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ABSTRACT

Ice-templated collagen-based tissue-engineering scaffolds are ideal for controlled tissue regeneration since they mimic the micro-
environment experienced in vivo. The structure and properties of scaffolds are fine-tuned during fabrication by controlling a number of
experimental parameters. However, this parameter space is large and complex, rendering the interpretation of results and selection of optimal
parameters to be challenging in practice. This paper investigates the impact of a cross section of this parameter space (drying conditions and
solute environment) on the scaffold microstructure. Qualitative assessment revealed the previously unreported impact of drying temperature
and pressure on pore wall roughness, and confirmed the influence of collagen concentration, solvent type, and solute addition on pore mor-
phology. For quantitative comparison, we demonstrate the novel application of random forest regression to analyze multi-dimensional bio-
materials datasets, and predict microstructural attributes for a scaffold. Using these regression models, we assessed the relative importance of
the input experimental parameters on quantitative pore measurements. Collagen concentration and pH were found to be the largest factors
in determining pore size and connectivity. Furthermore, circular dichroism peak intensities were also revealed to be a good predictor for
structural variations, which is a parameter that has not previously been investigated for its effect on a scaffold microstructure. Thus, this
paper demonstrates the potential for predictive models such as random forest regressors to discover novel relationships in biomaterials data-
sets. These relationships between parameters (such as circular dichroism spectra and pore connectivity) can therefore also be used to identify
and design further avenues of investigation within biomaterials.

VC 2021 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0059724

I. INTRODUCTION

Collagen-based implants have emerged as viable tissue-
engineering constructs, since they offer a similar model of the surface
chemistry of natural tissues in vivo,1–3 and can be modified to match
the mechanical and biochemical properties required for a given appli-
cation.4,5 The process of freeze-drying offers a scalable method to cre-
ate high porosity scaffolds, eliciting a positive cell response across a
variety of cell types.6,7 Different cell types have also been proposed to
infiltrate a scaffold to differing extents depending on its interconnec-
tivity,8,9 which can be controlled through the experimental variables in

the freeze-drying process.9 This process involves two main stages:
freezing and drying.10,11 During the first freezing stage, ice crystals
nucleate and grow, rejecting any added solutes in the collagen suspen-
sion into the grain boundaries between ice crystals.10 The next stage
comprises primary drying which refers to the sublimation of ice, and
secondary drying involving the desorption of unfrozen water.10,12

A large body of literature has been devoted to understanding the
influence of numerous experimental variables on the resulting struc-
tural parameters of a scaffold, including solutes,13 solvents,6,14,15 bio-
molecular additives,16,17 and, to a lesser extent, drying conditions.18
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Recently investigations of ice crystals during sublimation have been
shown to result in mesostructural features,19,20 suggesting that the dry-
ing process during freeze-drying may impart some of these structural
attributes. In all of these studies, a single independent experimental vari-
able is varied systematically in order to extract the relationship between
the measured structural attribute and the input parameters. In spite of
the number of variables which have been modified individually during
freeze-drying, there is a need for a controlled, systematic investigation
on the sublimation pressures and any morphological changes that may
consequently arise in the ice or collagen microstructures.

With a growing number of variables that can be modified, data-
sets in tissue-engineering have become both large and complex. While
this may lead to some difficulty in data interpretation, they also pre-
sent the opportunity to uncover underlying non-linear relationships
between variables. Machine learning methods based on supervised
learning can be trained to map a set of input parameter to output fea-
tures and have the power to extract such relationships from large data-
sets. Random forests are one such type of supervised learning model
which are advantageous for their ability to account for non-linear
interactions in complex datasets.21 Random forests are also a more
suitable machine learning method for smaller datasets since they are
less prone to overfitting than alternative methods such as neural net-
works.22,23 Although random forests have been used extensively for
classification within biomedical and genetic datasets,24–28 and to a
lesser degree for regression,29–32 their potential with tissue-engineering
datasets remains untapped.

In this paper, we investigate two case studies: first, the influence
of primary and secondary drying on scaffold microstructure and sec-
ond the influence of collagen–solvent–solute interactions on these
microstructural attributes. This paper then demonstrates the use of
random forest regression on these datasets to assess the relative influ-
ence of a range of experimental variables on the structural attributes of
collagen scaffolds. Understanding these relationships between input
and output parameters can aid in the targeted design of future experi-
ments, and lead to the development of a scaffold toolkit. Such design
toolkits have the potential to identify the parameters required to create
tissue-engineering scaffolds which are optimized for a specific biologi-
cal application.

II. MATERIALS AND METHODS
A. Conditions of study

1. Case 1: Primary and secondary drying of collagen
scaffolds

Scaffolds made from 1.0 w/v%, undialyzed collagen hydrated in
acetic acid were studied under the six drying conditions illustrated in
Fig. 1, including two temperatures of 273K (0 �C) and 293K (20 �C)
at three chamber pressures of 80 mTorr (10Pa), 100Pa (750 mTorr),
and 333Pa (2500 mTorr). The chamber pressure values are also listed
in mTorr for comparison with usual freeze-drying protocols, although
the results and discussions will refer to the pressures in Pa for
consistency.

2. Case 2: Solvent–solute interactions with collagen

33 conditions were chosen from a selection of four collagen con-
centrations (0.5, 1.0, 1.5, and 2.0 w/v%) and three solvents (0.05 M
acetic acid, 0.001 M hydrochloric acid, water), shown in Table I.

The concentrations of both the acid solvents were selected to
ensure they possessed the same pH (pH 3) but were comprised of dif-
ferent chemical moieties. The effect of solute interaction with collagen
was examined through the dialysis of the as-supplied collagen to
remove the presence of any bound salts, as well as through the subse-
quent re-introduction of a precise quantity (0.5 w/v%; 85mM) of
sodium chloride in the dialyzed collagen. Scaffolds are identified by
codes of the form “A-B-C” as indicated in Table I, where

• A is the concentration of collagen in w/v%,
• B is the first letter of the solvent used, and
• C denotes the solute conditions:

– X for undialyzed with no additives,
– D for dialyzed with no additives, and
– N for dialyzed with 0.5 w/v% NaCl added.

Where general behavior at a given solute condition is consid-
ered irrespective of the concentration, the notation is reduced sim-
ply to “B-C.”

B. Collagen dialysis

Type I insoluble microfibrillar bovine dermal collagen (Devro
Medical, Collagen Solutions) was packed into a semi-permeable cellu-
lose Visking tubing (permeability limit of molecules larger than
14 kDa, Sigma Aldrich) and hydrated with water. The Visking tubing
was placed in a large water bath for 72 h, with frequent replacement of
the water bath to ensure that a concentration was established to drive
the diffusion of solutes out of the collagen. Residual water was
removed from the dialyzed collagen by freeze-drying at 80 mTorr
(VirTis Advantage).

FIG. 1. Schematic of the freezing (blue) and drying (green) cycles employed in the
freeze-drier. Since the scaffolds were allowed to equilibrate to the chamber pres-
sures and temperatures, the drying can be considered to occur at the conditions as
set in the freeze-drier (black dots). The black dots represent the six conditions con-
sidered, with three pressures (10, 100, and 333 Pa) and two temperatures (273 and
293 K) considered in this study.
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C. Collagen slurry preparation

Suspensions of Type I microfibrillar bovine dermal collagen
(Devro, Collagen Solutions) of collagen concentrations of 0.5, 1.0, 1.5,
and 2.0 w/v% were hydrated in the solvent of choice as defined in
Subsection IIA2 and left to swell overnight. Suspensions were blended
using a commercial blender (Waring model 8011EG) at 22 000 rpm in
two, two-minute bursts, with one minute of rest between each burst to
cool the motor down. They were then centrifuged at 2500 rpm for
10min to allow any trapped air bubbles to rise and coagulate. The top
layer in the collagen samples (containing air bubbles) was subse-
quently separated and discarded.

D. Scaffold fabrication

The choice of mold, filling volume, and thermal profiles was
based on prior work33,34 to fabricate an isotropic pore architecture.
8ml of collagen slurry was pipetted into each well of a polystyrene 6-
well plate (CytoOneV

R

, STARLAB, filling height approximately 8mm
assuming a 17.4mm diameter well plate with cylindrical geometry).
The well plates were equilibrated to room temperature in the freeze-
drier (VirTis Advantage), then cooled at 0.5 �C min�1 to �20 �C. The
scaffolds for the drying study were allowed to equilibrate, then dried at
the chamber pressures and temperatures of choice as illustrated in
Fig. 1, as set through the freeze-drier. The scaffolds created for the sol-
vent study referred to in Sec. IIA 2 were sublimed at 0 �C for 20 h
under a vacuum less than 100 mTorr (10 Pa).

E. Scanning electron microscopy

Scanning electron microscopy (Phenom X Pro) was performed
on scaffolds produced through all sublimation conditions and a subset
of solvent–solute conditions. Scaffold production conditions were cho-
sen to ensure that two distinct relationships were explored: the effect
of various solvents on the standard collagen concentration (1.0 w/v%)
and the effect of various concentrations with a standard solvent (0.05
M AcOH). Longitudinal cross sections from each sample were sec-
tioned and attached to a pin-style stub using carbon tape. Samples
were not sputter-coated with a conductive material to prevent

obscuration of structural features as previously reported by
Ashworth.35 Images were captured using a variable pressure stage with
the Phenom Pro X with a full BSE detector at a high voltage of 10 kV
at �� 1100 magnification. Micrographs from two distinct replicates
were imaged to verify batch-to-batch reproducibility.

F. Atomic force microscopy

Collagen films from a slurry of 0.5 w/v% collagen in acetic acid
were cast on microscope glass cover slips and imaged using the
Dimension V Scanning Probe Microscope (Veeco) under tapping
mode after air-drying overnight, then subsequently imaged after
vacuum drying at 50 mTorr overnight. 5 � 5 lm areas were imaged
for an overview of the sample topography, and 1 � 1lm areas were
imaged to verify the presence of D-banded collagen fibrils.
Complete AFM micrographs are shown in the supplementary mate-
rial, Fig. 1.

G. Circular dichroism

Dialyzed and non-dialyzed collagen suspensions in 0.05 M acetic
acid, 0.001 M hydrochloric acid and water as prepared in Sec. IIC
were diluted to 0.0125 w/v%, and suspensions with 0.5 w/v% sodium
chloride were diluted to 0.025 w/v%. The concentrations were selected
after an optimization of the CD signal collected. Suspensions were
then transferred to a quartz cuvette with a path length of 10mm
(Hellma Analytics) and placed in the CD spectrometer (ChiraScan-
Plus CD Spectrometer, Applied Photophysics).

A sample of 0.0125 w/v% of soluble collagen solution in 0.05
M acetic acid was used as a positive control and the acetic acid,
hydrochloric acid, and water solvents were used as background con-
trols. The elliptical polarization of all samples was measured using a
sampling rate of 2 s per point, between 200 and 280 nm at a band-
width of 1 nm. Traces of the background solvents were removed
from the traces of samples, following a Savitsky–Golay polynomial
smoothing of window size 3 to correct for the baseline of the signal.
Data were plotted as the mean 6 standard deviation of three inde-
pendent measurements.

TABLE I. 33 conditions of study with varying collagen concentration, solvent and solute content (through dialysis and sodium chloride addition) investigated in this study.
Scaffolds are identified by codes of the form A-B-C, where X is the concentration of collagen in w/v%; Y is the first letter of the solvent used (A for acetic acid, H for hydrochloric
acid, and W for water); and Z denotes the solute conditions (X for no additives, D for dialyzed, and N for dialyzed with 0.5 w/v% NaCl added).

Solvent

Dialysis
Acetic acid Hydrochloric acid Water

No solute þ NaCl No solute þ NaCl No solute þ NaCl

0.5 � 0.5-A-X 0.5-H-X 0.5-W-X
� 0.5-A-D 0.5-H-D 0.5-W-D

Collagen concentration (w/v%) 1.0 � 1-A-X 1-H-X 1-W-X
� 1-A-D 1-A-N 1-H-D 1-H-N 1-W-D 1-W-N

1.5 � 1.5-A-X 1.5-H-X 1.5-W-X
� 1.5-A-D 1.5-A-N 1.5-H-D 1.5-H-N 1.5-W-D 1.5-W-N

2.0 � 2-A-X 2-H-X 2-W-X
� 2-A-D 2-A-N 2-H-D 2-H-N 2-W-D 2-W-N
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H MicroCT

1. Imaging

To eliminate edge effects, sections of each scaffold were biopsy
punched from the same central location to ensure consistency when
comparing locations. A 3D projection of the scaffold architecture was
imaged without a filter at 25 kV, 138lA, with a 0.2� step size between
projections obtained across a 180� rotation using the Skyscan 1172
(Bruker) MicroCT. The binning size was set to 4000 � 2000 and the
pixel size was set to 3lm following the guidelines for MicroCT data
acquisition as explored by Nair et al.36

2. Reconstruction

Cross sections were reconstructed using a Feldkamp algorithm
with 30% beam hardening correction with ring artifact reduction set
to level 4 out of 10 in the Skyscan NRecon software. Beam hardening
correction reduces the effect of the edges appearing brighter than the
center due to differential x-ray absorption, whereas the ring artifact
reduction was set to correct for the presence of ring-like artifacts aris-
ing from the rotation of dead camera pixels during the imaging pro-
cess, without overcompensating and resulting in a blurry image.

3. Analysis

Using the Bruker CT-Analyser software, 1mm3 volumes of inter-
est (VOIs) were selected from each scaffold from the top, middle, and
bottom of the scanned datasets. These VOIs were thresholded and seg-
mented using the automatic Otsu algorithm. The average pore sizes
and pore size distributions were determined using the 3D Analyser
tool in CT-Analyser, producing a histogram of pore diameters binned
at approximately every 6lm (twice the pixel size). Pore sizes were
plotted as the mean 6 the standard deviation measured across nine
VOIs.

Two measures of interconnectivity, the median interconnection
diameter, and the percolation diameter were used to quantify micro-
structural connectivity in this work. The median interconnection
diameter is the voxel cluster diameter at which the volume intercon-
nectivity is 50%, and the percolation diameter is a scale-invariant
parameter quantifying the maximum diameter of a sphere that can
traverse through the entire structure.

To obtain the connectivity values, A 3D region of interest (ROI)
shrink-wrap analysis was then performed using CT-Analyser at 2–100
voxels, and the total VOI was calculated at each voxel size. The per-
centage interconnectivity (I) at a given connection size s can be
expressed as37

I ¼ V � Vc

V � Vm
� 100%;

where V is the total volume of interest, Vm is the volume of the solid
material, and Vc is the volume measured after a shrink-wrap operation
at voxel size c. Then, using the custom python script and subdivision
method developed by Nair et al.,36 The median interconnection diam-
eter (probe size at which only 50% of the scaffold is accessible) was cal-
culated using a linear interpolation for each interconnectivity
measurement. The median interconnection diameter was represented

as a violin plot depicting the distribution of connectivities obtained in
the scaffolds.

I. Random Forest Regression

This study considers a supervised learning problem which
involves a dataset with 11 input features and three output parameters
(pore size, percolation diameter, and median interconnection diame-
ter) and 37 data points representing 37 distinct conditions (averages
from three independent sections from three scaffolds each). Of these
11 input parameters, seven are derived from experimental conditions
(drying pressure, temperatures, choice of solvent, presence of addi-
tives, collagen concentration, and whether dialysis was performed)
which are varied during fabrication, two are values extracted from a
circular dichroism dataset (minimum and maximum spectral inten-
sity), and two are highly correlated “supervariables” taking into
account existing experimental input parameters (pH, which is corre-
lated with solvent choice, and solute content, which is correlated with
additives and solvent choice).

A random forest model involves an ensemble of individual deci-
sion trees, each of which is trained on a random section of the training
data. The final prediction of the random forest is then decided by
majority voting by the trees in a classification problem, or the mean
prediction for a regression problem. This allows random forests to
reduce problems of overfitting while maintaining a good performance.
Random forests also offer high interpretability of the results, since the
features influencing the predictions can be identified and ranked by
their importance. Random forests are particularly suited to this
machine learning problem of predicting scaffold structural parameters
due to the small size of the dataset, and the ability to estimate the rela-
tive importance of the input features.

A random forest regressor was implemented for each pore size,
percolation diameter, and median interconnection diameter, using the
scikit-learn package in python. 80% of the dataset was assigned for
training the final regressor and the remaining 20% as testing. The
hyperparameters of the regressor were tuned through threefold cross-
validation on the training data using a random search and localized
grid search of the parameter space. The data were pre-processed by
applying min-max normalization, and one-hot encoding of categorical
variables (solvents) with the first column excluded to prevent multicol-
linearity. The results were obtained from 10 independent training runs
of the regressors with different training–validation–test splits. The
training and testing datasets are independent from each other, with
the training set only being used as part of the cross-validation proce-
dure for hyperparameter selection and for fitting the model. During
each run, the test dataset is only used for evaluation. By repeating this
process 10 times to sample different independent training and testing
datasets, we can assess the performance of the model when evaluated
on different subsets of the full dataset.

The performance of the random forest model is provided as the
mean 6 standard deviation of 10 independent runs of the root mean
squared error (RMSE) in prediction for each regressor. The feature
importances were plotted as the mean 6 standard deviation of both
the impurity-based and permutation-based importances of each input
feature, obtained over the 10 repeats of the training and fitting process.
Permutation-based importances were calculated on the training data
to assess the importance assigned to each feature in developing the
regressors.
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III. RESULTS
A. Case 1: Primary and secondary drying of collagen
scaffolds

In this section, the effects of the two drying processes were
uncoupled through a layered characterization of morphology develop-
ment. First, the effect of secondary drying on collagen ultrastructure
was investigated using AFM. Second, collagen scaffolds were dried
under six distinct chamber conditions (including two chamber tem-
peratures and three chamber pressures) in order to elucidate the influ-
ence of the two drying processes on scaffold microstructures and
connectivity.

The phase channel from the AFM micrographs of cast collagen
films is shown in Fig. 2 after air-drying at atmospheric pressure and
after vacuum drying. Collagen samples displayed little or no fibrillar
features in the AFM after air-drying overnight as seen in Fig. 2(a)
across all samples. Figure 2(a) reveals the presence of several thin frag-
ments of collagen which comprised the film (marked by black arrows
in the zoomed inset).

Upon imaging the same films after vacuum drying, more, albeit a
relatively low amount, of collagen fibers and fibrils were readily
observable as seen in Fig. 2(b), exhibiting the characteristic D-banding.
However, in spite of the increased incidence of such D-banded fibrils
in the vacuum dried films, similar to the air-dried films, these samples
were also primarily comprised of smaller collagen fragments as seen in
the phase channel.

High magnification SEM images revealed that scaffolds produced
at the chamber pressure of 333Pa at 273K possessed smooth pore
walls, whereas a decrease in chamber pressure and, most importantly,
drying temperature resulted in significant roughening of the pore wall
topography.

The features arising from the roughening of the pore wall
are indicated with arrows in Fig. 3(a). These include raised
circular areas (blue arrows), a vein-like distribution of collagen struts
(yellow arrows) or the faint aligned grooves of collagen (purple
arrows).

The increase in roughness was most prominent when comparing
the two drying temperatures (293 and 273K). The differences in
topography when comparing the highest chamber pressure (333Pa) to
the lowest (10Pa) at a given temperature were predominantly through

the introduction of the small-scaled features from the circular areas of
roughness and faint grooves of collagen alignment on a pore wall.

The mean pore sizes are plotted in Fig. 4(a) as a function of the
drying temperatures and pressures. Most samples possessed similar
pore sizes regardless of the drying pressure or temperature used, which
is consistent with the low magnification SEM micrographs (supple-
mentary material, Fig. 2). Notable exceptions to this include samples
dried at 10Pa at 273 and 293K, samples dried at 333Pa at 293K,
where some pore size distributions were skewed to smaller pore diam-
eters (from approximately 120 to 50lm), which is further supported
by the full pore size distribution shown in the supplementary material,
Fig. 3(a).

Figures 4(b) and 4(c) show violin plots of the percolation and
median interconnection diameters, respectively. The violin plots
include a box plot of the quantitative data, with the “violins” represent-
ing the probability distribution of the structural parameter at each con-
dition. The percolation and median interconnection diameters are
well matched to the pore sizes, although the plots reveal the presence
of significant sample-to-sample variability and spread in measuring
the percolation diameter.

Higher chamber pressures (333Pa) resulted in scaffolds possess-
ing a higher median interconnection diameter than scaffolds produced
at lower chamber pressures (10Pa), particularly at 273K. Scaffolds
produced at higher drying temperatures (293K) also demonstrated a
wider spread in the median interconnection diameters observed within
the scaffolds.

Some spread within each condition was observed, particularly at
333 and 10Pa at both temperatures. This may be attributed to the
observation of two distinct sets of interconnectivity plots comparing
the accessible volume of a scaffold (interconnected volume) as a func-
tion of a probe size (interconnection diameter) in the supplementary
material, Fig. 3(b).

B. Case 2: Solvent–solute interactions with collagen

This study considers a systematic variation in solute content and
solvent type in the fabrication of collagen scaffolds. In addition, colla-
gen concentration was also modified in each of these conditions with
the hypothesis that features developing through the interaction of the
solutes with collagen will be primarily influenced by collagen

FIG. 2. Comparison of 5� 5 lm AFM images of collagen films (a) after air-drying and (b) after additional vacuum drying, revealing the inherent banding. (c) Higher magnifica-
tion 1� 1 lm AFM image of a typical fibril found in the vacuum dried collagen films in (b), with fibrils displaying the characteristic D-banding. Black arrows in the zoomed inset:
thin fragments of collagen. White arrows in the height channel indicate a period in the banded collagen fibril.
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concentration, whereas those driven by changes to the ice crystal
growth environment will be largely independent of collagen concen-
tration. The microstructure and connectivity of the scaffolds were
investigated through SEM and MicroCT, and any effects of solute
interactions on collagen conformation were confirmed through CD.

Representative high magnification images of collagen scaffolds
produced using acetic acid at various collagen concentrations, and
with various solvents at 1.0 w/v% are shown in Fig. 5. The pore mor-
phologies did not display significant changes with concentration at a
given solute or solvent condition, except for the small pores seen with
1.5-A-X [Fig. 5(e)] and 2-A-D [Fig. 5(f)].

Although no significant changes are seen in the pore morpholo-
gies with increasing collagen concentration, the pore walls were
observed to increase in thickness. For instance, the pore walls seen in
the micrographs revealed that at 0.5 and 1.0 w/v% the walls were thin
and fibrous [Figs. 5(a) and 5(b)], unlike the scaffolds fabricated at the
higher concentrations where pore walls were thick and smooth [Figs.
5(e) and 5(f)].

Undialyzed scaffolds were found to possess slightly thinner fibers
of collagen [Fig. 5(b)] when compared with thicker bundles of collagen
that make up the pore walls in the dialyzed collagen scaffolds [Fig.
5(h)]. The incorporation of sodium chloride also resulted in several

FIG. 4. Pore size, median interconnection diameter, and percolation diameter of scaffolds. All three structural parameters indicate that scaffolds produced under various drying
conditions reveal that higher chamber pressures resulted in scaffolds possessing a higher median interconnectivity. Higher drying temperatures (293 K) produce scaffold with a
wider spread in the median interconnection diameters.

FIG. 3. High magnification SEM trans-
verse micrographs of collagen scaffolds
dried at various chamber pressures and
temperatures. Mesostructural features
were observed on the pore walls, with
periodic features and roughness increas-
ing at lower chamber pressures, and
higher sublimation temperatures. Blue
arrows: raised circular areas of rough-
ness. Yellow arrows: vein-like collagen
struts. Purple arrows: faint aligned
grooves of collagen.
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thin strands of collagen, coated in salt crystals [Fig. 5(m)]. Pore walls
for these scaffolds were also highly facetted and polygonal in morphol-
ogy when compared with the smoother walls in the dialyzed and
undialyzed scaffolds.

A comparison of the pore morphology of scaffolds produced in
various solvents revealed smooth collagen struts for A-X and A-D
scaffolds [Figs. 5(b) and 5(h)] with several openings in the pore wall,
whereas thin fibrillar struts were observed in H-X and H-D scaffolds
[Figs. 5(c) and 5(i)]. In comparison, W-X and W-D had a closed, col-
lapsed structure with thread-like pore walls [Figs. 5(d) and 5(j)].

The samples with incorporated salt, A-N, H-N, and W-N [Figs.
5(m)–5(o)], possessed wire-like fibrous pore walls with a closed pore
morphology unlike the dialyzed and non-dialyzed samples. The most
significant impact arises from the inclusion of sodium chloride as seen
from the fibrous collagen strands observed in the W-N samples [Fig.
5(o)] and to a lesser extent in the A-N or H-N samples [Figs. 5(m)
and 5(n)].

The CD spectra for dialyzed and undialyzed insoluble collagen
slurries hydrated in hydrochloric acid, acetic acid, and water are plotted
in Fig. 6, along with the control spectrum for soluble collagen in acetic
acid. The soluble collagen spectrum possessed a strong negative elliptic-
ity at 200nm and a positive band at 222nm, with a crossover point at
approximately 215nm. Similar negative and positive peaks at 210 and
225nm, respectively, were seen with insoluble collagen slurries.

Strong peaks were observed with A-X and H-X, whereas negative
and positive peaks of diminished intensities were observed with the A-
D, H-D, W-X, and W-D. All spectra intersected at the isoelliptical
crossover point at approximately 215nm. All decreases in the intensity
of the negative band were accompanied by concurrent decreases in the
intensity of the positive peaks, indicating that no significant denatur-
ation has occurred during the processing of the slurries.

Dialysis as well as the inclusion of sodium chloride resulted in a
significant reduction of ellipticity when compared with their undia-
lyzed counterparts. In particular, although the solid concentration
used in A-N, H-N, and W-N was double of that used with the other
solute conditions, these samples produced signals with very low inten-
sity. These spectra revealed the triple-helical peak as seen in Fig. 6(b),
but exhibit a redshift in the isoelliptical point. Notably, slurries
hydrated in W-N did not exhibit any negative ellipticity across the
measurement range.

The mean pore sizes, percolation diameters, and median inter-
connection diameters at each condition are plotted in Fig. 7, with full
distributions provided in the supplementary material, Figs. 4 and 5.
No significant variation was observed in the scaffold microstructure
across the different ROIs selected. Although most distributions are
unimodal, they exhibit significant spread. In general, trends were only
observed for the interconnection and percolation diameters with sol-
vent choice and sodium chloride incorporation. The median

FIG. 5. Scanning electron micrographs of collagen scaffolds produced at varying concentrations, solvent conditions, and solute contents. Representative images are shown
from left to right, increasing in concentration of collagen hydrated in acetic acid (green boxes) from 0.5 to 2.0 w/v%. Images of samples produced from hydrochloric acid (red
box) and water (blue box) at 1.0 w/v% are also shown for comparison of solvents at a constant collagen concentration.
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interconnection and percolation diameter of samples produced in
water were lower than those produced in acetic and hydrochloric acid.
A-N, H-N, and W-N all demonstrated low values of interconnection
diameters and percolation diameters. A comparison of the pore sizes
with the percolation diameter in Fig. 7 indicates a good match in the
trends observed, particularly for acetic acid and water.

C. Feature importance

Three random forest regressors were trained on the combined
sublimation and solvent datasets obtained for each structural parame-
ter. The root mean squared error of the pore size, median interconnec-
tion, and percolation diameter models are shown in Table II, with the
normalized errors also represented in brackets as the standardized per-
centage error of the total range. The RMSE of the test set is close to
that of the training data within error for all three regressors, indicating
that the models were able to fit the data well. Furthermore, the typical
spread of pore sizes in the scaffolds investigated (see supplementary
material Fig. 4 for pore size distributions) is comparable to these
RMSEs, indicating a suitable model fit. Table II also shows that the
inclusion of the supervariables in the model does not to influence the
predictor performance, within error.

The feature importance of the models trained on each parameter
is illustrated in Fig. 8. Two feature importances are included here: first
the mean impurity decrease-based importance and second, the permu-
tation importance on the training data. The impurity-based feature
importance measures how each feature decreases the variance of the
splits and highlights how influential each feature is in determining the
splits of the random forest model. On the other hand, permutation-
based importances measure the decrease in the model performance
when randomly shuffling each feature’s values, but have the advantage
that they are not biased by high cardinality values. Thus, the two

feature importances can be used together to ascertain the features with
the greatest impact on the microstructural attributes.

For comparison between the variables, the mean feature
importance for each regressor is plotted as a red vertical line. As a
first estimate, the most influential features can be identified as
those with importances above the mean. The results from training
the model are represented by plotting the feature importance of 11
variables. These include experimental variables that were directly
modified such as the drying temperature, the drying pressure, the
presence of additives, the use of water/hydrochloric acid as a sol-
vent, and whether the collagen was dialyzed. Other calculated vari-
ables were also included in the model, such as the intensity of the
maximum peak and minimum peaks of the CD spectra, the total
solute content, and solvent pH. The total solute content was calcu-
lated as the sum total of the concentrations of all solutes in the sol-
vent. The pH variable normalized to “0” for the acidic solvents and
“1” for water.

The feature importance graphs highlight that the collagen con-
centration and pH are the only experimental variables to influence all
three structural parameters to the same extent. The feature importance
graphs also show that the conformation of collagen as measured
through circular dichroism spectral intensity may be capable of
accounting for the changes caused by other experimental variables,
such as solvent, solute incorporation, or the dialysis process. The sol-
utes in the system are also shown to have an impact on the three struc-
tural attributes. The feature importances highlight the subtle
differences caused by different solute environments. For instance, the
presence of sodium chloride is an important feature for percolation
diameter, dialysis is important for median interconnection diameter,
whereas for pore size, the supervariable “total solute content” (i.e.,
both the molarity of sodium chloride and the molarity of the solvent)
is seen to have a large impact.

FIG. 6. Circular dichroism spectra of dialyzed and undialyzed insoluble collagen slurries hydrated in hydrochloric acid, acetic acid, and water as well as soluble collagen in
acetic acid.
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FIG. 7. Pore size, median interconnection diameter, and percolation diameters of scaffolds produced with varying solvents and solute content. Pore size did not display any
dependence on concentration or on dialysis. Samples produced with water and with added sodium chloride were the only conditions that demonstrated distinctly reduced pore
sizes in comparison with other conditions. Percolation diameter did not exhibit a strong dependence on collagen concentration, whereas the median interconnectivity was
observed to decrease with collagen concentration. Samples produced with water and with added sodium chloride demonstrated distinctly reduced percolation and interconnec-
tion diameters.
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TABLE II. Summary table of the root mean squared errors of random forest regressors. Three regressors are considered here for the pore size, median interconnection diame-
ter, and the percolation diameter. The regressors were trained both with and without the inclusion of supervariables (pH and “ionic content”), showing a slightly higher average
RMSE for the models without the supervariables, but within the variability observed. RMSEs are given as the mean 6 standard deviation of 10 training repeats on the dataset.
To standardize the comparison across the different regressors, the RMSEs normalized by the min-max range of each structural attribute are also reported in brackets, to 1 s.f.

Predictor
RMSE 6 standard deviation (lm)

With supervariables Without supervariables

Training Test Training Test

Pore size 156 4 (7%) 306 6 (14%) 186 5 (8%) 296 4 (13%)
Percolation diameter 186 3 (4%) 286 4 (7%) 186 3 (4%) 286 4 (7%)
Median interconnection diameter 346 10 (13%) 486 10 (18%) 336 10 (13%) 506 14 (20%)

FIG. 8. Feature importance graphs: experimental parameters are ranked in order of least influential to most influential in determining (a) the pore size, (b) median interconnec-
tion diameter, and (c) percolation diameter. The red horizontal dotted line represents the mean feature importance for each structural measurement.
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The inclusion of pH as an independent parameter (which is con-
stant for acetic acid and hydrochloric acid) also provides further
insight into the role played by the solvents. In the feature importance
graph for pore size, the parameters “water as a solvent” and “pH” have
nearly an identical importance, whereas “hydrochloric acid as a sol-
vent” consistently ranks as a feature of low importance. This suggests
that the change in pH has a greater impact on the measured pore val-
ues, than a change in the chemical moiety of the solvent.

Finally, the relative effect of drying conditions (temperature and
pressure) is seen to be insignificant when compared with the effect of
solvent and solute changes for the pore size and median interconnec-
tion diameter, yet drying pressure is an influential parameter for per-
colation diameter.

IV. DISCUSSION

In this paper, the impact of new experimental variables on scaf-
fold microstructure as well as the ability to extract relationships
between variables and structural parameters have been investigated
through two case studies. The discussion will therefore first attempt to
provide a mechanistic understanding of the role played by primary
and secondary drying, as well as solvent–solute interactions within
each case study and second, consider the implications of the relation-
ships identified by the random forest model.

A. Mechanistic interpretation of results

1. Case 1: Primary and secondary drying of collagen
scaffolds

The AFM images seen in Figs. 2(a) and 2(b) indicate that the dif-
ferences in air-drying and freeze-drying alone result in large changes
to the collagen surface and nanostructure. In particular, there was a
lack of D-banding in air-dried films, with long, thin fibers embedded
within the surface as seen with AFM phase data in Fig. 2(a). In addi-
tion to the effect of drying, differences in pH38 and hydration have
been known to cause restructuring within a fibril, particularly with
respect to the obscuration of D-banding with pH and water-driven
linking of the polypeptide chains within and across the triple-helical
molecules39 to create the larger packing order of collagen. The
increased incidence of fibrillar features on the surface of the collagen
films following vacuum drying may therefore be explained by
hydration-driven restructuring of collagen fibrils.39,40

Higher magnification SEM images in Fig. 3 revealed increased
facetting and roughening at higher drying temperatures. Some
increase in roughness and collagen alignment within the pore walls
were also observed with an increase in pressure from 273 to 293K.
The aligned collagen grooves and the thicker collagen struts on the
pore walls may have arisen from either the ice templated facets during
primary drying or the collagen restructuring observed using the AFM
during secondary drying. However, the presence and increased inci-
dence of raised circular features on the wall cannot be explained by the
observation of ice crystal sublimation seen here, and are therefore
more likely to have arisen from secondary drying. Although little prior
literature exists on the role of water in the formation on fiber bundles
at the micro- and sub-micro scale, one interpretation of the formation
of the vein-like collagen features can arise from packing of water
around collagen fibers. A theoretical and experimental study on the
formation of nanofibrils with peptide amphiphiles from micelles by

Deshmukh et al. suggests that the self-assembly and aggregation to
larger structures may be governed by the dynamics and ordering in
the vicinal water near hydrophilic side groups.41 Regardless, the envi-
ronmental scanning electron micrographs depicting thick collagen
struts emerging from the grain boundaries of subliming ice crystals in
the supplementary material, Fig. 6 suggest that the facetting of the
pore walls as delineated by thick collagen struts were most likely to
have arisen as an ice-templated feature. Thus, one of two phenomena
controlling the underlying ice crystal morphology is responsible for
the facetting at higher drying temperatures: freezing or sublimation.

The process responsible for these features can then be reconciled
by the structural measurements of the scaffold, illustrated in Fig. 9.
The increase in facetting and roughness at higher temperatures (and
lower pressures) was reflected in the 3D morphology and connectivity
with little to no change in pore diameters yet a small decrease in scaf-
fold connectivities as shown in Figs. 4(b) and 4(c). At higher tempera-
tures, some samples demonstrate the same pore sizes whereas others
display lower pore sizes which directly contrasts with the increase in
pore size expected from grain growth during annealing. On the other
hand, at higher temperatures and lower pressures, there was a greater
drive away from equilibrium which can result in the formation of fine
ridges in the ice crystals as discussed by Nair et al.19 Thus, the ice tem-
plating of sublimation-induced mesostructure may be responsible for
the pore wall roughening and small associated decrease in connectivity
observed at high drying temperatures and low drying pressures.

The six chamber conditions considered in this study will also
correspond to six distinct drying rates. Several theoretical models
have been developed to characterize the primary and secondary
drying stages in the freeze-drying process, summarized in a review
by Tchessalov et al.42 In these models, for a constant inner surface
area and mass transfer resistance, the drying rate @m

@t can be
expressed to be directly proportional to the difference between the
chamber pressure Pch and the pressure over the subliming surface
Psubl as follows:

@m
@t
/ Psubl � Pch:

For an estimate of the relative drying rates, the equilibrium vapor
pressure of sublimation can be taken from a data table compiled by
Wexler43 as 611.4Pa at 0 �C, at 2338.5 Pa at 20 �C. Compared to the
slowest drying rate at 0 C, 333Pa as the baseline, a decrease in pres-
sure results in an increase in the drying rate by 1.8-fold at 100Pa and
2.1-fold at 10Pa. Although an increase in temperature results increases
the drying rate by approximately seven times at 20 �C, the changes in
pressure only result in a maximum relative increase by 1.1-fold. With
this analysis, the changes to pore shape and facetting at larger temper-
atures may be attributed to the large increase in drying rates from
changing drying temperature. Similarly, the onset of finer mesoscaled
features on the pore walls due to drying pressure was most obvious at
0 �C. The ability to observe these structural differences at this lower
temperature may arise from the more pronounced differences in dry-
ing rates between the different pressures.

2. Case 2: Solvent–solute interactions with collagen

The pore morphologies observed in this work (Fig. 5) indicate a
smoother and more rounded pore morphology with acetic acid and to
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a lesser extent hydrochloric acid. On the other hand, water and
sodium chloride produce a more facetted morphology. This change in
morphology does not appear to have a dependence on the solute con-
tent, but depends directly on the chemical moiety of the solute. Such
fibrillar walls were also observed at high magnifications by Pawelec
et al. with the incorporation of sodium chloride in scaffolds,13 where
the pore sizes were described to increase in size with the addition of
salt. Although arguments based on the viscosity of the collagen slurry
have been made to justify the larger pore sizes observed in literature,13

the same argument falls short of supporting the evidence presented in
this work. The results of Pawelec et al. are also in stark contrast to the
decreased pore size and percolation diameters observed in this work.
This discrepancy may be reconciled by the 1-hour washing step
employed in the former to remove salts.

The addition of salt to 0.5 w/v% collagen was not considered in
this experimental plan due to the fragility of the resulting samples. The
incorporation of sodium chloride has been previously observed to
reduce the thermal stability of collagen using CD44 as compared with
calcium or potassium chloride at the same ionic strength. This
decrease may result in the thinning of the collagen fibrils constituting
the pore wall, therefore producing the larger pore sizes that were sub-
sequently created post-washing and cross-linking. The washing step
was not adopted in this work in order to understand the direct influ-
ence of sodium chloride on pore morphology. However, the variation
of pore sizes upon removal of salts serves as a further avenue for
investigation.

Although the slurries in this work were produced from microfi-
brillar collagen, the hydration process in acetic acid and hydrochloric
acid were likely to have resulted in the destruction of the fibrillar pack-
ing,45 further supported by the lack of the characteristic CD peak for
fibrils in these results. Additionally, the flattening and reduction in
intensity in the CD spectra with the use of water as a solvent suggest
that aggregates of collagen were larger in water when compared with
the acidic solvents, with a more pronounced effect upon dialysis. Since
hydrochloric acid and acetic acid do not exhibit significant differences
in the CD spectra, the pHmay primarily drive the conformational sta-
bility and aggregate formation observed for the undialyzed samples.

The driving mechanism for changes in the scaffold microstruc-
ture may therefore be explained through a combination ice growth
which is affected by solute content, and collagen organization which is
affected by collagen concentration, solute content, and pH as explored
in Fig. 10.

B. Implications of the random forest model

1. Interpreting feature importance graphs

Random forests are widely used as the machine learning model of
choice where interpretability is desired in the analysis.46,47 This inter-
pretability is offered through the feature importance graphs that dis-
criminate parameters based on how influential they are in determining
the decision made by the trees in the random forest. While the ranking
of a feature’s influence in the random forest would usually directly cor-
respond to the influence of the parameter physically, there are a few sit-
uations where the true or physical importance is not reflected by its
feature importance. These include parameter spaces where several fea-
tures are highly correlated.48,49 For instance, the solute content is a sum
of the total concentration of solutes, and is therefore an example of a
variable that is derived from a linear combination of the other features
(presence of water, presence of additives). The high importance of solute
content for pore size measurements in Fig. 8 is accompanied by low
importances for these correlated variables, since this single variable is
sufficient to influence the prediction. Since the solute content is neces-
sarily dependent on the presence of additives and specific solvents, a low
feature importance does not suggest that these variables have no physi-
cal importance, but instead that the “supervariable” of solute content
and pH, or other physically correlated parameters such as CD spectral
intensity, may account for the combined effects. This is observed in the
feature importances for models trained without these supervariables
(supplementary material, Fig. 7). pH is a highly correlated extracted var-
iable from the use of water as a solvent. In these models, the feature
importances ranked above and below the mean importance are mostly
preserved, except where the pH’s importance is increased at the cost of
the use of water as a solvent. While the interpretation of results is not
impacted in this study, the use of recursive feature elimination may be
helpful in datasets with highly correlated features.48,49 Future investiga-
tions can also then be informed on the basis of these results, such as ver-
ifying the physical importance of supervariables such as “solute content”
and pH across a larger range of solutes and solvents than those consid-
ered in this study.

Furthermore, the random forest model was trained on a single
dataset combining data from the two case studies on the drying condi-
tions and solute environments. The results from the model revealed
that the relative effect of drying pressure and temperature are not as
significant as varying other parameters, except in the case of the perco-
lation diameter. It is worth noting that the case study on solvents were

FIG. 9. Hypothesized role of primary and
secondary drying on collagen scaffold
microstructure. The outer pore walls are
templated by the ice crystal wall, whereas
finer scaled mesostructural collagen align-
ment arises from sublimation-induced
mesostructuring. A high water content
may also result in the obscuration of
nanoscaled structures, which is revealed
with increasing water desorption.
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all performed at a single drying condition, yet produced pore sizes,
percolation diameters, and median interconnection diameters with
significant variation. As a result, the drying parameters will therefore
be assigned a low feature importance by the model, since they do not
produce as significant a variation as the solvent-based parameters in
the microstructure. Therefore, once again, the low relative importance
does not imply a lack of physical influence, nor can be used to discount
the qualitative effects observed on scaffold meso- or nanostructure
with the SEM micrographs, which are not fully encompassed by mea-
sures of microstructural pore size and connectivity.

Finally, although this study considers the effect of solvent, solutes,
and drying conditions, it must be noted that several other parameters
have been shown to cause significant variation in the microstructural
attributes considered here. These include but are not limited to nucle-
ation temperatures,50 cooling rates,51 thermal conductivity, geometry,
and size of the mold.33,52 This study compares scaffolds which were fab-
ricated and imaged from the same locations under conditions where all
such variables are held constant, in order to ascertain the impact of the
solute and drying parameters exclusively. Since varying these additional
parameters will have an influence on the microstructural attributes, this
will also necessarily impact the performance of the predictor. In this
paper, our aim has been to leverage the ability of machine learning algo-
rithms such as random forests to understand the relative physical influ-
ence of the specific parameters considered in the two case studies.
However, with a large database of scaffold parameters, a more accurate,
general-purpose predictor for microstructural attributes can be
obtained. Regardless, the same principles of feature importance demon-
strated here can be employed to extract parameters of interest.

2. Collagen concentration

Figure 8 revealed that collagen concentration was highly influen-
tial in predicting the pore size, percolation diameter, and median

interconnection diameter of a scaffold. The influence of solid concen-
tration on the pore size previously investigated in the literature has
shown that the trends have varied significantly based on the experi-
mental setup. The range of pore sizes measured in this paper across a
1mm3 volume of interest (60–160lm) are consistent with the slice-
based estimates of pore sizes obtained at the top and base of a collagen
scaffold by Pawelec et al., and the values for non-dialyzed collagen
scaffolds in acetic acid by Offeddu et al. (75–140lm).34 Offeddu et al.
also noted an increase in pore wall and strut thickness which is consis-
tent with the SEM images in Fig. 5. At low concentrations, as seen in
Fig. 5, collagen struts possess a thin and wire-like appearance exclu-
sively at 0.5 w/v%. Scaffolds at low concentration such as 0.25 w/v%
have been found to have small pore sizes in collagen–GAG scaffolds
due to their low stability and rigidity,7 which is consistent with the
observations of a weak pore wall that is unable to support its own
weight, in this paper.

These suggest that while collagen concentration may have a signifi-
cant impact on the pore size, these effects as reported in the literature
are generally centered about the stability, rigidity, and loss of interchan-
nel connectivity from thicker struts around the pore wall rather than the
crystal growth during the freeze-drying process. Furthermore, the dis-
crepancy in the effect of solid content observed in the literature may
arise from the relative effect size of competing factors such as the ther-
mal profile and collagen concentration in determining the final scaffold
microstructure. Thus, the effect of collagen concentration is prominent
when produced under the same thermal profiles as specified in this
paper, whereas the same effect may be insignificant when scaffolds are
produced under different thermal profiles.7,33,34

3. Influence of extracted parameters

Solvents and solutes have been investigated previously for their
effects on collagen scaffold morphology in the literature. For instance,

FIG. 10. Diagrammatic representation of
the hypothesized role of collagen and ice
in scaffold microstructure. Ice morphology
is suggested to be primarily modified
through solute-driven changes at the ice–-
water interface: small nuclei with pro-
nounced facetting can be observed with
salt, whereas acetic acid produced a
larger, rounded pore structure. The inter-
action of the solutes in the slurry with col-
lagen can result in the reorganization of
collagen molecules in the fibril. At low pH,
this includes the lyotropic relaxation of the
tropocollagen molecules within a fibril. On
the other hand, at higher ionic strengths
and salt content, the incorporation of salts
can locally stabilize the fibrillar organiza-
tion creating larger aggregates. The
microstructure of the collagen struts is
therefore driven by the interactions of col-
lagen with its solute environment, whereas
the morphology of the pore space is deter-
mined by ice growth.
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prior work has established the production of thin, thread-like struts
with water;6 dense, smooth walled scaffolds with acetic acid;6,53 fibril-
lar, “leaf-like,” and nanoporous walls with hydrochloric acid; and
finally, small closed pores with fibrillar struts with the inclusion of
sodium chloride.13 The morphology of the collagen walls observed
with scaffolds fabricated in this work is consistent with the literature,
although the structural parameters cannot be directly compared in
most cases due to minor differences in the experimental setup, such as
the concentrations of solvent or thermal profiles used in fabricating
the scaffolds. Since changes in the solvent result in several complex
changes in the collagen environment, the phenomena driving changes
in the scaffold morphologies are not clearly understood.

The random forest model in this paper was trained on a dataset
with systematic modifications in solute and solvent contents, with the
aim to identify the relative influence of various physical and chemical
effects on the microstructure. For instance, the variables used in the
model include general categorical variables such as “the presence of
acetic acid,” as well as more specific, extracted variables such as the
solute content. By comparing the relative influence of the general vari-
ables with the specific variables, the forces driving specific microstruc-
tural changes (such as original solute content of solvent, dialysis of
collagen) may be more easily identified.

Circular dichroism is typically used to reveal the presence of the
triple-helical tropocollagen molecules for collagenous materials, but
also to study other conformational changes such as the denaturation
of triple helices to random coils, or their packing into ordered
fibrils.54–58 Although CD can probe the impact of various chemical
and thermal environments on collagen conformation, the scale of the
technique (secondary protein structure) does not naturally lead to its
use in understanding scaffold microstructure. In this work, we have
demonstrated that relationships between characterization techniques
which would not be typically compared in an experimental study can
be included in the model, as seen with the inclusion of the maximum
intensity of the CD peak for structural prediction. The CD peaks in
Fig. 6 displayed the same shape with some flattening and broadening
of the spectral peaks, suggesting the creation of larger aggregates in the
slurry. This result is consistent with prior work where ionic strength
was increased in collagen slurries resulting in a flattening and broaden-
ing of the CD spectra.59 This is proposed to occur due to the unfavor-
able destabilizing long-range electrostatic interactions shielded by salt
bridges formed with the triple-helical collagen backbone. The creation
of a larger range of fiber associations due to the presence of long-range
electrostatic interactions is consistent with the features seen in the
scanning electron micrographs, where scaffold walls were more fibril-
lar with the incorporation of sodium chloride.

The loss in spectral intensity with an increase in pH and increase
in ionic strength seen in Fig. 6 may be associated with the differential
scattering of light through chromophore aggregation, particularly
where the aggregates are larger than the wavelength of light used to
acquire the CD spectra. Following this idea of aggregation-induced
decreases in spectral intensity as set out by Bustamante et al., the more
extended or larger the aggregates are, the lower the intensity is
expected to be.60 Similarly, in spite of using the same concentration,
the flattening and broadening of the CD spectra observed here may be
related to the anisotropic distribution of the chromophores within the
sample. For aggregates with a high local density of chromophores, a
higher degree of spectral broadening would be expected. Therefore,

collagen aggregates formed at neutral pH and at greater ionic strengths
can be concluded to be larger than in their acidic counterparts.

The high correlation observed between the CD peak intensity
and values of connectivity such as the median interconnection and
percolation diameter also introduces the opportunity to design new,
targeted experiments between local collagen organization within the
slurry and scaffold microstructure and morphology. The use of CD to
characterize the organization of collagen within the slurry may also be
a means to predict morphological features that were previously
described qualitatively, such as the fibrillar or thin wire-like appear-
ance of collagen struts.

4. Comparing structural parameters

Although the trends observed with the median interconnection
diameters were generally also observed with the percolation diameters,
there were several notable exceptions. The median interconnection
diameters displayed more drastic differences than the percolation
diameters in scaffolds, particularly for scaffolds produced at the same
solvent condition but different concentrations. One possible rationali-
zation of these differences arises from the contributions to structural
connectivity: collagen organization and ice crystal growth. There is evi-
dence in the literature to suggest that the local solute content may
influence the nucleation of ice61,62 or modify thermodynamics of ice
growth, which supports the role played by ionic content in the pore
size, but the low impact of either additives or ionic content on the
median interconnection diameter. This organization of collagen is
likely to affect the pore fenestrations more than the pore space itself.
This is further evidenced by the higher impact of dialysis for median
interconnection diameter, and the higher impact of the CD spectral
intensities on both measures of connectivity rather than pore size in
the feature importance graphs (Fig. 8).

The 3D volume interconnectivity measured with shrink-wrap
allows a probe to access the scaffold from all directions, unlike the per-
colation diameter which were measured in the direction of ice crystal
growth. Although these scaffolds were polycrystalline and mostly iso-
tropic, the pores will possess some crystallographic texture from the
direction of growth from the bottom of the mold to the top. Thus,
while the volume interconnectivity can access some of these larger
pore fenestrations, the effect of smaller fenestrations caused by colla-
gen organization may be limited on the percolation diameter when
measured along the direction of ice growth. This rationalization is sup-
ported by the large influence of collagen concentration and drying
pressure on percolation diameter where these parameters would influ-
ence the limits of ice growth and removal, unlike the median intercon-
nection diameter, which is more heavily influenced by the pH,
concentration-independent CD peak intensities and dialysis, which
will impact the local organization of collagen in the slurry.

V. CONCLUSIONS

In this paper, we investigated the role of drying processes on the
scaffold microstructure, and aimed to understand the role of solvent–
solute interactions in collagen scaffolds. In this work, the drying pro-
cesses were shown to introduce features on the collagen pore walls
with some changes to the scaffold connectivity. In complex systems
containing several solvents and solutes, globally measurable parame-
ters such as a triple helical peak from circular dichroism, the total sol-
ute content, and the collagen concentration were found to be the most
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influential parameters in determining the pore size or the pore connec-
tivity in the scaffolds.

The results of this paper have shown first that the relative effect
of distinct studies can be compared, and second that the underlying
physicochemical phenomena may be elucidated by the use of random
forest regressors in combination with experimental studies. This paper
demonstrates the potential of using machine learning models in con-
junction with experimental studies in biomaterials to obtain a deeper
understanding of the underlying mechanisms during scaffold synthe-
sis. The use of such techniques may also eventually help in the predic-
tion of structural or biological properties of a scaffold, and aid to
develop a toolkit to create application-specific tissue-engineering
constructs.

SUPPLEMENTARY MATERIAL

The supplementary material for this paper contains seven addi-
tional figures. Figure 1: height, amplitude error, and phase AFM chan-
nels of collagen films before and after air-drying, and of the
characteristic D-banding in collagen. Figure 2: low magnification SEM
micrographs of the longitudinal and transverse cross sections of scaf-
folds after drying at different chamber conditions. Figure 3: pore size
distributions and volume interconnectivity of a scaffold produced
under different drying conditions. Figure 4: pore size distributions of a
scaffold produced under different solvent and solute conditions.
Figure 5: volume interconnectivity of a scaffold produced under differ-
ent solvent and solute conditions. Figure 6: environmental scanning
electron micrographs of ice sublimation from solidified collagen slur-
ries. Figure 7: feature importance graphs of models trained without
supervariables.
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