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Graphical Abstract:

Gradient scaffolds are isotropic/anisotropic three-dimensional structures with gradual
transitions in geometry, density, porosity, stiffness, etc., that mimic the biological extracellular
matrix. The designing of gradient scaffolds can overcome the current challenges in the
clinic. The recent advanced techniques play a significant role in designing gradient scaffolds
with the utmost biomimetic properties for bone, cartilage, neuron, cardiovascular, and skin
tissue regeneration. The insights from such advances using gradient-based scaffolds can widen

the horizon for using gradient biomaterials in tissue regeneration applications.

Neuron

Abstract:

Gradient scaffolds are isotropic/anisotropic three-dimensional structures with gradual
transitions in geometry, density, porosity, stiffness, etc., that mimic the biological extracellular
matrix. The gradient structures in biological tissues play a major role in various functional and
metabolic activities in the body. The designing of gradients in the scaffold can overcome the
current challenges in the clinic compared to conventional scaffolds by exhibiting excellent
penetration capacity for nutrients & cells, increased cellular adhesion, cell viability &
differentiation, improved mechanical stability, and biocompatibility. In this review, the recent
advancements in designing gradient scaffolds with desired biomimetic properties, and their
implication in tissue regeneration applications have been briefly explained. Furthermore, the
gradients in native tissues such as bone, cartilage, neuron, cardiovascular, skin and their
specific utility in tissue regeneration have been discussed in detail. The insights from such
advances using gradient-based scaffolds can widen the horizon for using gradient biomaterials

in tissue regeneration applications.
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1. Introduction:

The gradient structures in biological tissues play a major role in tissue physiological
development and maturation guided by variations in physical and chemical cues [1-3]. The
gradients nature of the tissues can be broadly classified into cellular, compositional, structural,
mechanical, and morphogenic, whose importance can be seen at different developmental stages
of the organism [4—7]. Natural gradients vary in different tissues from the polarization of the
neural tube to the structural arrangement in the osteochondral interface. The cellular gradients
are observed in tissues such as osteochondral, dental, cartilage, muscular, epithelial, neural,
etc. The epithelial tissue of skin has gradients in porosity whereas muscular fibers present in
the cardiovascular system form structural gradients [8—11]. The interface between cartilage &
bone, bone & tendon also presents structural & molecular gradients along the longitudinal axis
[12]. The presence of different minerals in varying amounts in the bone tissue, and the
concentration of ionic components like sodium, potassium, calcium, etc. in the Extracellular
Matrix (ECM) create a compositional gradient in the human body [13—15]. Moreover, the
morphogenic gradient observed in the biological system is created during the early
developmental stages of the organism; this can also be attributed to the accumulative presence
of other gradients which elicits different cellular responses such as the signaling system
[15,16]. Implementing the idea, of integrating naturally occurring gradients into clinically
designed scaffolds have shown potential functionality for biological tissue regeneration [17].
Owing to the rapid utilization of implantable biomaterials, various scaffolds in combination
with tissue engineering technology have been provided by several companies to address the
existing clinical limitations [4,18,19]. This strategy is well accepted in the existing clinical

setup, but several challenges restrict the use of these scaffolds in recapitulating the natural
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gradient present in cells or tissues of the human body. Therefore, natural/synthetic scaffolds
with gradual transition gradients in geometry, stiffness, porosity, density, or combinations that
mimic the ECM can help enhance the therapeutic potential which is favorable for tissue
regeneration [20-24]. Designing compositional and structural gradient scaffolds using various
techniques such as additive manufacturing, component redistribution, controlled phase
changes, and post-modification has maximized the efficiency observed against conventional
non-gradient scaffolds [25,26]. The gradual transitions in the gradient scaffolds create
differential patterns in physical or chemical composition, which induces the spatial and
temporal behavior of the 3D structure [27]. These also regulate the cellular micro environment
for tissue regeneration, show better biocompatibility by improving the diffusion of nutrients
and cells, which provides better cellular adhesion, improve cell viability, differentiation,
increase the ductility, mechanical strength, and stability in comparison to the conventional
scaffolds [28].

In the last decade, there has been considerable progress in gradient scaffold designing
techniques to accelerate tissue regeneration. There are several reviews focusing on the
fabrication of gradient scaffolds for tissue regeneration and reviewing fabrication techniques.
But none of them have explained both the designing of gradient scaffolds by various advanced
techniques and their specific application in tissue regeneration. In this review, the recent
advancements in designing gradient scaffolds with desired biomimetic properties, and their
implication in tissue regeneration have been briefly explained. Furthermore, the gradients in
native tissues such as bone, cartilage, neuron, cardiovascular, skin and their specific utility in
tissue regeneration have been discussed in detail. The insights from such advances using
gradient-based scaffolds can widen the horizon for using gradient biomaterials in tissue

regeneration applications.
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2. Designing of gradient scaffolds:

The natural tissues are made up of complex structures with various physical, chemical, and
cellular gradients which is an ideal platform for supporting biological activities such as cellular
integration, migration, and differentiation [1]. In case of injury, accident, or any medical
complication, the regeneration of these tissues sometimes becomes difficult which further
deteriorates the quality of life [19]. To address these clinical challenges various conventional
3D scaffolds are being used from different companies like Amvisc®, ACUFEX™,
HemoFoam®, Hemosponge®, Corning® Matrigel®, MaxGel™, Alvetex®, Celox™,
SteriGraft®, OSSIX™, and SmartBone® etc by the clinicians [29]. Conventional
manufacturing techniques like solvent casting, particle leaching, freeze-drying, gas foaming,
and electrospinning are well-advanced to manufacture identical scaffolds. The conventional
top-down approach techniques were able to create scaffold structures for tissue formation;
however, due to irregular pore shape, insufficient connectivity and lack of natural gradient in
these systems, fail to mimic the native gradient environment for specific tissue attachment,
migration, and regeneration of cells. Hence, there is an urgent need to design ideal gradient
scaffolds for manifesting their potential use in successful integration & complete functional
restoration of the native tissues [30,31]. In recent years, new advanced techniques have been
developed such as Additive Manufacturing, Component Redistribution, Controlled Phase
Changes, and Post Modification to fabricate 3D gradient scaffolds that have shown tremendous
potential for tissue regeneration [32-36]. These techniques have been illustrated in the
subsequent sections with a detailed description by citing relevant examples for the

implementation of gradient scaffolds in the biological system.

2.1. Additive manufacturing/3D printing-based designing of gradient scaffolds
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Additive Manufacturing (AM) is a 3D technology that allows the direct production of
customized functional scaffolds having intricate architecture. To accelerate tissue regeneration,
the scaffolds need to be designed such as to offer an appropriate cellular microenvironment
with the help of computer-aided tools [37]. These strategies for manufacturing gradient
scaffolds gained a lot of attention in the field of regenerative medicine. Sometimes this process
can also help to create more complex 3D gradient structure scaffolds with tunable properties
such as desired pore size, optimized mechanical strength, biodegradation kinetics, high
flexibility in the internal/external architecture, and increased tissue regeneration ability [38].
The global healthcare market size value of AM was USD 1.6 billion in 2021 which is expected
to increase at a CAGR of 22.6% from 2022 to 2030 [39].

The design and 3D printing process in AM allow a variety of geometrical features and
functional gradients to be fabricated in the scaffolds, which enhances the modularity for
addressing specific treatment problems in tissue regeneration. Mohseni et al., utilized additive
bio manufacturing to design gradient scaffolds for the reconstruction of patient-specific breast
tissues. The authors entrapped adipose tissue and channelized the mobility within the designed
gradient scaffold to reduce the chances of leaking the fat tissues to the external environment
(Figure 1). With the advancements in technology, the diversity and spatial resolution of the
designed gradient scaffolds could be controlled and optimized to improve end-use production

[32].
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g ion of large volume

External structure minimizing loads
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Figure 1: CAD based model for printing of (a) breast implants with biocompatibility (b) porous
gradients within the scaffold model (c) incorporated channels to control fat tissue. Adapted

with permission from Ref. [32] © 2019 Published by Elsevier B.V.

This advanced technique also allows the engineering of hydrogel-based gradient scaffolds for
personalized therapy by overcoming the weak mechanical strength and uncontrollable swelling
of conventional hydrogel gradient scaffolds. In a study, the authors have synthesized a hydrogel
gradient scaffold by one-step copolymerization of dual hydrogen bonding monomers, N-
acryloyl glycinamide, and N-[tris(hydroxymethyl)methyl] acrylamide (PNT hydrogel) for
individualized therapy. The obtained hydrogel shows excellent mechanical properties (Figure
2) and rapid thermoreversible gel < sol transition behavior that makes it a suitable ink for
direct 3D printing. The gradient hydrogel scaffold thus produced had a controlled 3D structure
due to its sheer thinning property. The gradient scaffold facilitated attachment, spreading, and
chondrogenic & osteogenic differentiation of human bone marrow stem cells (hBMSCs) in
vitro when printed with transforming growth factor -1 and B-tricalcium phosphate (B-TCP)
on distinct layers. This scaffold also accelerates cartilage regeneration in a mouse model in

vivo [40].
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Figure 2: Macroscopic appearance and mechanical performance of the printed porous PNT-
35%-6 hydrogel scaffolds A1-D1) and PNT-35%-6-B-TCP-22% hydrogel scaffolds A2—-D2).
The 3D printed scaffolds showing excellent mechanical performances: supporting its own
weight B1, B2); twisting C1,C2); and compression D1,D2). The top and bottom layers of the
scaffold were stained with rhodamine and gentian violet, respectively (Scale bar = 2 mm).
Adapted with permission from Ref. [40] © 2018 WILEY-VCH Verlag GmbH & Co. KGaA,

Weinheim.

Although, AM has shown potential in fabricating appropriate gradient scaffolds, however, it is
limited to a handful of printing materials available in the market. Rapid prototyping was first
attempted by Hideo Kodama in the year 1981, following which Stereolithography, Selective
Laser Sintering (SLS), and Fused Deposition Modeling (FDM) technology were patented in
the year 1983, 1988, and 1989 respectively. After the invention of all these techniques, recently
bioplotter printing is highly in demand and was first developed in the early 21% century [41].

However, photochemistry being an age-old process has recently been utilized in combination
with the advanced fabrication techniques for designing various gradient scaffolds. This
technique involves the basic mechanism of photo-crosslinking that serves several advantages
over physical and chemical crosslinking such as spatiotemporal control, nano-features with

better resolution and control over the mechanical properties. Photochemistry offers a great
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opportunity and an alternative to the physical deposition for scaffold designing by in situ
chemical alteration in the fabrication process [42]. All the techniques that utilize ultraviolet
(UV), visible light or infrared radiation (IR) comes under photochemistry based designing
methods [43].

AM is majorly divided into seven different techniques such as Vat polymerization
(Stereolithography, Digital Light Processing, 2-Photon Polymerization and Digital Light
Synthesis), Powder bed fusion (Selective Laser Sintering, Selective Laser Melting, Direct
Metal Laser Sintering, Electron Beam Melting), Material extrusion (Fused Deposition
Modeling, Fused Filament Fabrication), Sheet lamination, Direct energy deposition, Material
binder jetting and Bioplotter printing (Figure 3) [44]. The following sections have described

these advanced technologies in detailed.

Additive Manufacturing

-\

1. Vat Polymerization 2. Powder Bed Fusion 3. Material Extrusion 4. Sheet Lamination

Liquid

g)l < L Pyrometer adhesive

Infrared

Camera

Inert Gas in the
Closed Chamber

Substrate

— — L

5. Direct Energy Deposition 6. Material Binder Jetting 7. Bioplotter Printing

Figure 3: Different techniques of additive manufacturing for designing of gradient scaffolds.

2.1.1. Vat polymerization:
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Vat polymerization is one type of AM process that is the first-ever introduced 3D printing
technology using UV, IR, and visible light waves. This process selectively cures or hardens a
vat of liquid photopolymer resin to form highly accurate 3D scaffolds with smooth surface.
The layer by layer formation of the scaffold is controlled by mirrors that direct light across the
photo curable resin. Limited photopolymerization-compatible materials and generation of
brittle structures restrict the use of this technique to form gradient scaffolds [45]. However,
nowadays due to the availability of various photocurable materials in the market, single and
multi-material functional gradient scaffold fabrication is possible using this technique.
Stereolithography (SL) was the first technique of vat polymerization introduced and patented
by Chuck Hull in 1983 [46]. Furthermore, vat polymerization includes 2-Photon
Polymerization (2PP), Digital Light Processing (DLP), and Digital Light Synthesis (DLS)
those of which differ in the light source and mechanism used for polymerization [47].

SL is a high-resolution computer aided 3D printing technique that utilizes UV light source
which crosslinks the structural units of monomers and oligomers in a layer-by-layer pattern in
the presence of photo initiators [48]. However this technique is limited to photo-crosslinkable
scaffolds with single directional gradients. This has been widely used in the patient-specific
dental implants; Invisalign® is the most well-known commercially available products of SL
technique [49]. It is capable of generating gradient scaffold with controlled architecture and
micrometer-level resolution. In a recent study, SL has been used to design a porosity gradient
Hydroxyapatite (HA) scaffold, where the porosity varied from 9.2% to 94.6% from edge to
center of the scaffold which resembled the gradient structural property and functional
performance of the natural bone. The horizontal cross-section of the porosity distribution
within the HA gradient scaffold is shown in Figure 4. Furthermore, the porosity influenced the

compressive strength and effective elastic modulus; however, the horizontal pores impart a
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negative impact on the compressive strength of the scaffold which co-relates to the Volkmann

canal that is narrower than the Haversian canal [50].

Figure 4: Microarchitecture for porous gradient scaffolds using stereolithography. Adapted

with permission from Ref. [50] © 2020 The Authors. Published by Elsevier B.V.

Applying the knowledge of gradient parameters that influence various cell signaling,
researchers’ are able to generate optimal gradient scaffolds for tissue regeneration. In a study
Grijpma group added a linear term to the mathematical equation to design poly (D, L-lactide)-
based porous gradient scaffold by using SL technology. In Figure 5 pCT-visualisation
demonstrates that the pores in the upper half of the scaffold are more open than the lower part.
The gradient in pore size and porosity is observed, while porosity gradually decreases from the
middle (70%) of the structure to lower end (30%). This gradient imparts a stiffness and

permeability gradient, which is needed for proper bone tissue regeneration [51].

----design
—uCT

scaffold height (mm)

0 T T T T 1
0% 20 % 40 % 60 % 80 % 100 %
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Figure 5: Mathematical modeling based SL PDLLA scaffold with gyroid architecture showing
a gradient in porosity and pore size. a: uCT visualization. b: Change in the average porosity
with scaffold height (solid line) in comparison with the designed porosity (dotted line).

Adapted with permission from Ref. [51] © 2010 Elsevier Ltd.

Furthermore, SL is divided into three techniques based on the light patterning system: vector
scanning, mask projection and 2-photon polymerization. In case of vector scanning approach
a very fine laser beam solidify the vat photo-resin in point-by-point pattern. Highly precised
layers are formed in this technique; however point-by-point patterning system increases the
fabrication time for which the mask projection has been developed [52].

Mask projection SL also known as DLP can cure an entire part of the scaffold at once, where
digital micro mirror device chip is being used to project the entire image of the layer onto the
LCD screen within a short period of time. This approach is a unique technique to design
gradient scaffolds using multiple materials in a single component [53]. Wu et al., had developed
a bottom-up mask projection SL. method to fabricate multi-material osteochondral gradient
scaffold using photo curable poly(ethylene glycol) diacrylate (PEGDA) hydrogel and beta-
tricalcium phosphate (b -TCP) ceramic suspension. The biphasic interface was formed using
variable-power light source to harden the materials with different curing capacities that can be
highly potential for developing functional gradient scaffolds for osteochondral tissue
regeneration [54].

Another well-known stereolithographic technique includes 2PP technology that relies on
absorption of 2-photons of Near-IR region focused on a light-sensitive material which
quenches to initiate the polymerization of the structural components to form a gradient scaffold.
The rapid technical development of this approach is able to create exciting possibilities for
precise localization of the light energy to produce novel gradient scaffolds with high resolution

architecture [55]. Greiner et al, have used 2PP based sandwich model of Direct Laser Writing
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(DLW) technique to fabricate adjustable mesh of varying sizes (2 pm, 5 pum and 10 pm) (Figure
6 A) on glass/microporous polymer membrane substrates for easy diffusion of bio agents.
However, migration of epithelial cancer cells needs to be directed by prior spatial chemokines
and growth factors gradients. In addition the A549 cells were also unable to proliferate within
the larger pore sizes of the scaffold. Therefore, the porous scaffold was coated with fibronectin
and given a gradient of fetal calf serum to enhance cell invasion in presence of chemoattractant.
It was observed that both the cell types invaded at a similar degree at a respective pore size as
shown in (Figure 6 B). Therefore, this technique of engineering 3D scaffolds provides a

multifaceted tool to study the cell migration within chemical gradient porous scaffold [56].

A (i) DLW setup (ii) Boyden chamber setup B Clontep M partially embedded [l inside

porous +

* + * + *

8 U

membrane

80—
photoresist

glass
cover slip

3D
scaffold

70
60
50

40

(iiii) overview

distribution of nuclei of A549 (%)

) E W8 S 20

4L <4 e

e o i

WT KD WT KD WT KD WT KD
- .3, P .l 10 pm 10 pm 8 ym 7 pm
3 i A ' ] on glass on porous film

— with chemical atiractant
Figure 6: 3D setup for chemically controlled cell invasion. (A) (i) Direct laser writing (DLW)
was applied to fabricate non-cytotoxic 3D scaffolds on porous membranes. Briefly, the porous
polymeric membrane was mounted in a photoresist and placed between two glass cover slips.
A femto-second laser beam was focused onto the photosensitive liquid material, excited
photoinitiator molecules by two photon absorption and causing a highly localized chemical
polymerization reaction strictly confined to the focal volume of the laser. (ii) Side view of the
experimental setup. The porous membrane equipped with the 3D scaffold is placed over a

reservoir containing medium supplemented with fetal calf serum (FCS). The 3D scaffold is

13



284

285

286

287

288

289

290

291

292

293

294

295

296

297

298

299

300

301

302

303

304

305

306

surrounded by a ring made of polydimethylsiloxane (PDMS) and covered with media
containing no FCS. Cells are seeded onto the 3D scaffold and cell invasion into the 3D scaffold
is studied (iii) SEM overview, side view and top view images of a 3D scaffold with a mesh
size of 10 mm resting on a membrane with a pore diameter of 3 mm. (B) The majority of A549
wildtype (WT) and lamin A/C knockdown (KD) cells did not invade 3D woodpile scaffold
written on glass (no chemoattractant). Instead, cell invasion into the scaffold was achieved by
using 3D structures fabricated on a porous membrane and exposure of this setup to a soluble
chemical gradient (Boyden chamber approach). Adapted with permission from Ref. [56] ©

2013 Elsevier Ltd.

Another variant of vat polymerization is Continuous Liquid Interface Production (CLIP) or
DLS which involves manufacturing of gradient scaffolds as a whole rather than the layering
fashion. The scaffolds are prepared utilizing UV light, oxygen that creates a dead zone, and
liquid resin with the help of computer-aided programmable design which are shown to exhibit
excellent mechanical properties [57]. However, in a recent study, authors have modified the
conventional CLIP by introducing a pressurized source of microfluidic ducts that injects
continuous flow of resin to create a growing pressure gradient within the dead zone of the
printed scaffold as described in Figure 7. In this system, the rapid printing of gradient scaffolds
was possible by increasing the printing speeds to 5- to 10-fold as compared to the traditional
CLIP technique. The complex models formed using simulation-driven control strategy
displayed the speculated gradients that were desired. Further works on injection CLIP will be
able to surpass the advanced techniques and can have a better opportunity to broaden its

applicability in the field of regenerative medicine (4D printing) and other medical fields [58].
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Figure 7: Injection continuous liquid interface production. (A) Traditional CLIP process, with
force diagram for the printed object and resin flows indicated. (B) Analytically derived dead
zone velocity fields and pressure gradients from the lubrication theory while printing a
cylindrical geometry by CLIP, where Z and t are the vertical and radial distances in the dead
zone, respectively, and v; is the radial velocity. Darker hues indicate higher-magnitude velocity
vectors, and, conversely, lighter hues indicate stagnation zones of low-fluid velocity. (C) iCLIP
process indicating the flow of the injected resin from a pressurized source through microfluidic
ducts engineered within the growing part into the dead zone. (D) Analytically derived dead
zone velocity fields and pressure gradients from the lubrication theory while printing a
cylindrical geometry by CLIP, with continuous injection through a central viaduct. Adapted

with permission from Ref. [58] © 2022 The Authors.

2.1.2. Powder Bed Fusion:
Powder Bed Fusion (PBF) is a 3D printing technology in combination of computer aided design
uses a high power source (laser or electron beam) to melt and fuse the powder present inside a
container. The technique allows the fabrication of wide range of materials to form
geometrically complex scaffold architectures with high precision. The powder bed acts as the

support and medium of heat transfer for the scaffold making reducing the thermal gradients in
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the print whereas subsequent heating and cooling may affect the physical parameters of the
part architecture [59]. The Selective Laser Sintering (SLS) is type of PBF technique that was
invented and patented by Carl R. Deckard, which relies on high power laser source like carbon-
dioxide or neodymium-doped yttrium aluminum garnet to sinter small particles of polymer
powder into 2D base layer of the scaffolds. Furthermore, a new layer is deposited on the pre-
built base by a piston to sinter on the next layer which continues until the desired complex
vertical gradient scaffold is obtained. However fabrication of horizontal gradient scaffolds in

this technique is difficult [60—62].

Although this process is suitable for visual prototypes, and relatively inexpensive. However, it
uses high power, which may alter the structural properties of newly designed gradient scaffolds.
The finishing and porosity of the gradient scaffold depends on the particle size and type of the
polymeric powder. In a study, authors have used SLS technique to investigate the influence of
high density polyethylene powder particle size (range 106-125, 150-212 and 212-380 pum) to
achieve porosity gradient scaffold. The obtained result showed that larger sized particles with
high degree sintering yielded compact structures, whereas smaller size particles yielded more
open pores with low degree sintering as shown in microscopic images (Figure 8). The part of
the gradient scaffold prepared using larger particle size had poor mechanical properties due to

the limited number of union points [63].
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Figure 8: Images of the scaffold with controlled pore size gradients using SLS different
particles size (106-125, 150-212 and 212-380 um) of high density polyethylene. Adapted with

permission from Ref. [63] © 2007.

The complex hierarchical architecture, the lack of blood supply and incapability of self-repair
in osteochondral defects causes major obstacle in designing of gradient scaffold that meets the
desired properties of osteochondral gradients. Over the recent years the SLS technology has
shown remarkable advancements in various tissue regeneration, specifically to address one of
the major problems of designing osteochondral scaffolds. Du et al., have used SLS to designed
Poly(e-caprolactone) (PCL) and HA microspheres based gradient scaffold to address the
problem associated with designing scaffolds for osteochondral defects. The prepared scaffolds
was implanted into osteochondral defects of a rabbit model and evaluate the rpaire potential.
The obtaine result demonstrated that the newly designed scaffold has ability to accelerate early

subchondral bone regeneration, which well integrate with the native tissues for inducing
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articular cartilage formation. Hence, this SLS strategy is a promising approach for the
designing of biomimitic gradient scaffolds and repair osteochondral defects [64]. Therefore,
the SLS technique suggests a better prospective to engineer bio-inspire multilayer scaffolds
with well-designed architecture for tissue regeneration.

A variant of SLS is Selective Laser Melting (SLM) technique whose mechanism is same as
that of SLS but is restricted to metal and alloys sintering. The technique uses high energy power
source to fully melt and fuse the fine metal powder to liquid to form solid 3D gradient scaffolds
[64]. The metals used in SLM are of biomedical importance (stainless steel, tool steel, titanium,
cobalt chrome, and aluminum), because they are ideal for treating bone defects. The biomedical
metal materials are biocompatible and show high resistance for corrosion and excellent
physical properties but due to its higher modulus may lead to stress shielding of the bone tissue
implant [65]. To overcome this limitation, Lv. Et al., utilized SLM technique to fabricate
Ni46.5Ti44.5Nb9 alloy porous scaffold with continuous gradient based on triply periodic
minimal surface (TPMS) structure design. The increase in pore size leads to decrease in specific
surfaces which improves the permeability of the designed scaffold [66].

However, in case of Direct Metal Laser Sintering (DMLS) technique, the laser is used to sinter
the metal powder based thin layer upon which additional layers are then applied to generate a
3D scaffold through a series of layers. As compared to SLS, DMLS has an advantage of using
a low power laser as it has to melt and fuse the layers rather than melting the whole powder
bed. It is possible to adjust the porosity level, interconnectivity and overall architecture of the
scaffold by altering the processing parameters [67]. In a study, DSLM technique was used to
sinter titanium alloy powder to fabricate porous gradient from center to outside of the scaffold
for dental implants. The study concluded that DSLM is an efficient method to design gradient
scaffolds with better elasticity as that of the bone which can improve the longevity of the

implant [68].
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In another technique of PBD that uses tungsten electron beam instead of laser light to fuse
metal powder particles in layer-by-layer fashion under vacuum condition is called Electron
Beam Melting (EBM). However, the process requires a base material that is conductive in
nature [69]. In a study, the authors have taken the advantage of EBM combined with
computational biology to interconnect the foamed structure inside the scaffold. The 3D porous
gradient scaffold with pore sizes (700, 1000, and 1500 um) were favorable for osteoblastic
activities [70]. This technique is relatively faster than SLM however; SLM has higher
resolution and accuracy with smooth accurate parts. However, impurity or contamination is

restrained due to the vacuum chamber which leads to high quality architecture [71].

2.1.3. Material extrusion:
Material extrusion works on the principle of extruding material through a heated nozzle
applying pressure to form 3D printed scaffolds. This technique follows two different basic
approaches to design the gradient scaffolds. The most widely used approach is Fused
Deposition Modeling (FDM) that is used to produce gradient 3D scaffolds with fully
interconnected channel network, controllable porosity and honeycomb-like pattern. This
technique is highly dependent on temperature induced melting of thermoplastic that is extruded
through a small orifice to form the base, and the layer is fused with the base layer to produce
layer-by-layer architecture of the scaffold [72]. The temperature of system can vary from100-
140°C depending on the types of polymers for proper flow and layer diffusion throughout the
scaffold designing. However, incorporating & printing of bioactive molecules within the 3D
scaffold structure is difficult due to high heat, and weak bonding between the interlayers [73—

75]. It 1s proved that altering the process parameters of FDM and printing angles of scaffolds
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can greatly influence the mechanical properties of the designed gradient [76]. In a study authors
have used PCL which is a FDA approved polymer to design porous FDM scaffolds with the
help of two different lay-down patterns of 0/90° (Figure 9a) and 0/60/120° (Figure 9c¢) that
resulted in the honeycomb patterns of square (Figure 9b) and triangular pores (Figure 9d)
within the 3D scaffolds. The stress-strain curves of the 0/90° scaffolds increases in the initial
linear gradient and plateau height when compressed in-layer than out-of-layer, however there
was no such pattern observed in the 0/60/120° scaffolds. The anisotropicity of these scaffolds
depends on the mechanical behaviour of the scaffolds. The obtained results support the further

in vitro and in vivo studies for tissue regeneration [74,77,78].

el
z

e w—{ A

Figure 9: Fused deposition modeling scaffolds: (a) Computer-designed lay-down pattern of
0/90° forming square honeycomb pores gradient scaffolds, (b) PCL based bio-printed 0/90°
forming square honeycomb pores gradient scaffolds, (c) Computer-designed lay-down pattern
of 0/60/120° forming triangular honeycomb pores, (d) PCL based bio-printed 0/60/120°
forming triangular honeycomb pores. Adapted with permission from Ref. [74] © 2001 Elsevier

Science Ltd.

In a similar study, Song et al., have studied the effect of FDM processing parameter (build

orientation) on the tensile strength and porosity gradient of the poly (ether-ether-ketone)
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scaffold. The platform was modified by pasting a polycarbonate plate by evenly spreading the
glue attached to a printed circuit board to design four kinds of gradient scaffolds with varying
pore sizes (0.4-2.0 mm). Electron micrographic examination of the scaffolds indicated the
better interconnection between various ranges of pore size allowed easy attachment, migration,
and differentiation of cells. The gradient scaffolds were also observed to have high tensile
strength while the mechanical properties were comparable to that of human bone tissue [79].

As the patents for FDM were about to end in 2009, RepRap Ltd. community came up with a
new name for the similar idea of FDM, and hence it was named as Fused Filament Fabrication
(FFF). The absence of a heat chamber in FFF remains the only difference between both the
techniques. FFF technique processes the scaffold designing with temperature fluctuations
during material extrusion and deposition onto the heated bed. This technique has an advantage
of producing complex pore structures with less energy and minimal cost as compared other
techniques of AM like SL and SLS [80]. Recently, multilayered materials for gradient
generation in scaffolds by the use of FFF technique are of particular interest in the field of
tissue regeneration. In a study Portan et al., designed a PLA-based multi-layered porous
gradient scaffold with varying pore sizes (60 um-100 um) by FFF, and investigated its
mechanical stability, and biocompatibility. These experimental results signified that, the
change in porosity of the gradient scaffolds along with the sample thickness can be of great
interest for multi-functionality target [81]. Similarly, in another study, three compositions
(varying ratios of HA and PCL) and four different simple and shifted gradient designed (Si-
Gradl, Si-Grad2, Sh-Gradl, Sh-Grad) scaffolds shown in Figure 10, were prepared by FFF
technique. It was observed that in shifted models, increasing the gradient slope weakened the
mechanical performance but enhanced its biological activity when compared with the simple
gradient scaffolds. The gradient scaffolds are necessary for biological assessments due to its

morphological similarity with the cortical bone surrounded by trabecular bone [82].
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Figure 10: Gradient porous scaffold images constructed in the Solid Works software package.
Design of scaffold (A) Si-Gradl, (B) Si-Grad2, (C) Sh-Gradl, (D) Sh-Grad2. Adapted with

permission from Ref. [82] © 2022 Society of Plastics Engineers.

Although the material extrusion techniques are able to design large parts in less time, yet the
scaffolds lack the smooth finishing and resolution that requires a lot of post processing.
Moreover, this technique is not suitable for small details and intricate architecture and also is
prone to breakage in the parts of joining area that results in reduced mechanical properties of

the gradient scaffolds [83].

2.1.4. Sheet Lamination:
The technique of AM that manufactures each layer composed of paper, cellulose, plastic film,
or metals and then super positioning them by the use of an adhesive or bonded through
metallurgical process to generate a 3D scaffold is called sheet lamination [84,85]. The process
of sheet lamination that is called as Laminated Object Manufacturing (LOM) is developed by
Helisys Inc. and popularized by an Israel-based company named Solido. In the current years,
this technology is mastered by EnvisionTEC Company and the Impossible Objects startup. In

this technique, the 2D thin sheets of material are cut with laser according to the computer-aided
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design and then stacked together by applying heat/pressure through a rolling heated cylinder
[86]. In addition, the unused parts are cut off and hence, generating an accurate piece of
scaffold. However, recently stacking of the metallic layers with thickness of ~100 um by the
use of ultrasonic welding is in great demand. This technique is called Ultrasonic Additive
Manufacturing (UAM) that offers various advantages like low temperature processing, solid
state bonding, low geometric distortion, retaining of surface texture and making of large scale
parts to design functionally graded scaffolds with pre-defined gradients [87,88]. In a study by
S. Kumar, aimed to design a thermal conductivity-based gradient scaffold in the direction of
material (Al, Cu and stainless steel) stacking by changing the process parameters. They have
successfully created gradient scaffold with dimensions of 1300*200" by stacking 62 foils.
However, the generation of scaffolds with accuracy in the Z-direction is challenging due to the
swelling after effects. In addition, mechanical strength and production of overhangs are poor

due to absence of support while building the architecture [89].

2.1.5. Direct Energy Deposition:
Direct Energy Deposition (DED) is a method of AM that designs scaffolds by directly melting
the base materials by using high energy source (electron beam, laser or arc) inside a closed and
controlled frame environment. Although this is similar to that of the material extrusion process,
the nozzle in DED technique is movable in five multiple directions. This process is widely
known as Laser Engineered Net Shaping (LENS), Laser metal deposition (LMD), and Electron
Beam Additive Manufacturing (EBAM) depending on the energy source used [84,90]. In the
year 1998, US Sandia National Laboratories and Stanford University developed Laser-
engineered Net Shaping (LENS) technology that has now been commercialized by Optomec
Company as Directed Metal Deposition (DMD). This technique has the ability to design larger

parts because of its high rate of deposition of the material and hence is widely chosen over
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material extrusion technique [91]. In a study, LMD was used to design stainless steel block
with thermal gradients that showed larger track width in top zone as compared to the bottom
zones. However, after powder layer deposition, incomplete melting local voids were formed
due to air entrapment from moisture evaporation. In addition, the lack of proper fusion in the
layers resulted in irregular porosity of the gradient block. This concluded that this technique

has low fabrication efficiency resulting in rough surface in the scaffolds [92].

2.1.6. Material binder jetting:
Material binder jetting method is a faster and versatile rapid prototyping technique that designs
gradient based scaffolds using a liquid binding agent to glue two different layers. This
technique shows advantages of assimilating various components of (metals and ceramics) and
colors during the process of designing gradient scaffolds over the direct 3D printing [93]. In a
study, Li et al., have utilized the electro-hydrodynamic jet-binding technique to introduce
biological gradients into the nerve conduits that is essential for regeneration of nerve tissues.
They have fabricated collagen fibrous scaffolds with gradients of stromal cell-derived factor-
la. It was observed that, altering the process parameters influences the types of gradients
formed such as shallow continuous, steep continuous, and step in the scaffolds. This novel
technique not only allows good control over gradient structure but also enables long-term
presentation of stable gradients in the scaffolds [94]. In order to print more complex gradient
scaffolds, advancements in 3D printing accelerated giving rise to 3D bio-printing of different

tissues and/or organs.

2.1.7. Bioplotter Printing:
Bioplotter printing uses a computer aided design to deposit layer upon layer of different

biomaterials to print gradient scaffold by utilizing bioink. This system uses pneumatic
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pressurized method to squeeze out the materials through the nozzle to print functional gradient
scaffolds [95]. Therefore, 3D bioprinting in the recent years has enabled the printing of living
constructs by combining choice of materials, cells, growth factors and chemical cues for tissue
regeneration. However, bioprinting of multiple materials in a single small nozzle becomes quite
challenging due to the mixing of different liquids. In addition, sheer force from different sized
nozzles pose a disadvantage on the viability of the cells during the process of gradient scaffold
printing [96]. Many alternative strategies have been explored to allow the precise printing of
gradient scaffolds with controlled bioink viscosity, printing speed, extrusion flow rate, cell
concentration, and reaction kinetics of the different molecules present in the bioink [75]. In a
study, authors have modulated the stiffness, cell concentration and an immobilized peptide
gradients printed on a carboxylated agarose scaffold with extrusion-based 3D bioprinting
technology [97]. This paves the way for better development in various technique parameters
for gradient tissue engineering. In another study to address the problem of recapitulating native
gradients, a unique technique of Digital Light Processing (DLP)-based bioprinting system was
developed by Wang et al., which is capable of fabricating multifunctional gradients into the
hydrogel scaffold. The real time generation of controlled gradients were done by adjusting the
flow ratios of bioink. The combination of DLP 3D bio printing with a microfluidic chaotic
mixer-linked vat that has yielded both horizontal and vertical gradients in 2-D and 3D planes
as demonstrated in Figure 11. The system could generate high resolution complicated hydrogel
structures with gradients of varying properties in pore size, porosity, stiffness, cell densities,
and growth factor concentration [2]. These AM techniques can be simulated, and the artifacts
can be corrected well before printing therefore giving an upper edge over other techniques [98].
Hence, AM is beneficial for designing gradient scaffolds and integrating them within the

biological systems for tissue regeneration.
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Figure 11: Illustrations of 2D and 3D structures produced by the composable-gradient DLP
printing technique. a) The continual gradient of colors in the slices of a hydrogel pie printed by
mixing merely three colored PEGDA inks. The inks in the Eppendorf tubes represent the colors
collected after mixing before printing. b) The 2D structures including a circle with 4 color
gradients, a heptagon with 7 color gradients, and a vascular network with 4 color gradients,
generated by mixing two differently colored PEGDA inks at different ratios followed by
printing. The corresponding designed patterns are shown at the left, while the actual printed
results are presented at the right. ¢) The 3D constructs generated using PEGDA inks showing
shapes of a cube, a pyramid, and a twisting hollow vase, featuring color gradients in the vertical
direction. d) The 2D maple leaf with horizontal gradients and the 3D maple leaf with vertical
gradients printed with the same composable gradient colors mixed from green to red in real
time during the printing sessions. €) The cubes consisted of 2-by-2-by-2, 3-by-3-by-3, and 6-
by-6-by-6 units presenting color gradients from discrete to continual. Adapted with permission

from Ref. [2] © 2021 Wiley-VCH GmbH.
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2.2. Component redistribution-based designing of scaffolds:
Component redistribution is another approach to design gradient scaffolds that uses physical
parameters to re-distribute a homogenous fluidic mixture under the influence of a certain force.
This technique increases the mechano-stability of the scaffolds and promotes the dispersion of
nutrients, cells, metabolites, growth factors etc. in a differential manner and proliferation of
cells [99,100]. This offers an advantage over other techniques as it utilizes differences in
physical properties of the materials like density, thermal properties, temperature, size, etc. to
form various gradients without modifying the bioactivity of the components and use of any
external forces. Buoyancy, convective stretching, electric & magnetic field-based approaches

are four important techniques available for component redistribution (Figure 12).

Component Redistribution
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Figure 12: Different techniques of component redistribution for designing of gradient

scaffolds.
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2.2.1. Buoyancy
Buoyancy can be understood as the force exerted against gravity by a fluidic component on an
immersed object [101]. This technique is beneficial for dispersal of growth factors for
accelerating the cellular proliferation in a gradient scaffold. In a study, the authors have
demonstrated the application of buoyance force to fabricate gradient scaffolds, Li et al., used
gelatin metacryloyl, gellan gum, agarose, and acrylate polymers to incorporate physical
gradients in the biomimetic 3D structure. The authors further tried to incorporated several
macromolecular structures such as nanoparticles, liposomes etc. to induce biochemical
gradients. During the design, three-phased liquid components were injected to the scaffold thus
creating buoyancy within the architecture of the scaffold (Figure 13 A). Following the design,
the Bone Morphogenetic Protein-2 release from the scaffold was observed over 28 days to
reconstruct the bone cells. The study concluded that incorporation of buoyancy induced by
liquids injected in multiple phases could be helpful in generating gradients that resembles the
natural ones which can control the release of essential macromolecules for cartilage tissue

regeneration (Figure 13 B) [102].
i. ii. Gelation after Osteochondral
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Figure 13: (A) Induction of gradients by sequestering of base components at different layers
with sucrose density, (B) induction of osteo cell regeneration at the interface of cartilage and
bone after 28 days by controlling the release of Bone Morphogenetic Protein-2. Adapted with
permission from Ref. [102] © 2019 The Authors. Published by WILEY-VCH Verlag GmbH

& Co. KGaA, Weinheim.

28



600

601

602

603

604

605

606

607

608

609

610

611

612

613

614

615

616

617

618

619

620

2.2.2. Convective Stretching:

Convective stretching technique is generally used to designing gradient scaffolds by faster
moving of the center particle than the particles present near the wall due to difference in channel
velocity [103]. In a study, Reis group of University Minho prepared HA gradient within the
methacrylated gelatin and gellan-gum (GeIMA-LAGG) scaffold by using convective stretching
technique. In this system, porosity gradient was also incorporated which had no negative
effect on the previously oriented HA gradients. This scaffold accelerated the prevasculature
formation in the region of bone tissues but retarded in the cartilage region. This result
demonstrated a great potential in regeneration of complex hierarchically organized
osteochondral tissues [104].

In recent years, the channel used in convective stretching technique is replaced with
microfluidic channel that allows the spreading of molecules inside the channel which is called
as dispersion. This combination of convection and diffusion inside the channel can be used to
generate gradients with desired architectural morphology that can mimic biological tissues
which will be useful for tissue regeneration. In a recent study, Yanan and team developed a
high-speed fluidic sheer offering convention-driven (hydrodynamic stretching) technique
along with photo crosslinking to generate gradient of polymer, biomolecules, beads, cells and
cross-gradients of two species in a micro channel which has been demonstrated in the Figure
14. This simple technique used to fabricate biomimetic anisotropic gradient scaffolds for tissue

regeneration [101].
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Figure 14: Convection-driven gradients of A. Poly(ethylene glycol-diacrylate) hydrogel

gradient; B. collagen gradient; C. endothelial cell gradient; D. fluorescent particle gradient
(diameter 5 mm); cross-gradients containing two species E. Merged fluorescence image of a
cross-gradient of FITC-dextran (green) and rhodamine dextran (red) F. Phase images (upper:
lower magnification; lower: higher magnification) of smooth muscle cells cultured on a
substrate made from a composite material with a HA-gelatin cross-gradient G. Merged phase
and fluorescence image of a cross-gradient of 10 mm fluorescent and non-fluorescent

microbeads. Adapted with permission from Ref. [105] © 2009 Elsevier Ltd.

2.2.3. Electric & Magnetic field
Bio-physical stimuli apart from chemical modifications are very important factors that needs
be taken into consideration while additively manufacturing the gradient scaffolds for tissue
regeneration. The electro-magnetic field-based component redistribution technique is
advantageous for designing of gradient scaffolds as the cellular migration, proliferation, and

adhesion can be controlled by externally inducing an electro-magnetic field towards desired
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orientation [106,107]. In a study, Xu et al., have used electric field-driven crosslinking in -
sheet rich silk protein nanofibers to incorporate multiple gradients within the hydrogels. The
gradients can be controlled accordingly by changing the influencing factors such as viscosity
of the solution. The electric field imparted orientational gradient to the scaffold that could
control the osteogenesis and chondrogenesis activity. It was observed that the fabricated
mechanical gradient silk-based hydrogel scaffold was able to stimulate in vivo ectopic
osteochondral tissue regeneration [108]. In another study, authors used a magnetic bio-
technology system to design a gradient of two different magnetic nanoparticle labeled cell
types; vascular and osteoprogenitor on the opposite sides of the PCL-Fe-doped HA magnetic
scaffold fibers through material extrusion method. Computer-aided Multiphysics —
Magnetostatics — 2D axial symmetry application was used for quantifying the influence of
magnetic field on the gradient structuring of magnetized cells on the scaffold. The
mathematical modeling unveiled that the gradient formation by the cells was guided by the
permanent magnet whereas the non-homogenous distribution the cells were strongly modulated
by the generated background magnetic field of the magnetic scaffold. Figure 15 a, b, and ¢
shows the directions of magnetic gradients throughout the scaffold, along a single selected fiber
and along the cross section of a complete row of fibers respectively. They concluded that this
technology of manipulating magnetic cells to create gradient magnetic scaffold is highly useful
for tissue regeneration without any pitfalls, although modifications and other alterations may

be needed to optimize the model for further in vivo studies [109].
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659  Figure 15: Magnetic gradient in T/m units: (a) distribution in the scaffold region: color scale
660  indicates the magnitude while arrows show the direction of gradient and hence the direction of
661  magnetic forces; (b) zooming around one fiber section, where green area delineates the
662  attraction region (A), and grey area indicates the repulsion region (R); (c) gradient distribution
663  along the dashed line in (a). Adapted with permission from Ref. [109] © The Author(s) 2020.

664

665  Inasimilar study, iron oxide nanoparticles have been used to design magnetized gradient multi-
666  layered scaffold with porous nature, moderate mechanical stability and elasticity. This gradient
667  scaffold was able to facilitate growth of neurons and successfully regenerated axon sprouting
668  in the injured rat with nerve defect. The results demonstarted that the magnetic gradient could
669  induce cell fate for nerve tissue regeneration due to magnetic stimulation in the implanted

670  scaffold [110].

671
672 2.3.Controlled phase separation-based designing of scaffolds
Controlled Phase Separation
Phase separation
C D B
Polymer = Sisiiaid
solution T _>§
Al:isc;l:-;ic
. Heat induced porous scaffold
673

674  Figure 16: Different techniques of controlled phase separation for designing of gradient
675  scaffolds.

676

677  Controlled phase changes in designing of gradient scaffolds involves the induction of an abiotic

678  parameter such as temperature, pressure, light for changes in structural and/or physical
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properties including density, porosity etc. [111-114]. The pictorial representation of this
technique has been given in the Figure 16.

In tissue engineering, to regenerate tissue scaffolding biomaterial is essential with specific
properties including interconnected porosity with sufficient mechanical strength and
appropriate structural morphology. In bone tissue regeneration, it is compulsory for the
technique to present a gradual variation of porosity along the scaffold thickness such as to
mimic the native gradient structure. Ghersi et al., in a study used thermally induced phase
separation (TIPS) to design a porous gradient of pore dimension along the thickness of the
scaffold. In this method an experimental apparatus has been designed to impose different
temperature vs. time pathway on both the sides of scaffolds (Figure 17 A). The nucleation-and-
growth mechanism that occurs in the pore dimension is mainly influenced by the thermal
history [115]. Hence, it is possible to achieve desired pore size by changing the residence time
in the metastable region. The most interesting aspect of this technique is to control both
temperature and cooling rate at the same time. The poly-L-lactic acid (PLLA) was mixed with
HA at two different ratios (50/50 and 70/30) and exposed to various thermal environments to
have pore size that increases along with increasing scaffold thickness. The micrograph images
show that the scaffolds had well interconnected porous structure and the HA particles were
also well blended into the polymer matrix. However, presence of HA was more evident in the
scaffold with 50/50 PLLA/HA ratio than 70/30 ratio which can be concluded from the
micrograph shown in Figure 17 B and C. Mammal bone tissues are known to contain 58% dry
weight of ceramic HA and hence, shows good osteoconductive properties. Therefore, authors
concluded that thermally induced porous HA-gradient scaffolds have promising aspects for

bone tissue engineering [116].

33



702

703

704

705

706

707

708

709

710

711

712

713

714

715

716

717

718

719

720

721

722

723

Figure 17: (A) Experimental setup of TIPS technique; High magnification SEM images of
porous gradient scaffolds prepared using different ratio of HA:PLLA using TIPS (B) 70:30 (C)

50:50. Adapted with permission from Ref. [116] © 2016 AIDIC Servizi S.r.1.

A similar study by Mannella et al., prepared a porous-based gradient scaffold by using TIPS
while generating foams with a single-step operation. This induced the scaffolds by
monotonously varying pore size ranging from 45-260 pm, and de-mixing the temperatures
ranging from 25°C-35°C along the scaffold thickness which suggests promising roles in bone
regeneration [117]. Similarly Nie et al., combined TIPS technique with the sugar sphere
template leaching process for designing PLLA scaffolds having a physical gradient of pore size
ranging from 300 pm-600 um [118].

Cardiovascular disease has become one of the leading causes of mortality in worldwide.
Natural blood vessels consist of type I, II collagens and elastin which are of nanometer sizes.
The designed nano-structured scaffolds to mimic the natural blood vessels needs to be
biocompatible, biodegradable, adequate mechanical properties with high porosity suitable for
arterial implantation [119]. In recent years, blood vessel tissue engineering plays an important
role to design scaffolds that mimic nanosized fiber architecture. There are several strategies
that have been adopted to design gradient scaffolds for blood-vessel tissue engineering but have
various drawbacks and limitations to be used in clinic. In a study, the group of Peter Ma used
TIPS technique to design biodegradable polymer scaffolds with oriented gradient
interconnected microtubular pore structures in the axial or radial direction to facilitate cell
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seeding and mass transfer for cell growth and function. Figure 18 A and B shows the SEM
images of cross sections of vessel scaffolds wall with radial temperature gradient from inside
to outside I/O structure and outside to inside O/I structure respectively. The migration and
distribution of the cells within the oriented gradient scaffold were pronounced and healthy
under haematoxylin and eosin (H-E) staining when compared with non-oriented porous
scaffold (Figure 18 C). The structural features of such scaffolds can be conveniently adjusted
by changing the polymer concentration, solvent ratio, TIPS temperature, and by thermal
conductivities of different materials to mimic the nanofibrous features of an ECM to facilitate

blood-vessel regeneration [120].

Figure 18: (A) SEM images of cross sections of a vessel scaffold prepared under a radial
temperature gradient (I/O structure) at — 20 © C for PLLA/ benzene solutions with different
concentrations (w/v): 1) 2.5%; 1) 5.0%; (B) SEM images of cross sections of vessel scaffolds
prepared under a radial temperature gradient (O/I structure) at — 20 © C from PLLA/ benzene
solutions with different concentrations (w/v): 1) 2.5%; II) 5.0%; (C) After 2 weeks of
implantation, H-E staining of the cross sections of implants showed that abundant host cells
migrated into the scaffolds with orientated pores and the fibroblast-like cells appeared to be
healthy in the microchannels; I) substantially fewer cells migrated into the scaffolds with non-

oriented pores; II) Both types of scaffolds maintained their original shapes. Scale bar: 200 p m.
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Adapted with permission from Ref. [120] © 2010 WILEY-VCH Verlag GmbH & Co. KGaA,

Weinheim.

2.4. Post modification-based designing of scaffolds:
The techniques described above include the gradient fabrication during the designing process;
however compositional gradients introduced into the prior designed scaffold can be done in the
post-modification processes like diffusion, dip-coat, matrigel coats, immersion etc. [121,122].
This process helps in creating uneven gradual distribution of cells, proteins, biomolecules,
chemicals and hormones within the scaffold by varying the density, loading rate etc. of the
materials that are being loaded. In a study, Karpiak et al., have used the density variation within
the liquids for creating complex distinct layers in the hydrogel scaffold. They have chosen a
high density modifier (bisacrylamide and acrylamide or biocompatible ¢(PEGDA)) with
varying initial concentrations and settling time between the layers resulting in smooth gradient
hydrogels as shown in Figure 19. This one-step polymerization technique can be helpful in

designing complex matrices for tissue regeneration [20].
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Figure 19: Density gradient multilayer polymerization (DGMP) results in continuous
structures and mechanical stability at interfaces of adjacent compartments in mechanically
heterogeneous hydrogels. a—b) Multicompartment PEGDA hydrogels fabricated via sucrose
DGMP (a) are microstructurally more continuous at the interface between 10% (w/v, upper
left) and 20% (w/v, lower right) prepolymer than sequentially photopolymerized PEGDA (b).
White arrows highlight interfaces. Bar indicates 50 cm. c—f Five-layers PAM (10% w/v, 1%
w/w crosslinker) hydrogels approximately 12 mm in diameter prepared by DGMP or sequential
photopolymerization. DGMP produces hydrogels (c¢) that are macrostructurally more
continuous than sequentially photopolymerized polyacrylamide (d). DGMP produces stronger
hydrogels (e) than sequentially photopolymerized polyacrylamide (f) as indicated by
perpendicular compression to failure and failure mode evaluation Photos are inset in force vs.
displacement curves (n=2). Note that DGMP hydrogels bulk ruptured at around 90% strain
while sequentially polymerized hydrogels delaminated at around 65% strain as indicated by
white arrow. (g) Increasing ¢S prior to bulk polymerization modulates structural gradients in
10% (w/v) PAM bilayer hydrogels. As schematically represented (left), bisacrylamide
crosslinker diffuses through the density interface to graduate the transition between 7% and
1% crosslinker (w/w monomer). Swelling in water demonstrates the transition from discrete to
increasingly continuous mechanical gradients. Adapted with permission from Ref. [20] © 2012

WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

However now-a-days, advanced techniques such as rapid prototyping computer-aided means
and photopolymerization are used for post processing and surface modification of the pre-
designed scaffolds. In a study, authors have combined 3D prototyping and surface
polymerization to create multidirectional biochemical gradients onto the PCL scaffold. The

PCL scaffolds were first fabricated with compositional variations of protein solution thus
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producing a gradient along the axis. The scaffolds were further exposed to different
compositions of electro-spun fibers in a bidirectional axis. The protein gradient scaffolds
obtained were further cross-linked by exposing it to light which produced double gradients

within the scaffolds along the x-axis & z-axis (Figure 20) [123].

Figure 20: Double gradient induced in the designed scaffolds i.e. by diffusion, and light
induced polymerization (a, e, ¢, g) depict the orthogonal views of the designed scaffolds when
exposed to fluorescent stains; (b, d, f, h) intensity graphs corresponding to different views of
the scaffolds along the x & z axis. Adapted with permission from Ref. [123] © 2015 WILEY-

VCH Verlag GmbH & Co. KGaA, Weinheim.

In another study, authors have prepared vascular cell-laden gradient PEG hydrogels to study
its potential for pre-vascularization and induction of spatial variations in complex tissues
through the method of photo-polymerization. The authors have created five different decoupled
and combined gradients of immobilized arginine-glycine-aspartic acid (RGD peptide)
concentration, stiffness, and protease-sensitivity within the hydrogel to study the vascular
sprouting activity in 3D culture. Their findings have concluded that vascularisation of complex
tissues requires gradients of various properties like mechanical, degradation rate and adhesion
ligand composition [124].

Basic Fibroblast Growth Factor (bFGF) is a potent mitogenic and chemotactic agent that plays

an essential role in designing engineered tissues which mimic the structural and biological

38



805

806

807

808

809

810

811

812

813

814

815

816

817

818

819

820

821

822

823

824

825

826

functions of natural blood vessels along with enhancing in vivo directional cell migration.
Furthermore, bFGF has the ability of binding covalently to scaffolds for fabricating growth
factor gradients with retention of its bioactivity. In addition, bFGF covalently conjugated with
RGD can enhance the proliferation and migration of vascular cells. Moreover, controlled
bioactive signal in bFGF gradient scaffolds influenced their alignment and migration. In a
study, authors have designed post modified PEG hydrogel, which is covalently conjugated with
bFGF in combination with RGD by photopolymerization which retained its bioactivity on
vascular smooth muscle cells (vSMC) proliferation and migration. This bioactive scaffold was
further silver stained to analyse the bFGF gradient whose density was found to be linear in the
direction of increasing bFGF concentration (Figure 21 A). The bFGF gradient also facilitates
the alignment of more vSMCs in the direction of its increasing concentration which is not
pronounced in case of scaffolds with constant or no bFGF (Figure 21 B). Therefore, designing
of stable gradient of GF in the scaffold with known concentration profile will allow

understanding the influence of gradients on cellular responses [125].

Gradient Constant No bFGF
1
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Figure 21: (A) The bFGF gradient was silver stained, analyzed under light microscopy, and
found to be linear; (B) More cells were aligned on hydrogel surfaces with a bFGF gradient
(indicated by arrow) than on the other hydrogel surfaces, which lacked a gradient of tethered

bFGF (bar=10 mm). Adapted with permission from Ref. [125] © 2004 Elsevier Ltd.

Therefore, advancement in the fabricating techniques along with the use of tissue engineering
has helped to expand the potential application of gradient scaffolds in research and medical
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fields. The subsequent section explains the natural gradient of various tissues present in human
body and the application of gradient scaffolds for their successful recovery after being diseased

or damaged.

3. Applications of gradient scaffolds in tissue engineering:

The human body is full of gradient structures that guides various processes and events from
early embryonic stage to adult life. The designing of a scaffold must satisfy the basic structural
and functional requirements of the complex tissue/organ that may be addressed by gradient
scaffolds. Hence, recently, different fabrication techniques have been developed to design
gradient scaffolds that help accelerate various tissue regeneration. Gradient scaffold exhibit
several advantages over traditional scaffolds by exhibiting excellent penetration capacity for
nutrients & cells, increased cellular adhesion, cell viability & differentiation, improved
mechanical stability, and biocompatibility. Incorporating physical, chemical, and/or cellular
gradients into the scaffolds have shown enhanced efficacy in bone, cartilage, neural,
cardiovascular and skin tissue regeneration [126,127]. The wide applications of gradient
scaffolds in regeneration of various tissues has been described in detail in the subsequent
sections. Furthermore, Table 1 presents the wide applications of gradient scaffolds in tissue

regeneration.

Table 1: Different gradient scaffolds used in various tissue regeneration

T f Designi
yp(.% 0 Base material es1g1.11ng Application Advantages Ref.
gradient Technique
Randomly oriented Hybrid twin-
Structural Graded scaffold
and PCL nanofibers screw Bone
... | (Bone) and -TCP extrusion/ele : mimicked structural [128]
compositio . o Cartilage o
nal nanoparticles PCL ctrospinning and compositional
nanofibers (TSEE)
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HA . Gelatin microribbon ] Bone-Tendon | with significant [131]
gradient hydrogel . . .
increase in tensile
moduli of the
resulting tissues
Accelerated the self-
F -
Porous HA reeze Bone . [132]
casting seeding of cells
Seeded cell number
was found to be
Biphasic calcium constantly increasing
hosphat )
Porous prosphate 3D printing Bone with decreased [133]
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glass-ceramic metabolic activity
indicating cell
differentiation
Young’s modulus of
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. printing
Topology 316L stainless steel (Direct metal to that of trabecular
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mathematical model) o
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3.1. Gradient scaffolds for bone tissue regeneration

Bone is a rigid connective tissue that not only provides structural support to the human body
but also facilitates movement by providing attachment sites for muscles, tendons, ligaments,
and protects vital soft organs and tissues [145—147]. This connective tissue has four different
kinds of cells i.e., osteoblast, osteoclast, osteocytes, and bone linings (osteogenic). The bone
comprises of two types of tissues; namely cancellous/spongy/trabecular and compact/cortical
[145]. Spongy or cancellous bone contains osteocytes present in lacunae which are not arranged

in concentric circles, but in compact bone these osteocytes are arranged in concentric circles
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as shown in Figure 22 [148]. Bone, ligament and fibrocartilage are three different regions in
the natural constituent of ligament-bone graded transition interface. The bone consists of a
well-organized gradient macro to nano-scale structures with 9 wt% water, 22 wt% organic
(type L, I, IV collagen, and 200 types of noncollagenous matrix protein such as glycoproteins,
proteoglycans, sialoproteins, etc.), and 69 wt% inorganic crystalline components
(hydroxyapatite and calcium phosphate).

The bone-cartilage interface shows regional gradation in proteoglycan, mineral and collagen
concentration through four cartilaginous region namely surface zone cartilage (SZC), middle
zone cartilage (MZC), to deep zone cartilage (DZC), then calcified cartilage (CC), and finally
to bone [149—152]. In bone tissues, a structural gradient is observed in an axial direction in flat
bones. In contrast, in the radial direction of long bones, the bone density varies from the
cancellous bone to the cortical bone. In addition, the bone also has a biochemical gradient
composed of different minerals with high percentage of calcium, phosphorous, and trace
quantities of sodium, potassium which creates an ionic gradient in the cancellous, and
trabecular bones. The structural architecture and porosity influence the overall bone properties.
However, the compact bone are more resistant to longitudinal stress compared to radial and

compression than to tension [26].

_~—— Concentric lamellae (each with
parallel collagen fibers)

—— Cement line

Circumferential lameliae

Osteccyte in lacuna

- Haversian canal with
blood vessels and nerves

i canal with
‘ blood vessels and nerves

——— Endosteum

Periosteum

Figure 22: Structural (compact and spongy) and cellular gradients (collagen fibers, and
osteocytes) in bone tissue. Adapted with permission from Ref. [148] © 2017 Springer
International Publishing Switzerland.
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The gradients in bone structure helps in facilitation of nutrients, bone cells, mineralization, and
contributes to high mechanical strength thereby providing rigidity to the structure of the body,
strength for performing physical activities and accelerate bone regeneration [153—155].
Organic components present in the bone tissue impart flexibility, whereas inorganic
components provide toughness and strength. Moreover, the presence of HA and collagen fibers
in the bone tissue instigates interaction with the local physiological, and biochemical
environment [156—158].

Bone tissue regeneration is the repair of bone defects generated for various reasons. Bone
transplantation is the second most common clinical application after blood transfusion due to
the increase in the aging population in the world. Although bone tissue has its natural self-
healing ability, but many-a-times larger or more complex defects face difficulties as the
occurrence of bone traumatic cases range from 33.4-64% worldwide [18]. In the clinic, the
current bone therapies for bone replacement include autografts and allografts, which are not
ideal solutions till date. Hence, there is an alternative for restoring and improving the function
of bone by using gradient scaffolds, which can provide an appropriate regenerative signal to
cells and a biomimetic environment for bone tissue repair or regeneration [159,160]. In a study
to design multi-layered gradient scaffold, Surmeneva et al., applied EBM on titanium-based
alloy (TisAl4V) for segmental bone reconstruction. The process of EBM utilizes electron beams
allowing temperature reaching up to 1000° C, which generates gradient within the material. By
using this process, five different lattice designs were created, with four of them presenting a

solid tubular architecture similar to that of human bone (Figure 23 A & B) [161].
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Figure 23: (A) Titanium-based multi-layered porous gradient scaffolds obtained by electron
beam melting by (a) 2-step and (b) 3-step layering, (B) Microscopic images of multi-layered
gradient scaffolds with varying porosities. Adapted with permission from Ref. [161] © 2017

Elsevier Ltd.

In addition, it was found that the tubular scaffolds had high energy absorption, which resulted
in a higher compressive strength (31-22 MPa). The multi-layered lattice scaffolds presented
excellent compatibility for the ingrowth and vascularization of bone tissue. Interestingly, the
multi-layered scaffolds could be seeded with different biomaterials by exploring their porosity,
which could further improve the mechano-durability of the grafted bone. [161]study This This
suggested that TicAl4V based scaffold architectures could trigger bone regeneration by
enhancing the mechanical strength, and augmented ductility [161].

In another attempt to develop scaffolds with porous gradients, Sobral et al., took the approach
of a rapid prototyping technique for bone tissue engineering. The authors designed two gradient
scaffolds (Grad 1, Grad 2) and two homogenous scaffolds (Homog 1 & Homog 2), each with
different porosities and pore aspect ratios (Figure 24). The scaffolds were produced by three-

dimensional plotting while using a blended mixture of starch and PCL.
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Figure 24: SEM images of porous gradient scaffold (A) Grad 1, (B) Grad 2, (C) Homog 1, and
(D) Homog 2 scaffolds. Adapted with permission from Ref. [162] © 2010 Acta Materialia Inc.

Published by Elsevier Ltd.

When the seeding of cells was studied in-vitro, 70% and 56% efficiency was observed in Grad
1 and Grad 2 scaffolds, whereas the seeding efficiencies for the Homog 1 & Homog 2 scaffolds
was observed to be 30% and 40%. This demonstrates that the gradient in porosity of the
scaffolds results in enhanced cell seeding efficiency. This shows that gradient scaffolds
prepared under controlled conditions can be of benefit over homogeneous scaffolds for
engineering of bone tissue [162]. In a similar study, Xie et al., designed 3D mineral gradient
scaffolds composed of HA with spatial calcium (Ca*") distribution for differentiation of the rat
bone marrow stem cells. The scaffold was designed using a combination of the traditional
textile manufacturing, and electrospinning strategies (Figure 25). The authors observed that the
scaffolds efficiently released the Ca®" ions in a gradient manner for up to 10 weeks. From the
in-vitro studies, the cells of mouse embryo osteoblast precursor cells were noticed to proliferate
and the osteogens differentiation of bone marrow of rat (rBMSCs) were also boosted by the
mineralized segments whereas the tenocytes differentiation of rBMSCs was enhanced by the

non-mineralized segment [163].
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Figure 25: Osteogenic induction by the continuous mineral gradient scaffolds with different
concentration of HA: (A) Alizarin Red S stained of scaffolds segments, and whole segments
containing rBMSCs, (B) Alkaline phosphatase expression of scaffolds incorporated with

rBMSCs. Adapted with permission from Ref. [163] © 2021 Elsevier Ltd.

The results suggests that HA gradient scaffold can be a good asset for tendon-bone tissue
regeneration as it have the capacity to guide the spatial differentiation of rBMSCs; thus playing
a major role in providing structural, biochemical, and biomechanical characteristics to the neo-
tissues same as the native tissue [163]. In a similar study, mineral gradations of HA
nanoparticle was fabricated within gelatin microbead by infiltration with PLGA using a simple
inverse opal scaffolding process. The prepared scaffolds with HA gradient were observed to
control the spatial arrangement of adipose derived mesenchymal stem cells (ASCs) for
osteogenesis with high cell viability potential. In addition, the scaffolds had uniformly
distributed pores that could facilitate transport of nutrients and metabolic wastes. Figure 26,
SEM and Micro-CT images show the mineral gradient in scaffold structure which shows a
potential future in fabricating the interfaces between mineralised and unmineralized tissues

[10].
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Figure 26: Characterization of the distribution of HA nanoparticles in the PLGA inverse opal
scaffold. A) Top-view SEM image. B) EDX quantification of calcium content along the vertical
direction (n=3). The layer number refers to the layer of pores after template removal. (C—F)
Micro-CT images of an HAp-graded PLGA scaffold (C,D) and its sagittal sectioning plane
(E,F). Adapted with permission from Ref. [10] © 2018 WILEY-VCH Verlag GmbH & Co.

KGaA, Weinheim.

However, the recovery of irregular shaped bone defects and soft tissues has become a major
problem. To overcome such limitations, Wang et.al, have tried to develop scaffolds with super
elastic SiO> nanofibers with chitosan as bonding sites (SiO NF-CS) through lyophilisation
process. Furthermore, they have developed stiffness gradient in SiO» nanofibers (Figure 27)
that helped spatial differentiation of human mesenchymal stem cells (hMSCs) into
chondrocytes and osteoblasts. The scaffold demonstrated stiffness gradient, high elasticity,
good fatigue resistance, and quick recovery in aqueous medium. Histomorphological analysis
in rat having calvarial defect confirmed the efficiency of the gradient scaffold by enhancing
vascularization and bone formation. This strategy will be helpful in recovery of irregular

defects and subcondral sites of bone [164].
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Figure 27: Si0O2> NF-CS scaffold with gradations in SiO2 nanofibers to mimic subchondral bone
sites. a) Schematic for fabrication of gradient SiO2 NF-CS scaffold. SEM images of b) gradient
scaffolds and c) mineralized gradient scaffolds at different locations. d) Compression curves
and e) Young’s modulus of each section in the gradient scaffold. f) Cellular viability of hMSCs
cultured in each section of gradient SiO, NF-CS scaffold. g) F-actin staining, SEM images
(hMSCs were in pseudocolored red for contrast), and h) cellular circularity index of hMSCs
cultured in each section in the gradient scaffold, indicating enhanced cell stretching and
proliferation with increase in SiOz nanofiber content. i) OC4-30 and collagen II
immunostaining and j) alkaline phosphatase activity of hMSCs cultured in each section in
gradient SiO, NF-CS scaffolds after 21-day culture. Data are presented as mean + SD.* and **
indicates P < 0.05 and P < 0.01 for SiO2 NF-CS scaffold section (3/7, 6/4, and 9/1) compared
with CS scaffold section (0/10), respectively. Adapted with permission from Ref. [164] © 2019

WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

Melt Electrowritten (MEW) technique is a solvent free process used to design gradient

scaffolds with specific ordered and tuneable architecture. The technique is therefore non-toxic
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and creates aligned orientation, uniform pore size, distribution & interconnectivity. This results
in accelerated angiogenesis and cell penetration leading to quicker repair of bone defects. In a
study Stephen Hamlet group, used a new technique of MEW to design PCL scaffold with three
different pore structure (two offset scaffold with different fiber layout and complex scaffold
with three gradient pore size). The obtained results revealed that the gradient scaffold enhanced
the alkaline phosphatase activity in the osteoblasts. However, the scaffold mineralization was
higher in obtained scaffold. The immuno-staining showed significant expression of osteocalcin
gradient scaffold structure [165]. The same Hamlet group in another study, designed MEW tri-
layered PCL gradient scaffold with different architectures that showed different capacities of
in vivo osteo-conductivity. The results demonstrated that the expression of osteogenic marker
was present in all scaffolds whereas, the mineralization marker osteocalcin was observed in the
gradient scaffold. Furthermore, the expression of endothelial marker showed that induced
angiogenesis was also involved in the repair process [166]. The MEW based scaffold showed
accelerated osteogenesis of osteoblasts and has potential of opening a new avenue for superior

bone tissue regeneration system.

3.2. Gradient scaffolds for cartilage tissue regeneration

Cartilage is dense structured flexible connective tissue resembling a firm gel made up of
collagen and elastic fibres. It is an important structural component of the body found in between
joints of bones, ear, nose, bronchia etc. and has higher stiffness than muscles but less than that
of bones [167,168]. The cartilage is of three types i.e. hyaline, elastic, fibrous, and all three
have cellular and macromolecular gradient composed of chondrocytes, perichondrium,
chondroitin sulfate [164]. Hyaline cartilage is the most common tissue found in the body
amongst all the three types. It is closely packed with collagen fibers that make it tough but

slightly flexible with smooth surface. For example, articular cartilage is a type of hyaline
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cartilage which has a decreasing gradient of cartilage thickness in the transition (~40-60%),
deep (~30%) and calcified cartilage zone (very low amount). Similarly, collagen Il and water
content gradient also decrease down the layers from the articular surface [169]. However, the
concentration gradient of glycosaminoglycans, chondrocyte size and thickness increases from
the top layer to the deep zone that finally attaches to the calcified zone. All the gradients present
in the articular cartilage has been illustrated in the Figure 28. However fibrocartilage is the
toughest tissue among all, that consists of widely dispersed dense masses of white collagen
fibers. The bundles of dense collagen fibers are embedded along with condrocytes without
perichondrium making it a perfect site for providing support and rigidity to the joints between
intervertebral discs, pubic symphysis, junction where tendons insert into bone, etc. However,
elastic cartilage is covered with a perichondrium and presence of abundant elastic fibers make
it flexible. The chondrocytes are present between the network of elastic fibers providing it with
high resilience. The strength of the cartilage lies in the amount of collagen, proteoglycan, and
interstitial fluid present at the junction of cartilage connected structures which present a
structural gradient. Moreover, the presence of chondrocytes in the cartilage impart a nutritional

gradient [170].
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Figure 28: Structural and compositional gradient present in articular cartilage.
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The injury associated with cartilage is very common, but it has poor self-regeneration ability
due to its low cellularity and avascular properties. In recent years, a significant number of
population have suffered from -cartilage defects caused by ageing, trauma, repeated
overloading, and various diseases leading to inflammation, stiffness, chronic pain, and
disability. The complex physiological structure of cartilage creates significant hurdles for self-
healing. Currently, two techniques have been used in the clinic such as autologous or allogeneic
tissue to treat cartilage defects. However, these techniques are inadequate due to limited donors
and poor therapeutic efficacy [171]. To design tissue-specific biomimetic synthetic gradient
scaffolds, the fundamental knowledge of the structural composition and functional properties
of cartilage must be known. Recently, due to the development of advanced 3D printing
technology, patient-specific tissue regeneration for functional repair of cartilage can be a
potential alternative approach. Due to the presence of multiple biological gradients and the
depreciation of the biological role of the cartilage tissue with aging such as dehydrated matrix,
subchondral sclerosis, etc., designing gradient scaffolds can be promising for cartilage tissue
regeneration [167,172,173]. In this section, the designing of 3D bioprinted gradient anisotropic
structured scaffolds for cartilage regeneration will be discussed in detail.

Sun et al., designed a dual-factor releasing gradient scaffolds incorporated with mesenchymal
stem cell-laden hydrogels containing PLGA associated bone morphogenetic protein 4,
transforming growth factor (TGFB3), and PCL fibers for regeneration of cartilage tissue. The
gradient scaffolds were 3D printed by keeping the laden hydrogel in-between the PCL fibers
with a spacing of 150 um for biochemical stimulus, and 750 um for biomechanical stimulus.
The electron microscopic results of these 3D printed gradient scaffolds had excellent alignment
& interconnection between PCL and laden hydrogels when compared to those of non-gradient

scaffolds (Figure 29 A).
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Figure 29: (A) Microscopic images of interconnection & alignment between the PCL fibers
and laden hydrogels at different resolutions, (B) implantation, regeneration, and magnetic
resonance imaging of the designed gradient scaffolds with biochemical stimulation (BCS),
biomechanical stimulation (BMS), and double stimulus (DS) over 24 weeks of time. Adapted
with permission from Ref. [174] © 2022 American Association for the Advancement of

Science.

The authors also reported that gradient scaffolds exhibited a sequential, and time dependent
release of the dual factors demonstrating a controlled release feature of the scaffold. The
viability when studied over a time period of 21 days, showed a survival rate of >95% at the
time of study maintained up to 75% till the end of the study, while the proliferation rate was
observed to increase as a function of time. The authors further implanted the gradient scaffolds
in an artificially created cartilage injury, and studied the regenerative efficacy (Figure 29 B). It
was concluded that the gradient scaffolds with double stimulus showed enhanced regenerative
efficacy than scaffolds with BCS, and BMS throughout 24 weeks. Moreover, all the gradient
scaffolds exhibited better chondro-protective effect as compared to those of non-gradient
scaffolds [174]. In a similar study, authors have designed a four layered gradient scaffolds
using PCL fiber-laden hydrogel with different porosities, that exhibited enhanced biological
efficacy (Figure 30 A & B). The designed gradient scaffolds demonstrated heterogeneous

differentiation of chondrogenic cells, and enhanced the angiogenesis, and vascularization
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within the tissue (Figure 30 C). The histochemical staining of the regenerated tissues implanted
with gradient scaffolds demonstrated higher rate of tissue vascularization than those implanted
with non-gradient scaffolds. The mechanism was attributed to the gradation observed in pore
sizes within the gradient scaffolds, and induction of axis activation by hypoxia induced factor-

1 alpha (HIF1a), and focal adhesion tyrosine kinase (FAK) genes.

Figure 30: (A) Designed gradient scaffold: (I) 4-layered gradient scaffold (II) Layers with
different porosities (150 pm, 350 um, 550 um & 750 um), (B) PCL-laden hydrogel based
gradient scaffolds with different porosities (a) 150 um (in blue); (b) 350 um (in yellow) (c)
550 um (in purple) (d) 750 um (in green), (C) Implantation, histochemical staining (H-E; alcian
blue; Safranin O and vascularization of tissues by the designed gradient scaffolds. Adapted

with permission from Ref. [175] © 2021 Elsevier Inc.

The immunofluorescent staining of regenerated cartilage tissue suggested that expression of
HIF1 and FAK is relatively higher in gradient based scaffolds than those in non-gradient
scaffolds. The authors also reported that the ECM in regenerated cartilage tissue resembled the
native ones. This results demonstrates that the HIF1/FAK activation results in the enhancement
of biocompatibility in gradient scaffolds [175]. In another recent study, a 3D-printed three-
layer gradient GeIMA-PEGDA scaffold has been developed with an RNTK coating (GelMA-

PEGDA-RNTK) using an SL-based printer to mimic the hierarchical structure of cartilage
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(Figure 31). The differentiation of adipose-derived mesenchymal stem cells seeded onto the
gradient scaffold was enhanced due to the presence of RNTK, confirmed through histological
analysis and a real-time quantitative polymerase chain reaction (RT-PCR) assay. The outcome
of the study suggests the potential utility of nucleic acid incorporated gradient scaffolds have

promising therapeutic efficacy for cartilage tissue engineering [176].
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Figure 31: Schematic diagram of a 3D printed gradient scaffold for cartilage regeneration.

Adapted with permission from Ref. [176] © American Chemical Society.

However, osteochondral defects face a major challenge to get entirely satisfactory results from
the existing therapies. To address this, a complete hydrogel and nano-HA (nHA)/hydrogel
mixture based system with different ratio were used to print a similar gradient structure as that
of the top, intermediate and bottom cartilage layer (Figure 32). The researchers evaluated

different parameters (physicochemical, mechanical, and biological) of the 3D printed scaffolds.
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BMSCs were loaded onto the porous gradient scaffold which was further implanted into the
mouse models with osteochondral defects. The results and regeneration efficiency of the 3D

printed porous gradient scaffold were remarkable both in vitro and in vivo [177].

Figure 32: Photographs of various 3D printed scaffolds. A) From left to right in a) were “0%
nHA”, “40% nHA”, “70% nHA” (dyed in red with rhodamine), and “G-nHA”, respectively;
b—e,f—1) the states of removal from the supporting and bending of the corresponding samples
in (A). B) Macroscopic appearance of 3D printed artificial meniscus geometric models based
on a) “0% nHA”, b) “40% nHA”, c) “70% nHA” (dyed in red with rhodamine), and d) “G-
nHA” gel, respectively; d,f) before and after soaking CaCl2 solution (100 x 10—3 m). C) Digital
images of 3D printed hydrogel scaffolds before immersing in CaCl2 solution for the tensile
testing: top-view images of a) “0% nHA”, b) “40% nHA”, ¢) “70% nHA,” and d) “G nHA”
and e) side-view image of “G-nHA” scaffolds. (Scale bars = 5 mm). Adapted with permission

from Ref. [177] © 2020 Wiley-VCH GmbH.

3.3. Gradient scaffolds for neural tissue regeneration

A neuron is a specialized cell present in several well developed organisms, and plays a major
role in control, and coordination of the body [178—180]. It is divided into three parts including
soma, dendrite, and an axon that has three major functionalities. Its sensory role responds to
the external stimulus whereas the motor neurons are responsible for coordination in the
organisms. The third role is to connect between two different neurons, and such neurons are
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known as interconnecting neurons [ 180]. For proper functioning, multiple gradients are present
in the neuron such as an electrochemical gradient helps in conduction of voltage across the
neurons whereas, biochemical gradients control the passage of neurotransmitters, and a
structural gradient in the myelin sheath. However, depreciation in neural function can happen
due to severe trauma, aging, improper development etc. can lead to neurodegenerative disorder,
neural tube defects, loss of coordination in individuals, and multiple sclerosis etc. [181,182].
The global rate of neural dysfunctions is quite high, ranging from thousands to millions, and in
various age groups as well [183—186]. Moreover, the conventional approaches such as neural
reconstruction, physiotherapy, medications etc. do not prove to be much effective, and absence
of any other advanced systematic approach for treatment of affected individuals makes the
situation worse. Under such circumstances, engineering of neural tissues using gradient based
scaffolds emerge as potential strategy. The gradient scaffolds for neural tissues are therefore
suitable to be integrated considering the structural, electrical, & biochemical gradients in the
neurons [179].

Huang et al., designed scaffolds with orientational and biochemical gradient by using 3D
printing combined with directional freezing technique. The scaffolds were fabricated by
incorporating silk fibroin, collagen, and Nerve Growth Factor (NGF) thus creating a
biochemical gradient. The scaffolds demonstrated the development of an orientation gradient
of NGFs which enhanced the regeneration of neural tissues while promoting myelination as
well (Figure 33 A & B). The sciatic functional index and the von Frey test was estimated, the
results suggested promoting motor-sensory functions. Thus the study concluded that designing
of gradient scaffolds by combining multiple cues could lead to regeneration of neural tissues

at an accelerated rate, along with enhancing its functionality [187].
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Figure 33: (A) Orientational gradients created by neural tissues along the longitudinal axis of
the designed gradient scaffolds (A) random scaffold (B) orientational scaffold (C) uniform
NGF based scaffold (D) gradient NGF based scaffold, (B) Release of nerve growth factors
from the designed orientational gradient scaffolds (A) Positive control with 10 ng/ml of NGF
(B) Negative control with 0 ng/ml of NGF (C) incubated for 0 day (D) incubated for 7 days (E)
incubated for 14 days (F) incubated for 21 days (G) incubated for 28 days (H) Release profile
of NGF from the gradient scaffold. Adapted with permission from Ref. [187] © 2020 American

Chemical Society.

The repair of injured spinal cord needs aligned structural support, and biological gradients from
the periphery to the center and endogenous neural stem cells (NSCs) from the central canal
region to the abrasion site to re-establish neural interconnectivity. In a study Jianwu Dai et al.,
developed a simple and versatile method to design continuous protein gradient of stromal-cell-
derived factor-1a (SDF1a) encapsulated in the radially aligned electrospun collagen/PCL fiber
mats. In electrospinning method (Figure 34 A), controllable and reproducible biological
gradient fiber mats can be achieved with the adjustment of collector size and collection time.
A continuous gradient of SDFla was formed along the aligned fibers by incorporation of
collagen-binding domain (CBD) fused SDFla (CBD-SDFla), with reduction of fiber

concentration gradually from the center to the periphery. The aligned CBD-SDF1a gradients
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show steady, persistent, and gradual release during 7 days on the collagen/PCL fibers (Figure
34 B). Furthermore, the aligned CBD-SDF1a gradients effect on the NSCs was evaluated and
the results demonstrated that the cells were elongated along with the aligned electrospun fibers
and their periphery to the center migration of the scaffold, which was enhanced along with the
CBD-SDF1a gradients (Figure 34 C). The outcome of this study demonstrated that structural
architecture of gradient scaffolds with aligned topography offers NSC migration and better
guidance of nerve regeneration. The CBD-SDFla distribution and release on the newly
designed gradient scaffolds were investigated by using three equally divided segments
(Segment I, II, IIT) of electrospun mats from the central to peripheral region. The CBD-SDF1a
binding was higher than that of native-SDF1a in all segment apart from the center shown in
Figure 34 BII, which is similar with the Figure 34 BI. However, CBD-SDFIla binding
decreases at the sequential segments along the x -axis, which demonstrated that SDF1a gradient
was successfully generated along the radially aligned fibrous scaffold. The cumulative SDF1a
sustained and stable release was achieved from all the segments of CBD-SDF1a containing
radially aligned scaffolds in 7 days, which decreased in sequential manner from segments

excluding the center (34 BIII) [188].
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Figure 34: (A) Fabrication of continuous protein gradients embedded in the radially aligned
electrospun mats (I) Schematic showing the fabrication of radially aligned fibers (II) Schematic
illustration of protein gradients from the center to the periphery (III) Photograph of the
collagen/PCL scaffold composed of radially aligned fibers (IV) SEM image showing the
morphology and radial alignment. The inset shows the Fourier fast transfer pattern; (B) Binding
and release properties of CBD-SDF1a (I) Binding curves of native-SDF1a and CBD-SDF1a
to aligned electrospun collagen/ PCL mats (II) The binding of native-SDF 1o and CBD-SDF1a
to the sequential segments of the radially aligned scaffolds from the center to the periphery
(IIT) Cumulative release of SDF1a from the sequential segments on radially aligned CBD-
SDF1a scaffolds from the center to the periphery within 7 days; (C) (I) Fluorescence image
showing the migration of NSCs on the radially aligned fibers immobilized with CBD-SDF1a
after 1 day of culture (II) Higher magnification view of the cells in the source zone (III) Higher

magnification view of the cells in the leading zone. The dashed line indicates the border of
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NSC seeding. Adapted with permission from Ref. [188] © 2016 Wiley-VCH Verlag GmbH &

Co. KGaA, Weinheim.

In a similar study, authors have expanded the use of electrospun fibrous mats by altering the
electrical and topographical signals to design piezoelectric scaffolds for neuronal tissue
regeneration. The developed scaffolds had radially aligned fibrous patterns with topological
gradient structures that enabled stress fibre formation in neural cells for Yes Associated Protein
(YAP) activation of nuclear localization. The developed fibrous gradient scaffolds with
completely different topological and crystal features could be used to access the neuronal
differentiation and predict neural cell response. Further studies with various chemical cues and
in vivo studies can expand the application of 3D electrospun piezoelectric gradient scaffolds

for neuronal tissue engineering [189].

3.4. Gradient scaffolds for cardiovascular regeneration

The cardiovascular system which is comprised of heart (the blood pumping organ), three blood
carrying organs namely arteries, veins and capillaries and the most importantly the blood itself.
The cardiac tissue comprises of chambers, valves, and the cardiac tissue wall is composed of
the endocardium, myocardium, and the epicardium which makes up the pericardium [190].
There are different structural, functional, transmural and electrochemical gradients that play
major roles in the normal functioning of the cardiovascular tissues [191,192]. Those gradients
are central-to-peripheral arterial stiffness gradient, pressure gradients across the wall, and
gradients of cell types, nutrients, growth factors and most importantly oxygen gradients [141].
This helps in controlling the functions of heart at different hierarchical levels [193]. Several
reports on cardio vascular disease (angina, and stroke) suggest that annual morbidity and

mortality rate is quite high thus is a major reason for global death rate [194-197]. According
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to World Health Organization (WHO), the global death rate reached up to ~18 million
accounting for 32 % of the total death [198]. The regeneration capacity of heart tissues is
limited in case of any injury or disease and hence gradient scaffold can be a better therapeutic
option for heart tissue regeneration [199]. The gradient in the heart can therefore be explored
to design scaffolds which can promote accelerated cellular proliferation, migration, and faster
regeneration of the cardiovascular tissues. The goal of cardiovascular tissue engineering mainly
focuses on the generation of cardiac gradients with retention of same architecture, structure,
and physiological functions of native tissues [200]. Now-a-days, cardiovascular tissues can be
regenerated from human induced pluripotent stem cells (hiPSCs) that are functionally and
morphologically similar to human embryonic stem cells. Dattola et al., constructed 3D PVA
porous gradient scaffolds to support the proliferation and differentiation of hiPSCs into
cardiomycetes. Figure 35 a shows the physical morphology of the porous scaffold with an
irregular pore structure having an average diameter of 82+60 pum. The histogram shows the
size distribution in which ~ 90% of the pores diameters fall below 200 pm (Figure 35 b).
Surprisingly, cross-sections of the gradient scaffolds showed densely populated
cardiomyocytes in the edges when compared to the inner parts. In addition, due to chemotaxis,

a gradient of nutrients was generated owing to higher growth of hiPSCs cell in the edges of the

scaffold [201].
Size Stat. Mean Std. Dew.
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Figure 35: (a) The morphological characteristics of cross-sections of PVA scaffolds examined
with a SEM (magnifications 100X, scale bar 500 mm), (b) Histograms of pore diameter
distribution of the PV A scaffolds. The PV A scaffolds show an average pore size of 82+60 um.

Adapted with permission from Ref. [201] © The Royal Society of Chemistry 2019.

Odedra et al., designed collagen-based porous gradient scaffolds, and immobilized growth
factors (VEGF-165). The scaffolds were constructed by activitating 1-ethyl-3-(3-
Dimethylaminopropyl) carbodiimide /sulfo N-hydroxysuccinimide and seeded into the
scaffold by perfusion, source-sink, or directly delivering to the center of the scaffold. The
authors observed that a VEGF-165 gradient was radially formed, and guided the endothelial
cells for migration to the center. It was further observed that the scaffolds contained higher
density of cells at the center and gradually decreased to the outer side (Figure 36) however;
substantial proliferation was not observed. The migration rate of the endothelial cells was
further observed to be substantial even at low concentrations thus demonstrating the high

efficacy of the designed gradient scaffolds [141].
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Figure 36: Scaffolds with VEGF gradients lead to a more centralized cell distribution. The
scaffolds prepared by the point source method were seeded with 5000 cells and cultured for 3

days. At the end of the culture period the scaffolds were stained with a live cell marker, CFDA.
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Serial images were acquired on the two axes of the circular scaffold. Adapted with permission

from Ref. [141] 2011 Acta Materialia Inc. Published by Elsevier Ltd.

3.5. Gradient scaffolds for skin tissue regeneration

The human skin is one of the important tissues comprising several dermal layers (Figure 37).
It also serves as a primary defense barrier to invading opportunistic microorganisms
[8,202,203]. The presence of compositional and structural gradient like epithelial tissues
(squamous, columnar, and cuboidal) modulates the tissue stiffness, porosity, topology,
nutrition, and respiration within the tissue. Moreover, the biochemical gradients promote the
moist environment, and presence of cells for skin tissue & immune system present a cellular
gradient [8,9,103,202,204,205]. In addition, damage to the skin by infectious agents or injury
to the skin at multiple layers may lead to chronic wounds. The regeneration of such
multilayered tissue using gradient based scaffolds may help to prevent further aggravation of
the injury, and lead to tissue rejuvenation by maintaining a moist environment, and providing
a high surface to volume ratio, thus leading to enhanced reconstruction of epithelial cells [206—
208]. However, the varying differences in the physical (layer's stiffness, architecture, and
composition), biochemical (signaling biomolecules), and Ca*" ion concentration gradients of
the skin tissue should be carefully considered while choosing a suitable biomaterial and/or

designing techniques for gradient scaffolds fabrication.
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Figure 37: Structural organization with sub layers of epidermis having a physical gradient of
collagen from top to bottom layers (different concentrations and orientations of collagen
fibers); and gradients of thin, loose, and thick, dense irregular connective tissue layers in skin
tissue. Adapted with permission from Ref. [8§] © 2019 The Author(s). Published by Elsevier

Ltd.

Wang et al., constructed a three-layered artificial dermis by designing porous gradient scaffolds
which was packed with fibroblasts as the seeding material (Figure 38). The designed scaffolds
had a varying collagen concentration from 0.13 to 0.26 % with a pore size ranging from 87.7
um-166.9 um. The scaffold seeded with fibroblasts promoted granulation of the tissue, and
accelerated re-epithelialization of the wound. The authors concluded that designed “Sandwich”
scaffold mimicked the natural human dermis with greater pores on the outer side whereas the
middle part showed smaller pores thus making it a suitable biomimetic for skin tissue

regeneration [209].
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Figure 38: Three-layered porous scaffold designed with high porosity (A) Homogenous
architecture and sandwich architecture of the scaffolds (B) Cell proliferation over time.

Adapted with permission from Ref. [209] 2015 Acta Materialia Inc. Published by Elsevier Ltd.

In another study, Zhang et al., fabricated eight models of alginate based scaffolds with a stage
cooling method, resulting in gradient of pore architecture by modulating the temperature, and
incubation time. The pore size of scaffolds varied gradually from 100.0 to 137.0 um at the top
whereas 20.0 to 130.0 um at the base (Figure 39 Model A-H). Two of the scaffold models A
and D were found to have pore sizes ranging between 25-120 um which closely resembles the
pore size of the human skin whereas the other six models had invariant pore size, and might
not be helpful for controlled release of seeding materials. They observed that varying the initial
temperatures and duration affected the pore size whereas the pore shape could be modulated
by changing temperature steps. The author further suggested that the modulation of temperature
between -60° C to -75° C, could lead to gain control over the pore sizes, shapes, and gradients
in the scaffold. The modulation of both temperature, and incubation time also played a major
role in controlling the wall thickness of the scaffolds suggesting the beneficial role of such

gradient scaffolds for skin regeneration [210].
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Figure 39: Influence of stage cooling method on pore architecture of biomimetic models of

alginate scaffolds (A-H). Adapted with permission from Ref. [210] © 2017, The Author(s).

Skin regeneration in case of wounds demand treatments having the capacity of withstanding
high bursting force and quick recruitment of MSCs. These properties are provided by various
patches that are available in the market. Recently, a programmable nanofibrous patches having
radial gradient, inspired from royal water lily-like radially branched architecture has been
developed by Jingtao Du team [28]. The patch was integrated with center-to-periphery gradient

migration of SDF 1« (Figure 40). The patches were coated with gelatin methacryloyl were used
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for studies to recover the skin when applied on the incision done in the mouse. These patches
were successful in providing a suitable microenvironment for decreased inflammation and
subsequently increased MSC recruitment. Above mentioned properties along with robust
bursting bearing capability and fast deployment property of the patches lead to the accelerated

wound healing in the mouse model within 12 days when compared to gauze and Tegaderm™

film.
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Figure 40: GF patches with “center-to-periphery” SDF 1o gradient directed MSC migration to
the center region. a) MSC distribution on SDF1a immobilized RF, GF-1, and GF-9 patches
after 7 d of culture. The dashed line indicates the border between MSC seeding domain and
migration domain. Quantification of b) migrated cell number and ¢) maximum migration
distance. d) Schematic illustrating that e) the aligned nanofiber topography and f) gradient
chemokine cues induced MSC migration from the periphery to the central region

synergistically. Data are presented as mean + SD.* P < 0.05, ** P < 0.01. Adapted with

permission from Ref. [28] © 2021 Wiley-VCH GmbH.

4. Conclusion and future prospective:
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Gradient scaffolds have been considered as a potential and promising biomaterial for
therapeutic applications as compared to conventional scaffolds. Recapitulating the natural
gradients present in human cells and tissues are integrated into the scaffolds by the use of
advanced fabrication techniques of additive manufacturing, component redistribution,
controlled phase changes, and post modification. These techniques show promising outcome
by allowing the design of gradient/multi gradient scaffolds with controlled geometrical
features, for enhancing the biocompatibility, mechanical strength, bio toxicity,
biodegradability, and successfully integrated into the biological system in vivo (bone, cartilage,
neural, cardiovascular, and skin tissues). In addition, multi gradient scaffolds using
natural/synthetic polymers have emerged as a great alternative for designing of biomimetic
tissues to be used in clinics for tissue regeneration applications.

In this review it was observed that there are several reports that show the efficiency of the
advanced designing techniques for fabrication of gradient scaffolds for tissue regeneration, yet
detailed understanding of natural gradients in the biological system is unclear. However, the
existing techniques to design gradient scaffolds are less effective, hence appropriate use of
high-throughput techniques for designing, and optimizing gradient scaffolds is highly
desirable. Furthermore, the utilization of combinatorial designing methods will enable to
fabricate new gradient scaffolds by non-invasive approach with better penetration into the
cellular micro environment. Future significant progress in the field of designing gradient/ multi
gradient scaffolds for tissue regeneration will focus on improvisation of available fabrication
techniques to incorporate the specific designed gradient scaffolds for more complex biological

systems.
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