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Abstract

In this paper we show that laser speckle pattern provides useful information toward revealing
discrimination between nanofibers and membranes. Chitosan materials particularly organo-soluble
chitosan derivatives have a number of applications. The surface characteristics of these materials

are very critical for specific applications. The analysis of laser speckles, both numerical and



graphical, includes information about the surface structure. The development of digital electronics
brought the ease of image processing and has opened new perspectives for a spectrum of laser
speckle analysis (LASCA) applications. Our results show reasonable differences between the
LASCA parameters of nanofibers and membranes. The methodology may be considered as a

quantitative assessment tool for similar samples.
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Introduction

The visualization of surface structure is of fundamental importance for a wide variety of biological
and biomedical applications, such as obstruction, stiffness, and response to an external stimulus.
Laser speckle analysis (LASCA) is a nondestructive and non-contact technique for that task which
is based on the spatio-temporal integration of the scattered light from a sample when illuminated
by a coherent light [1-3]. This technique is single shot, suitable for characterizing both solid and
liquid samples, non-contact and non-destructive with a large field of view, and doesn’t need any
specific preparation of the sample. Other surface characterization techniques such as SEM and
AFM can be applied to such surfaces, but they have their own limitations. SEM for example,
although being high resolution and suitable for 3D imaging, is expensive, large and must be housed
in an area free of any possible electric, magnetic or vibration interference. Sample preparation is
required, which can result in artifacts and errors and might be damaging to samples. In addition,
SEMs are limited to solid, inorganic samples small enough to fit inside the vacuum chamber that
can handle moderate vacuum pressure. There is also a small risk of radiation exposure, which
needs careful attention to safety precautions. AFM, in comparison to SEM, is free of special sample
treatment, expensive vacuum environment and high maintenance and can be higher in resolution

and used for liquids also. However, its scanning speed is slow, can be destructive due to the tip



contacting the sample and is unable to work for dynamic specimens and for steep valleys and peaks
[4-8]. LASCA has been applied in the fields of medicine, e.g. blood flow through veins in the
skin surface and in internal organs, agriculture, e.g. evaluation of quality of crops and to monitor
beef aging [9, 10], microfluidics, e.g. optical scattering variation in biological fluids [11] and
determining particle viscoelastic properties through laser speckle rheology [12, 13], and
microbiology e.g. monitoring the variations of bacteria and parasites [14, 15].

In LASCA, speckle patterns are formed due to the interference of the light scattered from the
fluctuations of the reflective samples or thickness variations of the transparent samples [16, 17].
When a coherent beam of light is scattered from a rough surface, the scattered light from each
point of the surface reaches into each pixel of the detector. Therefore, every point on the detector
includes some information of the sample. The speckle pattern derived in this way has a particular

texture and by analyzing these textures, the information related to the samples is extracted.

Chitosan (CS) is obtained by the deacetylation of chitin, second most abundant natural polymer.
It is selected in this work as a base material owing to its non-toxicity, biodegradability and
biocompatibility. The CS chains consists of repeat units, NacetylDglucosamine and Dglucosamine
which are linked through 1,4glycosidic linkages. The former unit decides the degree of
deacetylation CS [18]. Poor solubility of CS in water at pH higher than 6.0 and insolubility in
organic solvents limits its applications in biomedical fields [19]. The rigid crystalline structure of
CS is mainly responsible for the insolubility which is attributed to strong inter- and intramolecular
hydrogen bonding in the structure. The introduction of hydrophobic moieties at -NH; and/or -OH

groups [20] makes CS soluble in organic solvents to design novel functional biomaterials.

CS is vulnerable to different types of chemical modifications such as alkylation [21],

carboxymethylation [22], graft copolymerization [23], benzoylation [24] and sulphation [25]



owing to the presence of reactive groups (—NH: at C-2 > -OH at C-6) along its chains.
Comprehensive reports are available on water soluble chitosan derivatives [26] in the recent
literature which are mostly pH sensitive [27-29] whereas few reports are available on
organosoluble chitosan derivatives. Ma et al. synthesized organosoluble acetylated CS by the
reaction of stearoyl chloride and CS [30]. Ping Zhang and Moyuan Cao synthesized a novel
organosoluble glycidyl grafted CS [31] while Renbutsu et al. synthesized organosoluble CS
derivatives from the natural sources for UV curable products and for biomedical applications [32].
Organosolubility of CS derivatives made it possible to be blended with some other commercial
biocompatible polymers which helps in developing a material with properties additive of the two
polymers.

PCL is a biocompatible, biodegradable with low degradation rate and elastic biomaterial with
high elongation break [33]. Owing to its slow degradation and drug permeability, it is a leading
candidate for long term implants and drug delivery applications. Being hydrophobic, PCL is
soluble in a variety of organic solvents and can be blended with other organosoluble polymers e.g.
polylactic acid and polylactic acid-co-glycolic acid to manipulate the drug release rate and to
address required tissue engineering characteristics [34]. PCL, due to its good mechanical stability
and hydrophobic nature is used as a base material for the tissue engineering.

Blends of Chitosan with some other natural and synthetic polymers have been reported to get
nanofibrous membranes with enhanced properties such as (i) chitosan/gelatin blended nanofibers
[35] and polyelectrolyte complex [36] with enhanced antibacterial and mechanical properties
(i1) different chitosan blends in anti-inflammatory and wound healing applications [37]
(ii1) photocrosslinked chitosan/poly(vinyl alcohol) blends with varying capacity of water
resistance owing to cross-linking density [38] (iv) various chitosan blended membranes have been

used for adsorptive purpose from waste water from industries containing dyes and heavy metals



as impurities [39]. Previously, our group have reported chitosan derivatives with enhanced
organosolubility, antibacterial activity and controlled biodegradation and their composite with
PCL as nanofibrous mate and membranes exhibiting enhanced angiogenesis in ex-ovo CAM assay
[40, 41]. In this paper, by exploring a representation based on the homogeneity values and
cooccurrence matrix of the associated speckle patterns, it is possible to characterize and examine
the chitosanbased samples. Moreover, a relationship between the surface structure and the

aforementioned parameters is demonstrated in current study.

Materials and methods
All the materials and methods has been reported in our papers [40, 41] and is given as

supplementary materials.

Results and discussions

Synthesis of chitosan derivatives

In our previously published papers [40, 41] the two CS derivatives, CSD-I and CSD-II
were synthesized by the reaction of CS with 1,3DETBA and 1,3-DMBA, respectively in separate
containers in the presence of TEOF as linker (Figure 1). The reaction was carried out in solvent

mixture of acetic acid:methanol (1:4) at 70 °C.
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Figure 1: Chemical structure of CS derivatives, CSD-I and CSD-II.

Membrane formation and electrospinning of blended solutions of CS derivatives with PCL

The improved solubility of CS derivatives, CSD-I and CSD-II made it possible to be blended
with PCL, a multipurpose synthetic, biocompatible, FDA approved material in biomedical field
[42-44] to form a homogeneous solution in organic solvents; chloroform, DMSO and DMF. The
blended solution of each derivative was divided into two parts; one part was used to prepare films
and other part was used to prepare nanofibers by electrospinning. The samples were designated as
CSD-I-M (membrane), CSD-I-NF (nanofibers) and CSD-II-M (membrane), and CSDIINF (fibers)
prepared from CSD-I/PCL and CSDII/PCL blends, respectively.

The morphologies of CSD-I/PCL and CSD-II/PCL films were studied using FESEM which
showed porous sponge-like structure of membrane (Figure 2); micropores in the structure were

observed.



Figure 2: FESEM images of a,b) CSD-I/PCL c¢,d) CSD-II/PCL blended membrane.

The FESEM images of electrospun nanofibers revealed that the fibres were beads free with
random orientation and an average diameter of 360 nm (Figure 3a,b,c) for CSD-I/PCL and 540 nm
(Figure 3d,e,f) for CSD-II/PCL. The fibre surface was observed to have their smooth surface which
undoubtedly reflects the uniform and homogeneous mixing of CSD-I and CSD-II with PCL in
organic solvents [45, 46]. From the results, we deduce that it is possible to blend CSD-I and CSD-
IT with PCL at different ratios to obtain beads free fibers as long as the right combination of co-

solvents are used.
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Figure 3: FESEM images of electrospun nanofibers along with their histograms showing fiber
diameter distribution; a,b,c) electrospinning of solution CSD-I/PCL blended solution and d,e,f)
electrospinning of CSD-II/PCL blended solution.

Laser speckle analysis

Figures 4 (a-d), show the conventional reflective microscopy (Nikon, Eclipse 50i Pol) images
of CSD-I-M, CSD-I-NF, CSD-II-M, and CSD-II-NF, respectively, taken using a 100X objective

(Dry, NA=0.8).



Figure 4: Microscopy images of a) CSD-I-M, b) CSD-I-NF, ¢) CSD-II-M, and d) CSD-II-NF.

The scheme of the setup is shown in Fig. 5 (a). The collimated laser beam (Diameter=5cm, He-
Ne, 632.8 nm) illuminates the samples, and the scattered beam from the sample is collected by the
collecting lens (CL) and is imaged onto the camera (DCC1545M, Thorlabs, 8-bit dynamic range,
5.2 um pixel pitch). The CL and the camera are placed at 11 cm and 28 cm above the sample,
respectively. For analysing the speckle pattern, a number of patterns are needed to be recorded

successively as a data pack. A sample speckle pattern of the CSD-I-M is shown in Fig. 5(b).
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Figure 5: a) Schematic configuration of the LASCA experiments; BE: beam expander, M: Mirror,
CL: lens; b) speckle pattern of the sample CSD-I-M.

The temporal history of the speckle pattern (THSP) is a matrix derived from monitoring M
random pixels over N successive speckle patterns. THSP is the core of the analysis since other
graphical and numerical factors related to sample structure are derivatives of this matrix. The
cooccurrence matrix (COM) is a graphical representation of the distribution of intensities and is

evaluated by calculating the frequency at which a pair of pixels with intensity values 7 and j occur

in the THSP matrix:

1,if THSP(m,n) =i
COM(i, j) = ¥M_  ¥N-12 andTHSP(m,n + 1) = j(3)
0, otherwise
where, M and N are the number of points in the pattern and the number of recorded speckle
patterns in the data pack, respectively. The 3D representations of the COM of the samples are
shown in Figs. 6 (a-d). The distribution of the COM values around the main diagonal is a measure

of roughness of the surface. The more dispersed the values, the smoother the surface structure.

Moreover, the height of COM is also a measure for the roughness of the samples. As shown in



these figures, the homogeneity of the nano-fibrous CSDs is lower and they are also rougher in

comparison to the membranes, whose COM matrix has more dispersion around the main diagonal.
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Figure 6: Co-occurrence matrix of the speckle patterns of a) CSD-I-M, b) CSD-I-NF, ¢) CSDIIM,
and d) CSD-II-NF.

The graphical parameter, homogeneity, is another factor to demonstrate the difference between
the surfaces, which is based on the analysis of other pre-calculated parameters such as absolute

value of differences (AVD):

_ v v _ COM@,j) .
AVD = 3, X5~ ontas | (4)



In order to calculate the homogeneity value for each pixel, first a speckle image of nN X mM
pixels is divided into windows W(i,j) of nXm pixels, for all ISi<Nand 1< <M, the

indicator is then applied on these data and one activity indicator value A(i,j) results for each

window [47]. The homogeneity value H for the window W(i,j) is then derived as follows:

H =100 (1 — CC“ )(5)

max

and,

where, u, = mean(a) and o, = std(a) are the mean value and the standard deviation of the
set of values a={A(i 0-1,j 0), A(i 0 0-1),A(i 0 0),A(i 0,j 0+1),A(i 0+1,j 0)}, respectively.

The value Cyyay is the maximum value of all spatial contrast values (C) in all of the windows W(i,j).

In Figs. 7 (a-d) the graphical 2D demonstrations of the homogeneity of the samples are shown.
The higher homogeneity values throughout the surface of membranes (Figs. 7 (a) and (c)) show
the higher smoothness of these samples with respect to the nano-fibrous forms. In Fig. 7 (e), the
mean values of the homogeneity parameter of the surfaces are plotted, which is in agreement with

the results of the COM matrix.
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Figure 7: Surface homogeneity profiles of a) CSD-I-M, b) CSD-I-NF, c¢) CSD-II-M, d) CSDIINF
and e) homogeneity mean values of (a-d).

Conclusion

Chitosan and chitosan organo-soluble materials are very attractive in the field of biomaterials
research. Their scaffolds including membranes and fibers are very popular for producing various
medical devices and wound dressings. The biological cells behave different for different surfaces,
so to get the suitable surface the various analysis can be valuable. In current research, it is shown
that by speckle pattern analysis as a tool for representation of the homogeneity values and the co-

occurrence matrix, derived from the speckle patterns it is possible to categorize different



membranes and nanofibers. The laser speckle analysis methodology provides valuable information

to characterize diffusive samples and can be applied for variety of dynamic phenomena.
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