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Abstract: Scaffold-based bone tissue engineering aims to develop 3D scaffolds that mimic
the extracellular matrix to regenerate bone defects and damages. In this paper, we provide a
laser speckle analysis to characterize the highly porous scaffold. The experimental procedure
includes in situ acquisition of speckle patterns of the bone scaffold at different times under
preserved environmental conditions, and follow-up statistical post-processing toward examining
its internal activity. The activity and overall viscoelastic properties of scaffolds are expressed via
several statistical parameters, and the variations in the computed parameters are attributed to
time-varying activity of the samples during their internal substructure migration.

© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Bone is a basic element of the human skeleton supporting and protecting various vital organs
within it [1-3]. It undergoes continuous renovation during our lifetime and is made of four
types of cells: osteoblasts, osteoclasts, osteocytes, and bone lining cells, which regulate bone
homeostasis dynamically [4,5]. Creating tissue constructs that can be replaced by the bone
in both structure and function has received intensive attention [6]. A bone graft or scaffold,
while providing all the necessary environmental cues found in natural bone, should mimic the
structure and mechano-chemical properties of the natural bone extracellular matrix. This is
where bone tissue engineering becomes important. Different methods use various synthetic or
natural, biodegradable or non-biodegradable materials in the fabrication of bone scaffolds [7,8].
The scaffold, after implantation, should elicit a desirable local or systemic response to the host,
whilst undesirable effects may also reduce healing or cause rejection by the body [9-11]. A
successfully fabricated scaffold must possess few aspects: (1) degrades over time while providing
the necessary structural support, (2) eventually allows the original cells to replace the implanted
scaffold, (3) degraded parts must be non-toxic and able to exit the body without interference with
other organs [12,13], (4) has a high porosity ensuring cellular penetration and adequate diffusion
of nutrients to cells within the construct [14,15], (5) has similar mechanical properties to the
implementation site [16—18].

Materials used for scaffolds in bone tissue engineering are categorized into four classes:
ceramic, composite, polymeric, and metallic scaffolds [10]. Polymeric materials provide more
controllability on the physiochemical characteristics of scaffolds, such as porosity, solubility,
biocompatibility, enzymatic reactions, and allergic response. The other materials come along
with serious drawbacks: ceramics suffer of disadvantages such as brittleness, low fracture
strength, difficulty to fabricate, and high density. Biocompatibility of composite materials
are often insufficient, and even though metallic scaffolds have high mechanical strength, they
are non-biodegradable [7,10,19]. The superiority of polymeric materials and their excellent
mechanical properties have led to consideration of synthetic polymers for scaffolds [20]. Materials
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such as collagen, gelatin, alginate, hyaluronic acid, chitin, and chitosan (CS) are examples of
naturally derived polymers [21]. Among these materials, CS has gained great significance in
the field of scaffold fabrication. This is because CS possesses several important properties,
such as biodegradability, biocompatibility, bioadhesivity, solubility, and non-toxicity to humans
[22-24]. The degradation of scaffolds has been studied under different conditions to understand
the pertinence of external effects or constituents on their activity. For example, the degradation
behavior of the scaffold has been investigated inside micro-channels and static or shaking
incubators to understand the role of the shear stress in the changes of scaffolds, in terms of
weight loss, water uptake, pH value, porosity, morphology [25]. In this research, we also use CS
materials, according to the aforementioned properties to fabricate the scaffolds.

The common polymer characterization methods normally include measurement of water uptake,
mass loss, porosity change, etc. [26,27] or complementary imaging either in macro-scales, such
as macromorphology that provides very low resolution and low magnification images [26], or in
high-resolution scales, such as scanning electron microscopy (SEM) [28,29]. They have their
own limitations. SEM, for example, although being high resolution and suitable for 3D imaging,
is expensive, and must be housed in an area free of any possible electric, magnetic, or vibration
interference. In SEM, sample preparation is required, which can result in artifacts and errors and
might be damaging, and the method can be applied only to solid inorganic samples, small enough
to fit inside the vacuum chamber. Atomic force microscopy (AFM), in comparison to SEM, is
free of special sample treatment, expensive vacuum environment, and high maintenance and can
be higher in resolution and can be also used for liquids [30,31]. However, its scanning speed is
slow, proximity of its tip can be destructive to the sample, and it also unable to work for dynamic
specimens. Other studies by placing the scaffolds under different conditions have been pursued
to understand their degradation and the effect of external constituents and stimuli, e.g., inside
micro-channels and by applying external movement to investigate the role of the shear stress in the
changes of scaffolds [25,32]. Here, by the use of dynamic speckle pattern analysis we interrogate
the activities on the surface structure of the scaffolds. Speckle light patterns are high-contrast,
fine-scale granular patterns that are the result of the interference of a large number of dephased
but coherent monochromatic light waves propagating in with different directions [33]. Such kind
of interference can be formed through different processes, such as scattering of laser light from
a rough surface or mode-mixing in a multimode fiber [34]. Despite the intrinsic randomness
of these patterns, the analysis of the speckle patterns may find interesting usefulnesses, and the
methodologies based on speckle patterns have been considered as versatile tools to purposively
investigate numerous physical, chemical and biological phenomena [35,36]. In the case of
speckle patterns that are obtained through the scattering of laser light from a rough surface, each
point on the illuminated area acts as a source of secondary waves and contains information about
the surface. Therefore, throughout the image recording device, overall information about the
surface will be present.

Dynamic speckle patterns occur when an illuminated surface includes any kind of activity.
Based on the origins and characteristics of dynamic speckles the knowledge about the inner
dynamics of the phenomena may be increased. The more inner dynamics of the samples are
known, a better insight can be obtained in controlled experiments and simulations to assess how
these dynamics show up in the speckle evolution. Several types of research have been carried out
involving the dynamic speckle analysis: monitoring and investigation of blood flow [37-39], seed
health [40], fruit ripeness [41], paper crumpling [42], tissue viscoelastic properties evaluation
[43,44], adhesive drying [45], and parasite motility [46] are among the applications, to name a
few. The advantage of the presented methodology over the common polymer characterization
techniques includes possibility of dynamic and live acquisition of information about the samples.
It is a nondestructive and noncontact method and provides spatiotemporal information integration.
In addition, this technique is free of phototoxic effects on the sample since a very low laser power
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is used to illuminate the samples. Dynamic speckle analysis can be applied in the same manner
for all the classes of materials that are used in bone tissue engineering, i.e., ceramic, composite,
polymeric, and metallic scaffolds. Here we focused on polymeric materials for their excellent
mechanical properties. The method can be used for long period studies even for days, providing
that the environmental conditions for the samples are preserved.

The application of the dynamic speckle analysis method on the CS scaffold is addressed in this
paper. In Section 2 the experimental procedure and the theoretical background on the statistical
analysis of dynamic speckle patterns are described. In Section 3 the experimental results are
presented and the analysis results are discussed. The paper is concluded in Section 4.

2. Materials and methods
2.1. Sample preparation

Several methodologies exist to provide porous scaffolds [47]. Freeze-casting is one of the most
common ones since it is environmentally and economically friendly [48]. The samples in this
study are prepared with the Freeze-casting method. CS (Acros Chemical Co.) has deacetylation
degree of 85% and molecular weight of 100000-300000. CS is dissolved in 1wt % acetic acid
(Merck Inc.) by stirring for 24 h at room temperature to prepare 2wt% CS solutions. This
solution is then poured into the self-made plastic molds and is kept frozen at -20 °C (24 hours),
followed by freeze-drying for 24 h to achieve the porous structure of 3D CS scaffolds. The
prepared scaffolds are immersed in 1% NaOH (Merck Inc.) for 2 h to remove any residual acetic
acid, and further washed several times with sterile water to reach pH=7.0 level. The CS samples
are lyophilized again overnight in a freeze dryer until getting dried. Finally, scaffolds of 10 mm
in diameter and 3 mm in thickness are fabricated.

2.2. Experimental procedure

The experimental procedure for recording dynamic speckle patterns is shown schematically in
Fig. 1(a). The laser beam (He-Ne Laser, 632.8 nm, 5 mW) passes through a spatial filter (SF),
which filters out the unwanted spatial frequencies in the Fourier space through placing a pinhole
in the lens focal plane. The emerging beam is highly divergent and by the use of another lens
(L) it is collimated to provide a uniform beam profile. The collimated beam is directed through
mirror M into the sample (S) to illuminate it. The speckle pattern is created and recorded on a
digital camera (DCC1545M, Thorlabs, 8-bit dynamic range, 5.2 um pixel pitch) by a collecting
lens (L,). L, has focal length of 10 cm and # of 2. The camera is set to record 700x700 pixels in
its central area with the exposure time of 0.20 ms. The He-Ne laser possesses sufficient coherency
and stability. The laser is switched on at least half an hour before the experiment to ensure
intensity stability, which is of high importance in speckle analysis. The laser is kept on during
the experiments and by using a laser shutter (Sh), without touching the elements of the setup,
the beam is blocked. When required, the laser shutter is removed and the data is acquired. The
uniformity of the beam is checked by placing a mirror in the place of the sample and collecting
the reflected light by the camera for about a minute.

The sample is placed in a dish including phosphate buffered saline (PBS) solution. PBS
closely mimics the pH, osmolarity, and ion concentrations of the human body. Therefore, PBS
solution with a pH of 7.4 in 37 °C is used here to simulate the condition of a healthy human
body [49,50]. In order to fix the scaffold in the sample dish we pinned it using a couple of thin
rods which are supported by magnets from the bottom of the dish. The sample dish has a lid to
prevent evaporation of PBS during the experiment. The dish is placed inside a container filled
up of liquid paraffin, which is heated by a feedback-controlled plate heater to create a thermal
equilibrium and maintain the sample temperature at 37 °C. The closed chamber is not in direct
contact with air. However, the experiments were performed inside an isolated room for the reason
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Fig. 1. (a) Experimental setup for dynamic speckle acquisition; Sh: shutter, SF: spatial
filter, L1: collimating lens, M: mirror, L2: collecting lens. (b) A SEM image of a porous
bone scaffold sample. (c) A picture of overall scaffold sample.

of controlled temperature and humidity, and these parameters of the lab were controlled and live
monitored. The humidity level was adjusted to 45%=+5%. The setup is built on a pneumatic
optical table and the laboratory is based on the ground level. Therefore, the vibrational noises
are highly damped out. In Fig. 1(b) an SEM image of a typical porous bone scaffold sample is
shown. In Fig. 1(c) a picture of the overall sample along with its dimensions is shown, which also
demonstrates that the sample is not transparent, and a reflective-mode speckle pattern analysis
setup suits its investigation.

Once the laser intensity is stabilized and the sample chamber reached a fixed thermal condition,
the sample is shone by the laser beam of uniform intensity. Different parts of the fabricated
scaffold sample are prepared and kept inside the PBS solution. The scattered laser beam from the
samples is collected and form the speckle patterns. The time evolution of the samples are rather
slow, therefore, each experiment for a sample lasts for several hours. The camera is programmed
to acquire 100 successive speckle patterns at 25 fps in every 30 min. We record the process of
speckle pattern dynamics for several samples for 5 h. For quantitative assessment we consider
examination and pattern post-processing of at least 5 samples. The protocol of the experiment is
preserved for different samples.

To assure clean data and negligible effect of the noises, such as contaminations in the optical
elements, we also conduct control experiments. However, for control experiments, in order to
preserve the experimental conditions, and to avoid inclusion of unknown noise sources we do not
remove the sample or replace it with a reference one. Instead, since only a part of the sample
area is occupied by the scaffold sample, an empty area in the vicinity of the sample, which is also
observed by the detector is taken as a reference surface. Then we conduct the speckle analysis
procedure on it. The results of a typical control experiment is presented in Supplement 1, Fig.
S1.

2.3.  Numerical processing

The characterization procedure through dynamic speckle analysis provides a useful description
of the surface properties of the sample under study. The activity of the sample, especially in
bio-materials, may be revealed through different analysis results. The essence of the present
work is to characterize the activity of the bone scaffold as a function of time. This is done
by numerically processing the recorded speckle patterns and calculating multiple statistical
parameters that are defined in this section. Dynamic laser speckle occurs when an object in
dynamic activity is illuminated by a laser light. Therefore, the high spatial and temporal coherence
of the laser illumination enables maintaining the speckle pattern stable when the scatterers do
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not move. As a result, the activity observed by the dynamic laser speckle in biomaterials can be
attributed to their internal features, such as growth and cell division, cytoplasmic movement and
biochemical reactions, as well as water-related activities [51-56]. Endogenous motions may also
be used as a source of deformation, which provides optical mapping of the viscoelastic properties
within the biological tissue [56,57]. These motions can be influenced by several factors ranging
from the mechanical properties of the extracellular matrix surrounding it to some chemokinetic
responses [58]. In biodegradable scaffolds the degradation measurement which can be in terms
of mass loss, porosity change, body distortion, etc. is related to the structure of scaffolds [19].
We name the aforementioned structural variations as “internal activities”.

The time history speckle pattern (THSP) is a 2D matrix that represents the time evolution of a
set of M points, often called image datapack points, in successive speckle patterns. Therefore,
a line of a THSP matrix represents this set of points in a speckle pattern during the pattern
acquisition and the columns represent the time evolution. The set of M points is randomly chosen
from the initial pattern in order to reconstruct the first column of THSP. From the successive
patterns, the corresponding points are taken to build the other columns of the THSP matrix.
THSP provides an immediate graphical sign of the sample activity level; Higher THSP line
variations correspond to samples of higher dynamicity [59].

THSP concept is the base of further numerical outcomes, such as auto-correlation (AC), inertia
moment (IM), the absolute value of the differences (AVD), co-occurence matrix (COM), etc [59].
Furthermore, several parameters without using the THSP, such as contrast, homogeneity, and
roughness parameters (skewness, kurtosis, etc.) may also be evaluated [7]. Here, we consider and
define parameters from both aforementioned sets. COM is an intermediary matrix, still graphical,
for evaluation of the dispersion of consecutive pixels in a THSP of M points monitoring through
N speckle patterns. It represents a transition histogram of intensities:

M N-1 1, if THSP(m, n) =i

COM(i, ) = Z Z and THSP(m,n + 1) =, )
m=1n=1 {0, otherwise.

IM is a numerical activity indicator and statistical outcome defined as:

COM(i.j) 12
M = ZZZMCOM( =P )

where the normalization is for reduction of the inhomogeneities effect in the analyzed images,
and is performed in a way to make the sum of values in each line of the COM equal to 1. The
name “inertia moment” is taken from the mechanical analogue of this operation.

Autocorrelation (AC) is an important factor to derive the mean square displacements (MSD),
which implies statistical data diffusion in samples and is meaningful especially in biological
samples [44]. Typically, the speckle intensity temporal autocorrelation curve, AC(¢), is obtained
by measuring the correlation between pixel intensities analyzed in the first speckle frame with
subsequent frames, over the imaging duration or image sequence [60].

The correlation is calculated between the pixels of THSP in the instant i, THSP(:, i), and the
pixels in the instant i + j, THSP(:, i + j):

AC(, j) = (THSP(:, i), THSP(:, i + /)), 3)

where ( ) indicates mean calculation. In the context of diffusing wave spectroscopy, it is shown
that the AC of the speckle pattern can be quantitatively related to the embedded scatterers in a
solid matrix, such as the present specimen we use [61]. The fluctuations in either their refractive
index or local density, or, more generally, in any arbitrary deformation of them may cause changes
in their intensity ACs [62]. The AC function of TSHPs, similar to the AC of intensity patterns
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function, is directly related to the MSD of the scatterers between the instant i and the instant i + j
[63]:

AC(i,j) = e 2V @), )

where k is the wave vector of the incident light and 7y is a coefficient that depends on the
polarization state of light. Therefore, from the AC curve, MSD, i.e., (Arz(i, J)) of contributing
scatterers of the samples that produce the speckle patterns may be retrieved. Equation (4) is the
approximated expression for the case of moderately scattering samples with light absorption.
The general expression is discussed in detail in [62]. Technically, MSDs are obtained from the
fitted curves to the experimental data points.

Furthermore, statistical processing on the speckle intensity patterns can result in roughness
parameters, i.e. different moments of the deviation from the mean values of the intensities
throughout the patterns. Average roughness (S) represents the average variation of intensities to
mean value of data and root mean square (S,) represents the standard deviation of the distribution:

P Q0
1= 5 2 2 p.0) - U )
p=1 g=1
$» = [ ZP]ZQ} [1(p.9) = U p. )1 % (©6)
=1 g=1 ’ ’ ’

where P and Q are the horizontal and vertical sizes of the speckle patterns, p and g count the
pixel numbers, and / is the intensity throughout the speckle patterns. These metrics can be used
to provide a general estimate of the distribution roughness.

Similarly, Skewness, S3, and Kurtosis, S4, are other common roughness parameters to evaluate
the samples:

1 &
S3 = [(p,q) — L(p, )], @)
TPos ; qz_;
S [(p.q) — I(p, )]*. (8)
. P Q Sé p=1 g=1

According to the definition of S3, being the third moment of the deviation from the mean
value, it is a measure of the degree of symmetry of the distribution of intensities. Negative skew
indicates a predominance of valleys, i.e. low intensities, while positive skew indicates a “peaky”
distribution. S3 = 0 indicates a surface with symmetric intensity distribution, and S3>1 (S3<1)
indicates the presence of extreme peaks (valleys) on the pattern [64]. Kurtosis, S4, is a parameter
that measures the sharpness of the distribution throughout the pattern. For a perfectly random
distribution of intensities with a Gaussian probability density function S4 = 3.0. Kurtosis is
related to the width of the intensity distribution. S4 values smaller than 3.0, however, indicate
broader distributions corresponding to the speckle patterns described as gradually varying,
free of extreme peaks or valley features in the intensity distributions. Values greater than 3.0
indicate the presence of inordinately high peaks or deep valleys. Due to the inclusion of negative
values of deviations to mean value, we choose and examine skewness as the representer to the
speckle pattern roughness analysis. There are, of course, multiple parameters to retrieve further
information regarding the samples through their statistical analysis. For example, there are some
parameters that include the distribution of differentiations on the distributions, which provide
complementary information on the roughness of the function [64].

It is remarkable that the roughness parameters of the “intensity” distribution throughout the
speckle field are calculated and assumed to resemble the roughness of the sample surface. These
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sets of parameters are inherently different as the former set is associated with the intensity
fluctuations and the latter to the height fluctuations throughout the sample surface. However, it is
the rough surface that produce the speckle patten when illuminated with the laser beam due to the
scattering of light rays. Similar trends of the two different sets parameters for various samples
have been already studied and reported [65,66].

3. Results and discussion

Figures 2(a)-2(f) show the THSP matrices for a typical scaffold sample at the beginning of
the experiment and after 1 to 5 h after the experiment starts. THSPs are built by putting the
intensity of 200 random pixels throughout a collection of 100 speckle patterns together. Therefore,
big fluctuations in the intensity of the points will be the result of the high internal activity of
scaffolds. Recognizable bright horizontal lines appearing-disappearing as well as the appearance
of discontinued lines in the THSPs as time goes indicate a growing activity of the scaffold during
5 h of sample examination. In very high activity cases the THSP pattern turns into an ordinary
speckle pattern, in which the bright lines cannot be recognized and the structure resembles a
random light field. Further, for better understanding the changes in the activities, we calculated
the associated COM matrices of the samples at the aforementioned time intervals. Figure 3(a-f)
shows the resulted 3D plot and 2D map of COM matrix of the THSPs of scaffold’s time evolution
(depicted in Fig. 2), at every 1 h after the experiment starts. Reference level and comparison level
show intensity levels of i and j in Eq. (1), respectively. From Fig. 3 two points may be remarked:
(1) it is observed that the points are spread further away the principal diagonal of COM and the
matrix resembles a cloud as time passes, and (2) the number of points with very high COM values
decrease in longer times. According to the definition of COM and THSP, higher activities are
associated with more frequent and bigger departures from the diagonal per unit time. Therefore,
the distributions around its principal diagonal are related to homogeneous samples while the
appearance of nonzero elements far from the diagonal represent strong fluctuations in the sample.
Usually, COM values are normalized and is called “modified co-occurrence matrix” [67] in order
to represent the transition probability matrix between intensity values in the THSP. Therefore,
the number of points with high COM values does not provide additional information about the
sample.

To provide a more quantitative assessment of the spread of the COM values around the
principal diagonal as an activity indicator for the scaffold samples, we computed the IM values
of several samples as a function of time. Figure 4 shows the average IM value of the 5 samples at
every 30 min. The definition of IM is based on summation on the squared row distance to the
principal diagonal of THSP and hence it is the right quantitative representer to the “cloudiness”,
e.g. amount of data spreading of COM distribution around its principal diagonal. Figure 4 shows
increasing of IM values and the increasing activity of the scaffold samples as time passes during
the experiment. The error bars correspond to the averaging over five IM values associated with the
five samples. The increase of the IM can be attributed to the scaffold activity during its internal
substructure migration. However, the increase does not follow a single linear behavior during the
whole experiment. Instead, it seems in the longer times after the experiment onsets there is only
a flatter upward change as a function of time. Moreover, the error bars also experience a slight
increase during the experiment.

The fact that the scatterers in the bone scaffold can also move during morphogenesis [62],
enables us to consider rheology related indicators [44]. Typically, the speckle intensity temporal
autocorrelation curve is obtained by measuring the correlation between pixel intensities in the
first speckle frame with subsequent frames over the acquisition duration, i.e. the constructed
THSPs. Figure 5(a) demonstrates the AC variations as a function of time, for the 100 speckle
patterns acquired every 1 h. Different bluish colors depict different evaluation times. Then to
each set of calculated AC values we fit an exponential function, according to Eq. (4). The fitted
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Fig. 3. (a-f) 3D plot and 2D map of COM matrix of the associated THSPs in Fig. 2 at every
one hour after the experiment starts. Reference level and comparison level show intensity
levels of i and j in Eq. (1), respectively.
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Fig. 4. Average inertia moment over the scaffold samples’ THSPs as a function of time.

functions are depicted by reddish lines for different evaluation times and the resulted fitting
parameters are shown in the legend of Fig. 5(a) (Y1 to Y5). According to Eq. (4), we expect a
linear variation vs. time for 2kyVMSD. Due to this, in Fig. 5(b), the sketched fitted curves are
linear as a function of time. We sketched them for 4 seconds as the 100 patterns are acquired for
4 seconds. It shows that the scatterers in the samples get away from each other as time passes,
which is another indicator of increasing activities of the samples.
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Fig. 5. (a) Autocorrelation as a function of time for 100 speckle patterns and best fitting
functions. (b) 2kyVMSD as a function of time extracted from the AC curves.

Furthermore, we examined the roughness parameter for the samples. These parameters provide
overall information about the surface structure. For porous structures such as bone scaffold
studied here the roughness information is important. Figure 6 demonstrates the variations of the
skewness parameter. Each data point is obtained by taking an average over the skewness values
of 100 speckle patterns, associated with each sample. The error bars correspond to the averaging
over the five skewness mean values, and those mean skewness values, themselves, are taken from
averaging over the 100 associated speckle patterns for each sample. The variation of skewness
shows that the surfaces of the samples get rougher in longer times due to the internal activities
happening in the samples. However, similar to Fig. 4, the increase in the values of skewness in
the initial stages is higher than the final stages. In Supplement 1, Fig. S4, we have also presented
the similar examination of average roughness, root mean square, and kurtosis parameters.
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Fig. 6. Average skewness of 100 speckle patterns of scaffold surface as a function of time.

The internal activities of bone scaffolds which are revealed by several parameters out of
the analysis of speckle patterns are attributed to the interactions between the scaffold material
and PBS solution that cause the degradation in long times. These effects can be also studied
in microscopic and submicroscopic scales by several imaging technologies. Remarkably, the
degradation rate of scaffolds can be measured by porosity change, surface wrinkling, body
distortion, and pore size change. i.e., water uptake increases over time in the scaffold. However,
the present methodology shows the collective effects and includes both the internal mobilities
and the frequent fluctuations of the scaffold matrix.

4. Conclusion

This paper presents an investigation of the scaffold morphology that includes its surface
characteristics and internal structure. The investigation is based on a dynamic speckle pattern
analysis. We show that scaffold dynamics can be measured by calculating several statistical and
morphological parameters. The results show that the internal activities of bone scaffolds are
increased by time, which is attributed to the interactions between the scaffold material and PBS
solution that cause degradation in long times.
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