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ABSTRACT

This paper presents localized and temporal control of release kinetics over 3-dimensional (3D) hybrid
wound devices to improve wound healing process. Imaging study is performed to extract wound bed
geometry in 3D. Non-Uniform Rational B-Splines (NURBS) based surface lofting is applied to generate
functionally graded regions. Diffusion-based release kinetics model is developed to predict time-based
release of loaded modifiers for functionally graded regions. Multi-chamber single nozzle solid freeform
dispensing system is used to fabricate wound devices with controlled dispensing concentration.
Spatiotemporal control of biological modifiers thus enables a way to achieve target delivery to improve
wound healing.
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1 INTRODUCTION

Loss of skin integrity due to injuries or serious illness may bring disabilities or even death. Main causes
of significant skin loss are thermal injuries with around 1 million yearly emergency room visits, traumas
(35 million wounds/yr in the United States) and chronic ulcerations [1]. Approximately 2 million cases of
chronic ulceration are diagnosed every year. Due to possible lack of synchrony in the order of healing

process, a chronic wound may fail to heal.

Despite extensive research, wound healing remains partially understood. Human skin serves as a
protective barrier against the environment and is composed of two layers: keratinized stratified outer layer
(epidermis) and collagen-rich inner layer (dermis) [2]. Serious injuries or illnesses damage the epidermis
and sometimes even penetrates through the dermis. Wound contraction and matrix remodeling occur in
the dermis in parallel with epidermal cell migration and proliferation during deep wound healing. In the
literature, wound healing of mammalian skins has been analyzed both experimentally and theoretically [3-
7]. Several mathematical models have been proposed concentrating specifically upon the mechanism
involved in epidermal healing. However, 3-D healing modeling of deep wounds and closure has not been
investigated, and majority of research has been done by assuming a 1-D or 2-D healing process. Wound
closure is indeed the centripetal movement process of the wound periphery and adjacent uninjured skin
toward the wound center [8]. The healing of convex wound shapes follows a linear relationship between
area and perimeter while the distance from the wound perimeter to any given point within the wound
surface is always definable via a linear distance [4]. Moreover, several imaging techniques such as Laser
Doppler Imaging [9], noninvestment tools with magnetic resonance imaging (MRI) [10] and 3D active
contour segmentation [11] are used to capture wound geometry during healing process, and predict

wound healing based on geometry, area and appearance [12-15].

Biomaterials have been extensively used in medical applications. Alginates have been widely applied
as hydrogel synthetic extracellular matrices (ECMs) for cell immobilization, cell transplantation and

tissue engineering due to their physical properties that are similar to natural tissues [16]. Due to their
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gelatin property during in contact with body fluid, alginates have been one of the most popular
biomaterials in wound care [17]. This property prevents the wound surface from drying out and provides
a moist wound environment that leads a better repair of wound with less tissue loss from desiccation [18].
Besides, this eliminates fibre entrapment in the wound, which is a major cause of patient trauma during
wound dressing removal [19]. Moreover, ionically crosslinked alginates release ions during in contact
with body fluids that reduce bleeding during several surgical interventions [20]. Furthermore, alginate is
highly absorbent (up to 15-20 times its own weight) and nonadherent that enables it to remain in wound
bed for several days [21]. Several biological modifiers (i.e. growth factors and proteins) are used to
enhance quantity and quality of regenerating skin tissue depending on their activity with target cells and
the extracellular matrix environment [3]. A wealth of growth factors such as epidermal growth factors
(EGF), platelet-derived growth factor (PDGF) and keratinocyte growth factor (KGF) regulate wound
healing [4]. Release of these modifiers with spatial and temporal gradient concentration mediates tissue
regeneration process [22]. It develops a mental biology, in which cells are guided by a mechanism with
respect to obtained spatial and directional cues [23]. As a result, wound dressings in tissue engineering
should be developed in way that they enable controlled release scheme of biological modifiers with
distinct spatial gradient to guide specific cues to the cellular microenvironment. Wound healing can be
enhanced by controlling localized protein and growth factor release. Adjusting the healing time of a
specific region with respect to the release time of corresponding growth factors or proteins would have a
great impact on wound healing [24]. Target delivery of biological modifiers at a specific site over the
wound space can be enabled by synchronizing the delivery of controlled amount of biological modifiers

with tissue regeneration.

In the literature, tremendous efforts have been made to analyze the use of protein and growth factors
for improving chronic or delayed skin wound closure [25, 26]. MacKay and Miller [27] studied effects of
nutritional and botanical support on wound healing process and concluded that adequate protein intake is

necessary for proper wound healing otherwise; depletion of protein delays wound healing and inhibits
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wound remodeling. Choate and Khavari [28] showed that the bioactivity of proteins and growth factors is
difficult to maintain in the wound space due to protein instability in protein-rich regions or resulting side
effects when applied growth factor amount is high, and Putney and Burke [24] necessitated the spatial and
temporary control of protein and growth factors in a wound device due to their short biological half-life,
potential carcinogenesis risk and lack of tissue selectivity. Proteins can denature under a variety of

circumstances such as changes in temperature, pH and hydrophobic environments [29].

In this paper, cells, proteins, growth factors, drugs and surfactants, which can control cellular
environment and tissue regeneration, and be delivered by means of microspheres, are named with a
general term “biological modifiers”. Development of 3D engineered wound devices with superior control
over cell-biological modifier interactions is still very much infancy. Advancing through heterogeneous
multifold wound dressings with controlled release fashion enables synchronization of regenerating tissue
with the release kinetics of loaded biological modifiers. This might be an engineering challenge and
promising approach for improved and efficient tissue regeneration. The most critical limitations: the
selection of proper biological modifier(s) incorporation, precise control over concentration gradient and
timing should be overcome. Hence, wound devices need to be designed, modeled and fabricated in a way
that biological modifiers should be incorporated and released in a specific spatial and temporal orientation
to mimic the natural wound healing process. The goal of this paper is to develop a framework that enables
design, modeling and fabrication of 3D hybrid wound devices for spatiotemporal control of biomaterial

and loaded biological modifier composition.

2 MATERIALS AND METHODS

2.1 Materials

Alcian blue, sodium alginate from brown algae and calcium chloride were purchased from Sigma-
Aldrich. Micro-glass beads in powder form were purchased from Corpuscular Inc. Nozzle tips for

dispensing systems were purchased from EFD®.
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2.2 Preparation and Fabrication of Alginate Wound Dressings

Alginate solutions with 3.5% and 4.5% (w/v) concentrations were prepared by suspending sodium
alginate (SA) into DI water. Micro-glass beads in 0.36% and 0.54% (wi/v) concentration were mixed in
3.5% and 4.5% (w/v) alginate solutions, respectively. Calcium chloride was suspended in DI water to
obtain 0.6% (w/v) calcium chloride solution. Then SA/bead/DIwater solutions were stirred for 30min in
room temperature to get even distribution. Biofabrication of wound devices is performed by using a
multi-chamber single nozzle dispensing system. Fabrication process is biologically compatible. The
system runs in room temperature under low pressure (0-5 psi) to reduce fluidic shear forces that can
damage incorporated modifiers or diminish their active properties. The dispensing system is driven by a
FlashCut CNC 3D motion controller. A PC is connected to the system to control the motion in 3D.
Toolpath for the motion is realized through importing CAD models in stereolithography (STL) format
followed by G-code generation using visual basic-based in-house developed script. The multi-chamber
single nozzle assembly is mounted on the 3D motion control unit. The multi-chamber single nozzle
assembly consists of multiple biomaterial chambers and a single converging nozzle unit, where two
different biomaterials can be mixed statically and extruded with unique properties. The volume of the
static mixture nozzle is optimized while nozzle volume determines the quality and the evenness of
physical properties of the dispensed biomaterial. Biomaterial chambers are connected to a pressure
control unit (Nordson EFD), where the air pressure assists in extruding the biomaterial through the
dispensing unit. Material flow and concentration through the nozzle is controlled by regulating positive
chamber pressures connected to the air pressure control unit. Mixing two different concentrations from
each chamber enables dispensing varying concentration of alginate and loaded microspheres by time.
Final solutions were deposited through 250 pm nozzle tip. The system allows extrusion of continuous
customized filaments with variational biomaterial and biological modifier properties enabling controlled
release kinetics. Calcium chloride solution is then dispensed onto printed alginate structure through

another nozzle to provide crosslinking between the alginate anion and the calcium cation. Dark field
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images of fabricated samples are taken by 5.0x1.0x1.0 optic lenses. The reader is referred to our earlier

work [30] for further details of the dispensing system.

2.3  Wound Bed Surface Construction

Digital full thickness wound images are used to generate 3D wound bed geometry using Image J software
3D plug-in. Pixel values obtained from the digital image are converted into point cloud in CAD. Noise in
point clouds is removed. 3D NURBS surface is then fitted to point cloud in Rhinoceros 4.0 software [31].
Constructed NURBS surface in this section is defined as the external surface of the developed wound

device.

2.4  Geometric Modeling: Functionally Graded Region Generation

3D NURBS surface constructed in Section 2.3 is used to create functionally graded regions. The aim of
this section is to discretize wound device geometry into a number of regions with various biomaterial and
modifier concentration. Discretization of the device should follow how a wound heals on human skin. In
order to mimic 3-D wound healing process to partition the wound device into uniform functional regions,
concentration variation can be represented with relation to the 3D wound space boundaries. Mimicking
natural healing process is desirable for the discretization procedure. In this study, we propose 3D lofting
based wound healing process, in which a wound bed surface is morphed and converged into a final
healing point. Based on our earlier work [32], final healing point can be approximated as the projection of
deepest wound bed surface onto the top surface of the wound. Hence, parametric discretization is
performed from wound bed surface to the final healing point. Release kinetics of modifiers can be
temporarily controlled by controlling biomaterial and loaded modifier distribution spatially. Thus, 3D
geometry of customized device is formed by partitioning the device geometry into uniform regions with
uniform existence of biomaterials and modifiers. In this section, 3D lofting procedure is presented to
mimic natural wound healing process. The wound bed surface S,(u,v) of the wounded volume can be

defines as a NURBS surface:
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where P, ; are the control points of the wound surface and w;, ; are the weights of each P, ;. N, (u) and
N;,(v) are the B-spline basis functions defined on the knot vectors, U and V, with degree p and g,

respectively.

a ¢ Morphing b Functionally Graded
\\{ Trajectory (7(s)) Region R,
. (Lofted Volume)
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Figure 1: Morphing process: (a) lofted surface generation and (b) construction of lofted volume.
Figure 1(a) illustrates a morphing process, in which a NURBS surface (Sy(u,v)) morphs into a point P,
Morphing proceeds through morphing trajectory (T(s)), in which T(s) is defined as a linear
correspondence between S,(u,v) and P, [33]:

i N m,t (S)WmCm
T(s)="1=0

D N (s)
m=0

(2)
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In Equation (2), C,, are the control points of the trajectory and w,, are the weights of each C_,. N (s)

is the B-spline basis function defined on the knot vector S with degree t. By combining Equation (2) and
(3), interpolation between Sy(u,v) and P, along the trajectory T(s) gives the functionally graded regions

R,, which defines the lofted volume as below:

zz Ni,P(U)Nj,q (V)Nm,t(s)wi,j,mpi,j,m
R, (u,v,s) =212 I'”ZOJ . 3)
ZZ Ni o (UN g (VNG (5)

i=0 j=0 m=0

where P, ;, are the control points of the lofted volume and w,;, are the weights of each P,

i,j,m-
N; (), N;,(v) and N, (s) are the B-spline basis functions defined on the knot vectors, U, V, S with

degree p, g, t, respectively. Lofted volumes generated in Figure 2(b) stand as functionally graded regions,

in which different biomaterial and biological modifier composition can be assigned.

2.5 Construction of Hybrid Devices

Solid freeform fabrication (SFF) has been widely used for constructing tissue engineered devices due to
its high accuracy in micro-scale fabrication resolution [34, 35]. Applied SFF technology is recently
utilized in drug metabolism studies and direct cell printing process for layer-by-layer dispensing of 3D
alginate tissue scaffolds [36, 37]. In order to achieve truly interconnected internal architecture for cell
growth and proliferation, the device is formed by depositing cylindrical micro-filaments parallel to each
other in every layer using a certain lay-down pattern. In this research, a visual basic script was developed
in Rhinoceros software to prepare fabrication process plan for hybrid device development. Firstly, lofted
volumes are uniformly sliced where multiple contours are generated on each slice. The slice thickness is
set to be equal to filament thickness. Next, corresponding filament properties including biomaterial and
biomolecule concentrations are assigned to each region on each slice. Horizontal deposition over each

slice is then started with generating a number of equidistance horizontal lines, where intersection of these
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horizontal lines with the contours are defined as starting and ending points of filament deposition. Then,
toolpath is generated through tracing each slice by adding straight filaments in lay-down pattern along
equidistance lines with orientation direction 0°/90°. During straight filament deposition, composition of a
filament changes when the filament enters a new functionally gradient region and new concentration
values are assigned based on the concentration profile of each region, which is assumed to follow tissue
engineering needs. All the information including starting and ending points of filament deposition on each
slice, region based biomaterial and biomolecule concentration values as well as points where the region
change is observed is printed in a G-code file to control 3D motion and the pressure levels for each
biomaterial chamber. The code is then imported into the control unit to fabricate porous heterogeneous

medical devices, in which overall composition changes along functionally gradient direction.

2.6 Release Kinetics through Sodium Alginate Filaments

While hybrid alginate devices have functionally graded regions with different biomaterial concentration,
media penetration and hence biological modifier transport through the biomaterial mesh structure shows

variability over the geometry. This necessitates determination of diffusion characteristics for each region.

Data for solute diffusion in pure water D is extensively available in the literature [38]. The effective

aq

diffusion constant D, for polymeric device can be then determined using the following relation [39]:

_n -9y 4)
=P oy

@ in Equation (4) stands for the volume fraction of alginate in swollen state and can be found using

the following relation discussed in [40]:

-1 5
Q: 1+(ppolymerJ[%_ j ( )
psolvent M b
Where P oymer @Nd Pgoiene are the densities of polymer and solvent, and M, and M, are the weight

of the polymer after and before swelling, respectively. Although experimental swelling study has been
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conducted for cylindrical alginate slabs where height (L) and diameter (d) are equal [41], a correction
procedure is presented in Appendix A to determine the volume fraction of the alginate for cylindrical
filaments (L>>d), while the device is constructed from laydown pattern of cylindrical alginate filaments.
Penetration of media through alginate network is mediated by diffusion process. Diffusion of media
through a cylindrical polymeric domain is modeled using Fick’s second law as in Equation (6), where D

is the diffusion coefficient, C is the media concentration at time t and r,gq and z denote radial, angular

and axial directions, respectively.

oc 1 a( aCJ a[DGCJ a[ 6CJ (6)
= D || 2= |+ = D=
ot rj|or or oo\ r 00 0z 0z

For cylindrical geometries with aspect ratios (L >>d), it has been shown that edge effects could be

negligible [42]. Moreover, there is no concentration gradient of any of the three components with respect

to . By ignoring diffusion through angular and axial directions, Equation (6) can be simplified into

Equation (7):

aC 82C  14C (7)
I D -+
ot or: ror

The solution of Equation (7) can be derived as in Equation (8) and experimentally validated in [39]:

Mt 8 < -2 2 S -2 2
M—=1—Wm2=am exp(—Damt)gﬂn exp(-DBZt)

o0

(8)
Where h denotes the half length of the filament and r is the radius of the filament. a and b can be
obtained by solving Equations (9)-(10). In Equation (8), m and n are integers and a stands for the root of a

zero-order Bessel function J,, .

()
JO(m)Z;m:O 9)
_(@n+l)z (10)
B on
10
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Following approximation can be proposed for roots of a zero-order Bessel function when m >10:

Oy O =0+ ¥Ym>10 (11)

Thus, Equations (8)-(11) can be used to determine the time based released kinetics through alginate

filaments. Next section presents results and discussions.

3 RESULTS AND DISCUSSIONS

For implementation purposes, a digital image of a full thickness chronic wound [43] is used (Figure 2(a)).
The digital image is processed in ImageJ software to extract 3D model of the wound bed surface as shown
in Figure 2(b). Then, pixel points of the wound bed are transformed into 3D point cloud in CAD. Next,

noise is eliminated and a 3" degree NURBS B-spline surface is fitted in Rhinoceros 4.0. Generated 3D B-

spline surface is presented in Figure 2(c).

Figure 2: (a) A chronic wound image [43] from the literature is processed (b) using ImageJ software and

(c) 3D NURBS surface is obtained in Rhinoceros.

Based on linear wound healing fashion as discussed in the introduction section, 3D lofting is used to
generate lofted surfaces as equal parameter distances between the wound surface and final healing point.

Interpolation is performed between wound bed surface and final healing point as presented in Figure 3(a)

surface. Layer-by-layer manufacturing methodology is used to build 3D model in CAD (See Figure 3(c)).

Functionally graded regions are then generated using lofted surfaces as boundaries using our earlier work

11
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[30]. Figure 3(d) illustrates a 3D porous hybrid wound device highlighting functionally graded regions,

where the wound device is portioned into 4 regions: Regions 1-4.

Wound Bed Surface

/

Lofted
Surface

S={SUV) }y

.....

Layer by Layer
Manufacturing

Figure 3: (a) Linear wound healing fashion from wound bed surface to final healing point, (b) generation

of lofted surface, and (c) a 3D hybrid wound device with functionally graded regions.

In the next step, biomaterial and modifier concentration is determined according to tissue engineering
requirements. There are several criteria to determine the loading concentrations such as viability condition
of cells at different biomaterial concentrations, natural wound healing process, optimum biological
modifier amount etc. Based on these requirements, loading of biomaterials and modifiers can be
determined and release kinetics can be arranged accordingly.

Figure 4 shows concentration level of sodium alginate and biomolecules in Regions 1-4 on the wound
device illustrated in Figure 3(d). Requirements presented in Figure 4 are assumed to be tissue engineering
needs. In general, alginate concentration over 5% is not suitable for cell viability and concentration under

1% does not provide good mechanical integrity [41]. Thus, alginate concentration is preferred to be in the

12
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range of 3% to 5%. Moreover, modifier concentration under 1% is in biologically relevant range [44].
Then, the concentration information is inputted into the fabrication system. A double layer of CAD model
is printed through the deposition system with blending of two different alginate and modifier
concentrations. Yellow and red inks in RGB are used for each alginate solutions to represent regional
differentiation for visualization purposes. Only top layer is printed due to diffusive characteristics of color
inks. The reader is referred to our earlier works for complex 3D fabrication on tissue replacement

structures [45].

5 —

A ,-//:,/
—

3 o= Sodium Alginate
== Biomolecules x10

Concentration (%)

0 T T T 1
1 2 3 4
Region
Figure 4: Concentration of sodium alginate and biomolecules

Based on requirements in Figure 4, a sample structure is printed in which the alginate concentration
increases through the innermost region (Region 4). Figure 5 shows a sample fabricated wound dressing
with 4 regions, in which regions are occupied by different alginate and modifier concentration based on

the profile presented in Figure 4.

13
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Figure 5: (a) Designed model in CAD and (b) fabricated wound device using multi-chamber single nozzle
deposition system through 250m nozzle tip.

A random region from printed sample is analyzed and a dark field image is taken by a 5.0x1.0x1.0
optic lenses. Loaded modifiers are highlighted in Figure 6. Different regions encapsulate different
concentration of modifiers (UNIF (3-15 um) in diameter). Using the experimental studies regarding the
swelling characteristics of cylindrical alginate slabs at different concentration values from the literature
[41] and applying the correction procedure to scale the swelling characteristics to a cylindrical filament
given in Appendix A, swelling properties of alginate for various concentration ranges is obtained as in
Table 1. As depicted in Table 1, volume fraction and density of alginate increases in the swollen state as
alginate concentration increases. This can be explained by diminishing average mesh network opening

size of alginate.

Alginate

Filament
~ Boundary

Figure 6: Dark field image of encapsulated modifiers (beads) with a uniform size distribution of 3-15 um

using 5.0x1.0x1.0 optic lenses.

14
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Table 1: Characterization of diffusion coefficient at different alginate concentrations

Alginate Ma/Mb Ma/Mb ppolymer psolvem Q
Concentration (%) (Slab) | (filament) | (g/mL) | (g/mL)
1 73 16.576 1.01 1 0.060
1.5 56 13.750 1.015 1 0.072
2 42 11.209 1.02 1 0.088
3 30 8.795 1.03 1 0.111

In this work, effect of alginate concentration change over the release kinetics is analytically
determined using Equations (8)-(11). For sake of demonstration, release kinetics of insulin is analyzed
while it’s treatment is critical in chronic diabetic wounds [46]. Using the polymer fraction Q and the
diffusion constant of insulin in pure aqueous solution Daq=10'12 m?/s [47], effective diffusion constant at
different alginate concentrations is obtained and demonstrated in Figure 7. As can be depicted from the
figure, diffusion coefficient decreases as the alginate concentration increases. This can be explained by

the difficulty of media penetration with decrease in average network mesh opening diameter due to

increased alginate concentration.

8E-13
& 6E-13 e — —
&
O ~
O ¥ 4E-13
SE
S 2E-13
=
D O T T T 1
1 15 2 25 3
Alginate Concentration (%)

Figure 7: Diffusion coefficient of insulin through alginate network at different concentrations

Release kinetics of insulin is analyzed analytically through 250um alginate filament under various
concentration values using the developed methodology in Section 2.6 (See Figure 8). As the concentration
of alginate increases, release kinetics slows down. Release of loaded insulin initializes with burst release

and more than half of the protein releases within the first 2 hours. All concentration levels follow similar

15
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release fashion starting with a burst release and continuing with decreasing rate of release kinetics.
Release of insulin through 1% alginate concentration begins with 57% burst release in 2 hours and
finalizes around 18h. Release of insulin through 1.5% alginate concentration however starts with 55%
burst release and is completed in 24h. Increasing alginate concentration to 2% reduces the burst release
and reduces the burst release to 53% at time 2h, in which release of insulin stops at 28h. The slowest
release kinetics is attained at 3% alginate concentration in which 50% burst release is observed in 2h and
release of insulin finalizes at 32h, which is almost double of total release time of insulin in 1% alginate
concentration. As a result, change in concentration affects the release kinetics. Increasing alginate

concentration slows down the release fashion.

100 s

80

70 X// ——1%
)ﬁ/ —a—1.5%

60 ) 2%

50 JV

40 ¢

30 T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T 1

1 3 5 7 9 11131517 19 21 23 25 27 29 31

Time (h)

Figure 8: Insulin release through 250pum diameter micro-filaments for 4 different alginate concentrations

Reelased (%)

Based on Equation (8)-(11), increase in filament diameter also brings deceleration in release kinetics
that can be explained by the increased diffusion distance of biomolecules through the filament. Figure 9
shows release Kkinetics profile for 250pum, 375um and 500um diameter micro-filaments at 2.5% alginate
concentration. Increasing the filament diameter alleviates burst release and slows down the overall release

fashion.

16
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Figure 9: Insulin release through 250um, 375um and 500um diameter micro-filaments for 2.5% alginate
concentration.

In this paper, concentration of alginate increases through the innermost region so that release of
loaded modifiers decelerates through innermost region that can enable synchronization of wound healing
with the release kinetics. In order to lessen the effect of burst release and adjust the release time in a way
that it can be synchronized with the healing wound, drugs can be loaded inside microspheres rather than
directly loaded inside the alginate filament. This also delays the total release time of loaded biomolecules.
For instance, loading insulin inside polymeric microspheres delays the release time significantly. The
other important factor during biological modifier release is hydrodynamic resistance. Polymer chains in
alginates are considered as centers of hydrodynamic resistance. During protein diffusion throughout the
alginates network, polymer chains slow down the protein transport especially in sites nearby cross-links.
Transport behavior of proteins in alginates can thus be explained by reduction in alginate free volume,
increased hydrodynamic drag and path length due to abstraction. Furthermore, proteins can cluster around
polymer chains forming biomass. Due to the formation of biomass (also called biofouling), protein
transport is limited further and reduced or incomplete release is observable. This can diminish
bioavailability of the therapeutic agent and alters overall delivery profile as well [48]. Alginate polymer

network, crosslinking chemistry, polymer size, protein type and size, encapsulating material, its thickness

17



O©CoO~NOUAWNE

and size, and surfactant type all play role in release kinetics of loaded proteins through alginate network

[49-55].

4  CONCLUSION

In this paper, we propose a new hybrid wound device to control release Kinetics spatiotemporally to
enhance wound healing process. Spatial and temporal control in this work enables synchronization of
wound healing with the release kinetics to advance cell proliferation and tissue healing. Spatiotemporal
control of release kinetics is achieved by controlling the distribution of base biomaterial and loaded
biological modifiers. The proposed release model reveals different release characteristics along

functionally gradient variation direction.

Transition from incorporation of a single modifier to multiple modifiers for wound care applications
might be an engineering challenge and promising approach for improved and efficient tissue regeneration.
As a future direction, wound devices needs to be designed and fabricated in a way that multiple proteins
or growth factors should be impregnated and released in a specific spatial and temporal orientation to
mimic the natural wound healing process. The authors are aiming at incorporating multiple proteins using

the same bioprinting system to guide multiple clues in cell proliferation.
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APPENDIX A

Experimental study conducted in [41] reveals the swelling properties of cylindrical sodium alginate slabs
with a size of 6mm in radius and 6mm in height; however, this data cannot be applied directly while
deposited filaments with 250um in diameter follows a different swelling mechanism. While length of

deposited filaments is significantly large compared to the radius, axial expansion can be ignored. Swelling

18
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study of cylindrical hydrogel slabs in [56] showed that radial and axial expansions are closed to each
other. Thus corrected values of the swelling ratio can be obtained through the following scheme. VVolume
of the polymer or dried alginate V, can be represented as in the following formula:

Vv _Mboymer _ o3 (A1)

polymer
polymer

Here Mpoyymer aNd ppoiymer are the weight and density of the polymer, respectively. R is the filament radius
which is equal to the height value. Expansion in radial and axial directions (AR) is same and weight of
solvent in the swollen state can be calculated as in Equation (A.2), where Mgoents Psotvent aNd Vsoivent are the
weight, the volume and the density of the solvent, respectively.

Vigpent = ~hsolient _ 7(R 4 ARY ~V

solvent —

z(R+AR) - 2R? (A2)

polymer =
solvent

Swelling of a micro-filament however does not account for the expansion in axial direction while axial

diffusion can be ignored with the filament length which is more than 10 fold greater than it’s diameter
[42]. Thus, corrected volume (Vo ey.) and weight of the solvent (M, ...) Without axial expansion can be

represented as:

solvent = Msonent R(;z(R +ARY — ﬂRZ) (A.3)

solvent

V

By rearranging Equations (A.1)-(A-3), corrected mass can be derived as in Equation (A.4), where ma is
b

the swelling ratio obtained from the experimental study in [41]:

solvent — polymer

L], o ]
Mo M ( 1 T M, N 1 1 (A.4)

ppolymer Psolvent ppolymer ppolymer

Corrected swelling ratio thus can be used to calculate the polymer fraction ratio in Equation (5) to find the

effective diffusion constant at different alginate concentrations.
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Tables

Table 1: Characterization of diffusion coefficient at different alginate concentrations

Alginate Ma/Mb Ma/Mb ppolymer psolvem Q
Concentration (%) (Slab) | (filament) | (g/mL) | (g/mL)
1 73 16.576 1.01 1 0.060
1.5 56 13.750 1.015 1 0.072
2 42 11.209 1.02 1 0.088
3 30 8.795 1.03 1 0.111
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Figure 1: Morphing process: (a) lofted surface generation and (b) construction of lofted volume.



Figure 2: (a) A chronic wound image [43] from the literature is processed (b) using ImageJ software and

(c) 3D NURBS surface is obtained in Rhinoceros.
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Figure 3: (a) Linear wound healing fashion from wound bed surface to final healing point, (b) generation

of lofted surface, and (c) a 3D hybrid wound device with functionally graded regions.
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Figure 4: Concentration of sodium alginate and biomolecules




Figure 5: (a) Designed model in CAD and (b) fabricated wound device using multi-chamber single nozzle

deposition system through 250um nozzle tip.
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Figure 6: Dark field image of encapsulated modifiers (beads) with a uniform size distribution of 3-15 pm

using 5.0x1.0x1.0 optic lenses.
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Figure 7: Diffusion coefficient of insulin through alginate network at different concentrations
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Figure 8: Insulin release through 250pum diameter micro-filaments for 4 different alginate concentrations
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Figure 9: Insulin release through 250um, 375um and 500um diameter micro-filaments for 2.5% alginate

concentration.



