growing ice crystals, forming a
continuous, interpenetrating network of ice and the
coprecipitate [19]. Sublimation of the ice crystals leads
to formation of a highly porous sponge. The final pore
structure depends on the underlying freezing processes
during fabrication. The rapid, uncontrolled quench
freezing process typically used in fabricating porous
scaffolds via freeze-drying results in space- and time-
variable heat transfer through the suspension, leading to
non-uniform nucleation and growth of ice crystals and,
ultimately, scaffold heterogeneity. In localized regions
of poor contact between the pan in which the suspension
is frozen and the freeze-dryer shelf, there is a lower rate
of ice-crystal nucleation than in neighboring regions,
giving increased variation in pore size; due to poor heat
conduction and the increased temperature of the
suspension at these points, these areas have been termed
‘hot spots’. In previous studies using CG scaffolds [18],
areas which appeared, by visual inspection, to be
heterogeneous were avoided in specimen selection.
Selecting samples to avoid ‘hot spots’ introduces a
subjective aspect to using CG scaffolds for tissue
engineering, and does not allow for a standardized,
fixed sample selection protocol.
The objective of this study was to develop a technique

to produce a more uniform scaffold pore structure to
present cells with a uniform distribution of ligands. As
the conditions of freezing for the CG suspension are
most significant in defining pore structure, a new freeze-
drying technique that increases homogeneity in the
freezing process and reduces local areas of variable
nucleation needs to be developed. In this study, the
conventional technique of fabricating CG scaffolds was
altered in two specific ways in an attempt to increase
scaffold homogeneity: the size of the pan used during
the freezing process was reduced to increase the pan
stiffness and reduce the effects of warping, and the rate
of CG suspension freezing was slowed and controlled to
reduce the heterogeneous freezing processes observed
during conventional CG scaffold fabrication processes.
2. Materials and methods

2.1. Preparation of collagen-glycosaminoglycan

copolymer scaffolds

The CG scaffolds were fabricated from a collagen-
glycosaminoglycan suspension using a freeze-drying
method that has been previously described [15,17]. The
CG suspension was produced from microfibrillar, type I
collagen isolated from bovine tendon (Integra Life-
Sciences, Plainsboro, NJ) and chondroitin-6-sulfate
isolated from shark cartilage (Sigma-Aldrich Chemical
Co., St. Louis, MO). The collagen, chondroitin-6-
sulfate, and 0.05m acetic acid (pH 3.2) were mixed at
15,000 rpm in an overhead blender (IKA Works, Inc.,
Wilmington, NC). The temperature of the suspension
was maintained at 4�C for the entire mixing process by a
cooling system (Brinkman, Westbury, CT) in order to
prevent denaturation of the collagen fibers. The final
CG suspension contained 0.5wt% collagen and
0.05wt% chondroitin-6-sulfate. After mixing, the CG
suspension was degassed under vacuum (50mTorr) for
60min to remove air bubbles created by the mixing
process.
CG scaffolds are traditionally fabricated using a

rapid-freeze (quenching) freeze-drying technique where
the CG suspension, originally at room temperature, is
frozen in a grade 304 stainless steel pan (VirTis,
Gardiner, NY) by placing it into a pre-cooled freeze-
dryer (VirTis Genesis) at �40�C for 60min [15]. The
temperature of the freeze-dryer shelf is maintained at a
constant temperature of �40�C via computer control
and the pan is constructed from the same alloy as the
freeze-dryer shelves to allow for more uniform heat
transfer during freezing. The frozen suspension is then
sublimated under a vacuum (o100mTorr) for 17 h at a
temperature of 0�C [15].

2.2. Variation of pan stiffness during freezing

To test the effects of the pan stiffness on the pore
structure of CG scaffolds, two series of scaffolds were
produced following the standard quench freezing pro-
tocol, but in pans with two distinct geometries. The
first series of scaffolds were fabricated in the original
large stainless steel pans (16.9� 25.3 cm), while the
second series of scaffolds were fabricated in smaller



ARTICLE IN PRESS
F.J. O’Brien et al. / Biomaterials 25 (2004) 1077–1086 1079
(12.4� 12.4 cm) stainless steel pans. Both the pans were
made of the same 18 gauge 304 stainless steel;
geometrical differences resulted in a 2.78-fold reduction
in pan area and an approximately 6-fold increase in pan
stiffness for the smaller pan. The relative warping of the
pans was determined by mapping the surface topology
of the bottom of each pan using a dial indicator
(Starrett, Inc., Athol, MA). Two distinct sample
selection protocols were utilized to select 5 pairs of
samples from each scaffold sheet for pore size analysis.
Samples were either selected from five fixed locations
within the scaffold regardless of the apparent scaffold
heterogeneity (i.e. areas containing ‘hotspots’ were not
excluded from analysis) in a process termed ‘Fixed
Selection’ (Fig. 1), or samples were selected from five
areas of the scaffold deemed by visual inspection to be
the most homogeneous (i.e. ‘hot spots’ were excluded) in
a process termed ‘Best Pick Selection.’ Scaffolds
produced in the smaller pans did not exhibit hetero-
geneities visible to the naked eye; consequently, samples
were removed for analysis using only the ‘Fixed
Selection’ technique.

2.3. Varying suspension cooling rate during freezing

The cooling rate of the freeze-dryer shelf was varied in
order to test the effects of variable freezing conditions
on the final scaffold structure. With the constant cooling
rate technique, the CG suspension was placed into the
chamber of the freeze-dryer at room temperature (20�C)
and the temperature of the chamber and shelf of the
freeze-dryer was then reduced (ramped) at a constant
Longitudinal

Transverse
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4 5

3

(a)

(b)

Fig. 1. Orientation of longitudinal and transverse planes used during

pore size analysis (Fig. 1a) as well as the locations where samples were

removed for analysis via the fixed selection protocol (1–5) and the

location (K) of the thermocouples during measurement of the freezing

kinetics of the CG suspension (Fig. 1b).
rate via computer control to the final freezing tempera-
ture (�40�C); the temperature was then held constant at
�40�C for 60min. The ice phase was then sublimated
under vacuum (o100mTorr) at 0�C for a period of 17 h
as has previously been described [15]. The term
‘‘constant cooling rate’’ refers to the constant cooling
rate of the freeze-dryer shelf and not to the cooling rate
of the CG suspension, which will be characterized
separately. The CG suspension was frozen at three
distinct cooling rates, where the freeze-dryer shelf
temperature was ramped from 20�C to the final
temperature of �40�C in 65, 90 and 115min. A fourth
scaffold was produced using the quenching technique
previously described. Samples were removed for pore
analysis from all four types of scaffold using the ‘Fixed
Selection’ protocol previously described. All samples
were made using the smaller pans.
The temperature of the CG suspension was monitored

at 1min intervals until sublimation at two locations in the
suspension using a two-channel microprocessor thermo-
couple (HH22, Omega Engineering, Stamford, CT). Two
thermocouple elements (Type K Thermocouple, Omega
Engineering, Stamford, CT) were placed approximately
10 cm apart along a diagonal between the opposite
corners of the pan (Fig. 1). The average freezing rate of
the suspension (in �C/min) for all freezing protocols was
computed between the starting temperature and �30�C.
The lower limit of �30�C was used in this calculation
because below that temperature, the temperature of the
suspension and the freeze-dryer shelf tended to asympto-
tically approach the final temperature of freezing, and
could not be modeled linearly. The liquid–solid transition
time, corresponding to the time where liquid and solid
coexist, is a measure of how rapidly the suspension begins
to solidify [21]; it was measured as the time that the
suspension temperature remained between 0�C and
�1�C following the initial supercooling condition re-
quired to initiate ice crystal nucleation.

2.4. CG scaffold crosslinking

All CG scaffolds were dehydrothermally crosslinked
in order to stiffen the collagen network. Cross-linking
was carried out under a vacuum (50mTorr) in a vacuum
oven (Fisher IsoTemp 201, Fisher Scientific, Boston,
MA) at a temperature of 105�C for 24 h [15,17]; this
process introduces covalent cross-links between the
polypeptide chains of the collagen fibers without
denaturing the collagen into gelatin [22]. Following
cross-linking, the pore characteristics of the scaffolds
were analyzed.

2.5. Analysis of pore structure

To determine the average pore size of the scaffolds,
pairs of samples were removed from five locations in
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Fig. 2. The effect of pan size and stiffness on the mean pore size and

on scaffold homogeneity. No ‘hotspots’ due to variable nucleation

were found in scaffolds manufactured in the smaller, less warped

stainless steel pan, and those scaffolds showed a smaller mean pore size

with reduced scaffold heterogeneity.

F.J. O’Brien et al. / Biomaterials 25 (2004) 1077–10861080
each sheet of the CG scaffold. At each of the five
locations, samples were obtained to analyze the long-
itudinal (10� 10mm square section) and transverse
(10� 5mm rectangular section) planes (Fig. 1). Each
of these samples was cut from the top surface through
the entire depth of the scaffold (approximately 3mm).
The sections were embedded in glycolmethacrylate,
serially sectioned on a Leica RM2165 microtome
(Mannheim, Germany) at a 5 mm thickness, stained
using aniline blue and visualized on an optical micro-
scope (Nikon Optiphot, Japan).
Three digital images of each longitudinal section and

two images of each of the smaller transverse sections were
taken using a CCD color video camera (Optronics
Engineering, Inc., Goleta, CA). A total of 125 digitized
images (25 images from each of five locations per scaffold)
were analyzed from each scaffold sheet using a linear
intercept macro written for Scion ImageTM image analysis
software (Scion Corp., Frederick, MD) [20]. The program
constructed a best-fit ellipse representing an average pore
cross-section for each image analyzed. To account for the
effects of pores that were not sectioned through their
maximal cross-section but rather at an arbitrary angle, the
ellipse major and minor axes were corrected by multiplying
by 1.5 [23]. The mean intercept length was an average of
the major and minor axes of this reconstructed best-fit
shape. The mean pore diameter of the scaffold at each
position within the scaffold was calculated from the
average of the mean intercepts in the longitudinal plane
and in the adjacent transverse plane [20].

2.6. Environmental scanning electron microscopy

Environmental scanning electron microscopy (ESEM)
was used to qualitatively compare the pore structure of
the scaffolds produced by the original quenching
technique and the constant cooling rate technique.
Cylindrical sections, 9mm in diameter, were removed
from the thickness of the scaffold and stored in
phosphate buffered saline (PBS, Sigma-Aldrich Chemi-
cal Co., St. Louis, MO) prior to observation. The
hydrated samples were removed from the PBS and
placed directly onto the sample holder attached to the
Peltier cooling stage in the ESEM without the need of
prior sputter coating.

2.7. Micro computed-tomography

The three-dimensional structure of a scaffold manu-
factured using the original quenching technique was
analyzed using micro computed-tomography (Micro-
Photonics, PA), to obtain a separate quantitative
measurement of pore size, in order to confirm the
scaffold pore analysis by the linear intercept method.
Scans were performed on a Skyscan 1072 Micro-CT
system (Aartselaar, Belgium) with 100 keV X-ray source
and a 12 bit cooled CCD camera. Cross-sections were
generated using a full cone beam Feldkamp reconstruc-
tion algorithm. Morphological calculations were carried
out on the reconstructed sections using the standard
Skyscan software package to calculate the mean pore
size of the scaffold.

2.8. Statistical analysis

Paired t-tests were performed to compare individual
sets of data to determine statistical significance. One-
way analysis of variance (ANOVA) and pair-wise
multiple comparison procedures (Tukey Tests) were
used to compare data groups. Error is reported in the
text and figures as the standard deviation or as the
coefficient of variance (CV=standard deviation/mean)
in order to compare the relative variation in pore size
between different scaffolds. A probability value of 95%
(po0:05) was used to determine significance.
3. Results

3.1. Influence of pan size on pore size

Visual inspection revealed that the CG scaffolds
produced in the smaller stainless steel pan were more
homogeneous than those prepared in the larger stainless
steel pan, with no apparent ‘hot spots’ due to variable
nucleation of ice crystals. Fig. 2 shows the results of the
pore size analysis of scaffolds produced using the large
and small stainless steel pans. One-factor ANOVA
indicated a significant effect of pan size and sample
selection method on the pore structure (po0:05). The
mean pore size of scaffolds produced using the smaller
pan (Fixed Selection) was found to be significantly
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smaller (po0:05) than that of scaffolds produced in the
larger, more compliant stainless steel pan (both Fixed
Selection and Best Pick). The coefficient of variance
(CV) of the pore size of scaffolds produced in the
smaller pans (Fixed Selection) was found to be
significantly smaller (po0:05) than that of scaffolds
produced in the large pan (Fixed Selection). However,
when inhomogeneities were avoiding in selecting sam-
ples from the large pan (Best Pick Selection), the CV of
the mean pore size of scaffolds was not significantly
different than that for scaffolds produced in the smaller
pan (Fixed Selection) (p ¼ 0:09). Nevertheless, the use of
the small pans removes a subjective element from the
selection of samples from the scaffolds. There was an
overall improvement of scaffold homogeneity by using
the smaller pans. Analysis of the surface topology of the
pans provides an explanation for this.
The average deflection at the center of the pan for the

larger, more compliant pans (254 mm) was considerably
larger than for the smaller, stiffer pans (80 mm). The
relative pan warping of the larger and smaller pans was
determined by comparing the average standard devia-
tion of the deflection of the pan along the rows and
columns of the grid used to measure the relative pan
heights across the bottom. The average standard
deviation of the deflection of the pan for the larger
pans (144.6771.4mm) was significantly larger (p ¼ 0:002)
than that of the smaller pans (45.7718.0mm). These
results suggest that the smaller pans are significantly less
warped and show a smaller overall deflection compared
to the larger pans. The increased stiffness of the smaller
pan is expected to reduce warping from repeated freeze–
thaw cycles.

3.2. Control of the rate of freezing of the CG suspension

Fig. 3 shows the average temperature of the CG
suspension during freezing for the quenching and the
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Fig. 3. Average temperature of the CG suspension during freezing

recorded at two distinct positions within the pan (error bar: half the

difference between two temperature readings) for the four freezing

curves (R=length in min of the constant cooling period during the

freezing process).
constant cooling rate techniques. A larger absolute
difference in slurry temperature was observed between
measurement locations during the freezing process
(larger error bars) for the quenching technique as
compared to the constant cooling rate technique. One-
factor ANOVA indicated a significant effect of freezing
technique on the temperature variation throughout the
pan (po0:0001). The constant cooling rate technique
with a freezing time of 65min displayed significantly
improved freezing homogeneity compared to the
quenching technique (po0:0001) and the constant
cooling rate technique with a freezing time of 105min
(po0:0001), but not compared to the constant cooling
rate technique with a freezing time of 90min (p ¼ 0:52).
Table 1 shows the results of measurements of the
average freezing rate of the slurry and the time required
for the liquid–solid transition of the CG suspension at
the point of freezing. The quenching technique showed
the most rapid freezing rate (4.1�C/min) with the
shortest duration at the liquid–solid transition (2min)
while the constant cooling rate protocols had signifi-
cantly slower rates of freezing (0.9�C, 0.7�C, 0.6�C/min)
and longer liquid–solid transition times (10.5, 11,
14.5min) for freezing times of 65, 90 and 105min,
respectively.

3.3. Influence of rate of freezing on pore size

The cellular structure of scaffolds produced using the
constant cooling rate technique (0.9�C/min) appears
significantly more homogeneous throughout the entire
scaffold than the scaffold structure produced using the
original quenching technique (Fig. 4). Although locally,
pores often tended to be aligned in a particular
direction, no consistency of pore orientation was found
between the five separate sampling locations in both the
quenching and the constant cooling rate techniques.
When the scaffolds are compared, it is apparent that
using the new constant cooling rate technique, the pores
are more uniform in size, have a consistent pore
structure, and show no obvious variation in mean pore
size, pore structure, or alignment throughout the
scaffold, differing significantly from scaffolds fabricated
using the quenching protocol. Similar results were found
for analysis of both the transverse and longitudinal
sections.
able 1

reezing rate of CG suspension and the time required for the liquid–
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(a) (b)

Fig. 4. A series of longitudinal images taken via the fixed selection protocol from a single sheet of scaffold produced using the quenching (Fig. 4a)

and the constant cooling rate technique that displayed the greatest freezing rate homogeneity (0.9�C/min) (Fig. 4b). The constant cooling rate

technique produced pores with a more uniform size and structure at each sample point (locally), and also a more homogeneous nature throughout the

scaffold (globally). Scale bar=300mm.
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ESEM micrographs (Fig. 5) indicate that the pore
structure of the scaffold produced using the quenching
technique (4.1�C/min) is characterized by roughly
parallel planes of collagen that are separated by thin
collagen struts while the pore structure of the scaffold
produced using the constant cooling rate technique
(0.9�C/min) is characterized by more randomly oriented
solid collagen struts and membranes, corresponding to a
more equiaxed pore structure.
When examined with the naked eye, all scaffolds

produced using the constant cooling rate techniques
(0.9�C, 0.7�C, and 0.6�C/min) appear to be homo-
geneous in nature throughout the entire scaffold with no
evident ‘hot spots.’ The histomorphometric analysis of
scaffolds produced using the quenching and the
constant cooling rate techniques indicate that scaffolds
fabricated with the constant cooling rate technique are
more uniform than those produced with the quenching
technique (Fig. 6). A significantly higher coefficient of
variance (0.173) was found for the scaffold produced
using the original quenching technique (po0:05) com-
pared to the three scaffolds formed using the constant
cooling rate technique. The scaffold produced by
freezing at a rate of 0.9�C/min was found to produce
the most uniform scaffold, with a smaller coefficient of
variance (0.128) compared to those observed for the
other two rates of freezing (values of 0.146 and 0.151 for
(a)

(b)

Fig. 5. ESEM micrographs of CG scaffolds produced using the

quenching technique in the large pans (Fig. 5a) and the constant

cooling rate technique (0.9�C/min) in the small pans (Fig. 5b).
freezing rates of 0.7�C and 0.6�C/min, respectively)
(po0:05). In addition, scaffolds produced at a freezing
rate of 0.9�C/min were also found to have a significantly
smaller mean pore size (po0:05) compared to the more
rapid (4.1�C/min) and slower rates of freezing (0.7�C
and 0.6�C/min).
This study demonstrated that a freezing rate of 0.9�C/

min, corresponding to a more controlled freezing
process than the original quenching protocol, produced
a scaffold with a more homogeneous structure than the
other techniques studied. Further analysis was con-
ducted to determine whether uniform scaffolds could be
produced consistently. Three scaffolds were produced in
the smaller stainless steel pans using a freezing rate of
0.9�C/min, with results shown in Fig. 7. No significant
difference in mean pore size was found between the
scaffolds (p ¼ 0:257), and a CV of less than 0.167 was
found for each sheet. This data indicates that a constant
cooling rate of 0.9�C/min consistently produces a more
homogeneous scaffold than the standard quenching
technique.

3.4. Pore structure and anisotropy

The mean pore size of scaffolds in the longitudinal
and transverse planes, at five locations within the
scaffold is shown in Fig. 8 for scaffolds made by the
quenching (Fig. 8a) and the constant cooling rate
technique (0.9�C/min) (Fig. 8b) in the small pans. The
quenching technique produces a significant variation in
the mean pore size between locations throughout the
scaffold (po0:001) and between the longitudinal
(114.9717.7 mm) and transverse (102.7718.6 mm)
planes (po0:05). For scaffolds produced by the constant
cooling rate technique, no significant difference in mean
pore size was found at the five sample points within
each sheet (p ¼ 0:177) or between the longitudinal
(96.8711.1mm) and the transverse planes (94.2713.9mm)
in the scaffold (p ¼ 0:313). While scaffolds produced
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scaffold in both the longitudinal and transverse planes of scaffolds

produced using quenching (Fig. 8a) and the constant cooling rate

technique (0.9�C/min) (Fig. 8b). Scaffolds manufactured through

quenching showed an average pore size of 114.9717.7mm and

102.7718.6mm, while scaffolds produced using the constant cooling

rate technique had an average pore size of 96.8711.1mm and

94.5713.9mm in the longitudinal and transverse planes, respectively.
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using the quenching technique show a significant spatial
variation of mean pore size as well as oriented pores
(significantly longer longitudinal than transverse mean
intercept), scaffolds produced with the constant cooling
rate technique show no significant spatial variation in
pore size as well as equiaxed pores.
3.5. Micro CT analysis

A section of a CG scaffold (Best Pick Selection)
fabricated using the quenching technique in the large
stainless steel pans was analyzed via micro-CT (Skyscan
1072 Micro-CT system). A mean pore size of 130 mm
was calculated from analysis of a series of scans. The
result of this calculation compares favorably with the
mean pore size calculated from the linear intercept
method (132.4 mm).
4. Discussion

Collagen-GAG scaffolds manufactured using the
original (quenching) freeze-drying technique [15] show
a characteristic heterogeneous pore structure with a
large variation in average pore diameter at different
locations and orientations (in and out of plane) in each
sheet of scaffold. Control of the rate of cooling during
fabrication and the use of smaller, less warped stainless
steel pans significantly improved the structural char-
acteristics of the scaffold: a more homogeneous struc-
ture with less variation in mean pore size throughout the
scaffold and no difference in pore size between the
transverse and longitudinal planes was observed.
The structure of the collagen scaffold is controlled by

the final temperature of freezing and the heat transfer
processes associated with freezing. Furthermore, the
formation of ice crystals within the CG suspension is
influenced by both the rate of nucleation of ice crystals
and the rate of heat and protein diffusion. The
nucleation rate defines the number of ice crystals that
form and the rate of heat and protein (collagen-
glycosaminoglycan) diffusion away from the point of
nucleation defines the size of ice crystals. Both the rate
of nucleation and diffusion are mediated by the
difference between the temperature of freezing and the
actual temperature of the material during the freezing
process, termed undercooling [24]. A larger under-
cooling has been demonstrated to lead to an increased
rate of nucleation of ice crystals with a decreased heat
and protein diffusion rate away from the point of
nucleation [24,25]. Therefore, with larger undercooling,
smaller ice crystals are formed, leading to a CG scaffold
with a smaller average pore diameter following sub-
limation [16,26]. Additionally, the direction of heat
transfer and the speed of heat transfer influence the
shape of ice crystals; the existence of a predominant
direction of heat transfer leads to the formation of
columnar ice crystals with the major axis aligned in the
predominant direction of heat transfer [16,26–28].
Creation of a scaffold with an equiaxed pore structure
requires removing predominant direction of heat trans-
fer from the freezing process.
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When the quenching fabrication technique was used
in conjunction with the larger, more warped, stainless
steel pans to produce CG scaffolds, ‘hot spots’ were
created throughout the scaffold due to areas of pan-shelf
discontinuity. When these areas were included in the
analysis of the pore structure, a significantly larger mean
pore size with a significantly larger co-efficient of
variance was found (Mean: 149.6 mm, CV: 0.275) than
when the areas were avoided (Mean: 132.4 mm, CV:
0.185), validating previous studies where these areas
were avoided [19]. In order to avoid formation of such
sites, a series of new smaller, less warped pans were
introduced. The scaffolds produced using these pans
showed no visual evidence of ‘hot spots’ to the naked
eye. While a smaller mean pore size and lower coefficient
of variance (CV: 0.173) was observed with the scaffolds
produced in the smaller pans using the quenching
technique, the improvements were not significantly
improved (p > 0:05) compared to selection of the ‘‘best’’
areas from scaffolds produced in large pans with the
quenching technique.
As a second component of this study, a comparison

was made between the quenching process and a series of
constant cooling rate freezing protocols. All scaffolds
produced for this portion of the study were fabricated in
the smaller, stiffer stainless steel pans. Three distinct
constant cooling rates were tested by cooling the freeze-
dryer from 20�C to �40�C over 65, 90, or 115min,
corresponding to average slurry freezing rates of 0.9�C,
0.7�C, and 0.6�C/min, respectively. The scaffolds
produced using the constant cooling rate technique
were observed to have a more homogeneous pore
structure than those produced using the quenching
technique (Fig. 4). This result parallels the finding that
the quenching process gives rise to a wide variation in
suspension temperature throughout the pan during
freezing, while the constant cooling rate process
produces virtually identical suspension temperatures
throughout the pan during freezing. Scaffolds produced
using a constant cooling rate of 0.9�C/min were found
to have the most homogeneous structure with the lowest
coefficient of variance in pore size (0.128) and the
smallest difference in pore size between the longitudinal
and transverse planes in the scaffold. This freezing
protocol also exhibited the greatest level of temperature
uniformity during freezing (Fig. 3). A series of scaffolds
were manufactured at this constant cooling rate (0.9�C/
min) in order to establish the reproducibility of this
protocol. The scaffold pore size was found to be
consistent from sheet to sheet, the coefficient of variance
was found to be consistently smaller than under
previous processing conditions, and no ‘hotspots’ were
found in any of the scaffolds manufactured with a
constant cooling rate of 0.9�C/min. These results
suggest that the constant cooling rate technique estab-
lishes a more uniform temperature distribution through-
out the suspension during freezing, resulting in
consistent ice crystal nucleation and growth and a more
uniform final scaffold structure.
Fig. 6 shows an in-depth comparison of the pore size

distribution in two scaffold types: a scaffold fabricated
using the quenching technique and a scaffold fabricated
using a constant cooling rate of 0.9�C/min. CG scaffolds
produced using the constant cooling rate technique
(0.9�C/min) showed significantly smaller variation in
pore size throughout the scaffold and no variation in
mean intercept length between the longitudinal and
transverse planes while the scaffold manufactured using
the quenching protocol had a considerably larger
variation in pore size throughout the scaffold and in
the longitudinal and transverse planes. These results
suggests that there is reduced variation in pore size
throughout the scaffold along with an equiaxed pore
structure when the scaffold is manufactured using the
constant cooling rate technique (0.9�C/min). ESEM
micrographs of the scaffold pore structure (Fig. 5)
further support this conclusion; in the scaffold produced
using the constant cooling rate technique, the collagen
fibers (struts) are randomly arranged around approxi-
mately equiaxed pores while in the scaffold produced
using the original quenching technique, there are
roughly parallel planes of collagen membranes sepa-
rated by thin collagen struts. Overall, the pores
produced using the new technique appear to be more
equiaxed unlike the elongated pores in scaffolds
produced using the quenching technique. Additionally,
while pore orientation in scaffolds fabricated using the
quenching technique in large pans (original technique)
was observed to be grossly random, pore alignment was
observed locally, indicating areas of directional heat
transfer. However, the pore structure of the CG
scaffolds produced using the constant cooling rate
technique was observed to be equiaxed with no local
or global alignment of pores, indicating the effects of
local heat transfer phenomena were removed from the
fabrication process (Figs. 4, 5 and 8).
5. Conclusions

This investigation has shown that uniform CG
scaffolds with an equiaxed pore structure can be
produced via lyophilization with the use of a constant
cooling rate technique rather than a quenching techni-
que to freeze the CG suspension prior to sublimation.
The constant cooling technique establishes a more
uniform suspension temperature throughout the pan
during the freezing process compared to the quenching
technique, where the constant cooling rate that pro-
duced the most uniform temperature distribution also
produced the most uniform scaffold structure. The most
uniform scaffolds displayed approximately equiaxed
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pores, with no significant pore size variation throughout
the scaffold. These results indicate that significantly
more uniform porous scaffolds can be manufactured for
tissue engineering applications using a constant cooling
rate freezing technique.
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