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Abstract

Biological gradients profoundly influence many cellular activities, such as adhesion, migration, and differentiation, which are
the key to biological processes, such as inflammation, remodeling, and tissue regeneration. Thus, engineered structures
containing bioinspired gradients can not only support a better understanding of these phenomena, but also guide and
improve the current limits of regenerative medicine. In this review, we outline the challenges behind the engineering of
devices containing chemical-physical and biomolecular gradients, classifying them according to gradient-making methods
and the finalities of the systems. Different manufacturing processes can generate gradients in either in-vitro systems or
scaffolds, which are suitable tools for the study of cellular behavior and for regenerative medicine; within these, rapid
prototyping techniques may have a huge impact on the controlled production of gradients. The parallel need to develop
characterization techniques is addressed, underlining advantages and weaknesses in the analysis of both chemical and
physical gradients.
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this limit, regenerative medicine and tissue engineering
aim to develop highly specific devices designed to activate
the natural regenerative capability of the tissue.!3-!5 In this
review, we divide such devices into scaffolds—which aim
to provide cells with a 3D environment, temporarily sup-
porting regenerative physiological mechanisms—and con-
structs—scaffolds combined with cells prior to
implantation. In their turn, substrates include 2D struc-
tures, onto which cells are seeded.

Introduction

Physicochemical gradients form the basis of many biologi-
cal processes, either physiological or pathological, such as
angiogenesis!, inflammation,? and cancer evolution.’ The
gradient of the vascular endothelial growth factor-A stimu-
lates vascularization by guiding filopodia of endothelial
cells toward poorly oxygenated areas.* Coupled with a
gradient of oxygen concentration, this mechanism may
also lead cancers to progression and metastasis.> Moreover,
variation in chemokine concentration is one of the first
triggers of neutrophil migration during wound repair.
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Among the tissues of the human body, bone, cartilage,
skin, muscles, myocardium, blood vessels, and nerves dis-
play gradients, i.e. variable physicochemical and mechani-
cal properties, within their architectures.>'% In each of
these tissues, gradual variations of the microscopic struc-
tures are translated, at the macroscopic level, into
anisotropy.

When injuries occur, traditional therapies are unable to
recreate the physiological arrangements.!’ '2 To bypass
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Figure |. Classification of gradients according to their
arrangements: (a) linear; (b) radial; (c) exponential; (d)
orthogonal; (e) sigmoidal gradients, as representative of non-
linear shape. Figure adapted from Smith Callahan.23

Tissue engineering has turned toward the design of
anisotropic devices, !¢ 17 not only to achieve the complex
and difficult goals of clinical therapies, but also to engi-
neer tissues for advanced in-vitro screening systems.!$ 1
Not only do screening systems take advantage of this
emerging field by testing therapies in more realistic sce-
narios, but they can also give feedback and ideas about
how to fabricate and improve anisotropic devices.!$ 19 In
this latter case, the activities of biological systems, such
as cells and bacteria, are studied as a function of pore size
and distribution, mesh size, chemical composition, and
concentrations, as well as mechanical properties that
gradually change in different spatial locations within the
same system, as, for example, in substrates that exhibit
hydrophilic-to-hydrophobic or smoother-to-rougher gra-
dients.?? The presence of a gradient confers to each point
of the substrate a specific value of the varying quantity,
allowing analysis of the effect of each variable over a
specific phenomenon, such as cell adhesion, spreading,
morphology, or differentiation. This offers a great advan-
tage to both interfaced tissue engineering and drug
screening, as the effect of different variables on a phe-
nomenon is analyzed in a single experimental set-up
rather than in a series of experiments at different
conditions.?!

Regardless of its application, a gradient is mathemati-
cally defined as the vector that has the partial derivatives
of a variable as components. Therefore, the gradient of a
scalar quantity is used to describe the variation of that
quantity along a spatial direction. Hence, gradients can be
classified according to the variant quantity,?” i.e. chemical
and physical gradients, and depending on how this varies
within the space: linear, radial, orthogonal, exponential,
and other non-linear shapes, e.g. sigmoidal and orthogonal
(Figure 1).23

Until now, chemical gradients have been obtained by
varying the spatial concentration of proteins, organosi-
lanes, or alkanethiols, on the scaffold surface or volume,
while physical gradients consist of changes of mechanical,
topological, and morphological characteristics, such as
stiffness, thickness, porosity, or roughness.?!-24
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Figure 2. (a) Semi-immersion procedure. The substrate

is partially immersed in a solution of the desired chemical
compounds. The diffusion of molecules from the bath to the
substrate surface results in a linear physicochemical gradient.
(b) After two crosslinking steps, a gradient of elastic properties
results from a variable ratio of the chemical components
forming the substrates.

Methods to generate graded
substrates

Gradients are fundamental in effectively reproducing the
anisotropy of many human tissues. Moreover, they are the
basis of many biological phenomena that influence cellu-
lar and bacterial responses.?!- 2% 26 Many methods to engi-
neer devices that exhibit chemical or physical gradients to
study cellular behavior are herein reported. These include
semi-immersion of substrates, the use of diffusion sys-
tems, selective irradiation of photoreactive polymers, vari-
ation of the substrate thickness, and the use of microfluidic
devices.

Semi-immersion

Semi-immersion involves soaking a substrate, which has
been previously subjected to chemical surface treatment, in
a buffer solution containing reagents or crosslinking agents
(Figure 2(a)). The linear diffusion of the solution leads to a
gradual chemical change on the substrate surface and,
therefore, the formation of a chemical or physical gradient.
In this way, it is possible to generate wettability gradients on
silica substrates, resulting in hydrophobic-to-hydrophilic
gradients.?’-2° Another example is the immersion of a gold-
coated silicon substrate in alkanethiol solution, using a
computer-driven gripper, to produce a hydrophobic gradi-
ent.?® This method provides a useful tool to study cell adhe-
sion and migration, since cell response is well known to be
strongly dependent on the wettability of a substrate.?% 29
Tomlinson and Genzer also produced a linear molecular
weight gradient of poly-methyl methacrylate on silica sur-
face, with the aim of developing a simplified method for
precise and tunable polymeric thin-film formation.3? In this
technique, a silica substrate coated with a polymerization
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initiator is semi-immersed in a solution of the monomer
(methyl methacrylate). The reaction kinetic is controlled by
adjusting the level of the liquid (i.e. the polymerization
duration), thus forming polymer chains with a length that is
proportional to the time for which the solid-liquid interface
is maintained.’®

Diffusion

Diffusion is another technique employed to generate gra-
dients; this utilizes either two solutions with different con-
centrations of the same chemical or two solutions with
different compositions. The solutions are generally depos-
ited on two distinct points of a mold or on an already
formed substrate. There, they act as donor and receptor for
the diffusion of the compounds in the interconnected
space. Many well-established systems, such as Transwell®
inserts,’! the Zigmond chamber,3? and the Dunn chamber3?
belong to this category. Moreover, some more recent
microfluidic systems can also be included in this category,
such as the system designed by Diao and colleagues for the
study of bacterial chemotaxis, which consists of a nitrocel-
lulose membrane with three different longitudinal parallel
spaces.?* The external compartments contain the solution
with the chemotactic compound and the reservoir. The
chemotactic agent diffuses through the nitrocellulose
membrane from the solution container to the reservoir and
crosses the interposed empty space, where the linear con-
centration gradient is generated.?> 36

Although diffusion systems allow the efficient genera-
tion of chemical gradients,>’ they can also be used to
design mechanical gradients. A stiffness gradient was cre-
ated by linear variation in a space of bis-acrylamide con-
centration exposed to homogeneous ultraviolet irradiation.
In this way, the Young modulus of the resulting polyacryla-
mide layer increased linearly, from the point where the
higher concentration of bis-acrylamide was placed to the
opposite end.’® Heat diffusion can also be exploited for
physical gradient generation. One side of a silicon wafer
coated with polystyrene nanoparticles was heated at 130
°C while the other was maintained at room temperature,
resulting in a directional-oriented melting of the polysty-
rene particles. Hence, a linear roughness gradient was
obtained on the silica surface, as demonstrated by atomic
force microscopy and wettability analysis.

Compositional topography

By tuning the thickness, it is possible to obtain chemical
concentration gradients and gradients of mechanical prop-
erties (e.g. Young modulus). A linear stiffness gradient was
created to study durotaxis (i.e. cell motion induced by a
rigidity gradient) of human adipose-derived stem cells.* A
double step polyacrylamide crosslinking process was used,
each step starting with two different concentrations

(concentrations 1 and 2) and producing two superimposed
triangular hydrogels (Figure 2(b)). The hydrogel produced
in this way has a linear polyacrylamide gradient ranging
from 100% concentration 1 to 100% concentration 2.4

The thermoresponsive behavior of poly N-isopropy-
lacrylamide (PNIPAM) has been exploited to form a thick
sigmoidal gradient.*! A constant layer of PNIPAM with the
addition of spatially variable concentrations of hydropho-
bic and hydrophilic co-monomers defined different low
critical solution temperatures in different points of the sys-
tem. In this way, by raising the temperature to a certain
prefixed value, only the portions of the polymer at tem-
peratures above the low critical solution temperature col-
lapsed, while the others maintained their swollen state.
This method allows both the thickness of the layer and the
profile of the gradient to be adjusted. The ratio between
hydrophilic and hydrophobic co-monomers in the sub-
strate determines how, at a specific substrate point, the
PNIPAM layer is shortened. In the same way, the spatial
disposition of these groups defines the thickness gradient
profile. The procedure is particularly complex because it
involves the generation of a chemical gradient of hydro-
phobic and hydrophilic groups before creating a thermal
stimulus. A gradient of Young modulus was obtained in
collagen/poly-caprolactone copolymers by simply varying
the amount of collagen or poly-caprolactone. Specifically,
poly-caprolactone was used as a rigid substrate where the
more elastic collagen was deposited. A higher predomi-
nance of collagen led to lower stiffness of the composite,
and vice versa.*? Since collagen is well-suited for cell cul-
tures, human mesenchymal stem cells were not only
seeded on the surface of the composite, but also encapsu-
lated in the collagenous layer to compare 2D or 3D culture
conditions in terms of cell spreading and migration as well
as to study the influence of the stiffness gradient. How-
ever, the limit of this study is the difficulty in distinguish-
ing the effect on cells, owing to the presence of a gradient,
on the one hand, and the different 2D and 3D settings, on
the other hand.

Selective irradiation

Selective irradiation has also been used to generate physi-
cal or chemical gradients. Selective irradiation produces
inhomogeneous crosslinking by partial, dynamic, or multi-
form irradiation of previously homogeneous photoreactive
substrates. Usually, the substrate is made of polyacryla-
mide/bis-acrylamide solution and is irradiated with ultra-
violet rays (Figure 3). The gradient is formed by varying
the time of substrate exposition to the ultraviolet source,
by means of an opaque mask.** By maintaining a constant
polyacrylamide thickness, it is possible to modify the
mechanical and elastic properties by adjusting the move-
ment speed of the opaque mask. This method is apprecia-
bly simple and potentially capable of generating any shape
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Figure 3. Selective irradiation method to induce linear or radial gradients on a photosensitive substrate. Ultraviolet (UV)
irradiation is selectively filtered by a mask, which is either completely opaque (a) or has a designed distribution of opacity (b). The
movement of the mask or the selective irradiation induces a controlled modification of the substrate, which results in a physical or

chemical gradient.

of gradient (linear, exponential, sigmoidal, orthogonal,
etc.), as it can be modified and adapted to specific work
requirements and easy-to-control parameters, i.e. the shape
and speed of the mask movement. Wong et al.,** for exam-
ple, modified the mask by increasing its degree of opacity
from the center to the edges, generating a radial gradient of
crosslinking. In another strategy, a mask with one or two
holes was interposed between the light source and the
monomeric solution. This strategy reduces the area of light
incidence*-46 and improves the control of the light path on
the substrate, the shape of the gradient, and also its loca-
tion on the substrate. Since cell adhesion, spreading, and
differentiation depend on the substrate stiffness,*’ these
highly adjustable physical gradients can be used as a spe-
cific tool to guide cell behavior. Moreover, this method
would potentially allow the design of substrates with mul-
tiple gradients, each with different and highly specific
paths. However, it has the constraint of a limited choice of
materials, which have the strict requirement of being pho-
toreactive, such as polyacrylamide and gelatin.

Microfluidic devices

Advanced techniques, such as rapid prototyping and soft
lithography have made it possible to accurately manufac-
ture devices with complex geometries. Microfluidic sys-
tems form just one application of these techniques.*® In the
field of fluid dynamics, the use of channels with small
diameters (1-300 pm) produces a low-Reynolds-number
flow in the microdevices, entailing a solid theoretical
knowledge of the shear stress and fluid velocity profile.#
In this way, a specific fluid dynamic pattern can be formed
in the tubes, with the aim of producing the desired gradient
shape. For example, liquid flow in the microchannels can
be controlled to define the gradient of oxygen concentra-
tion in a bacteria culture chamber for biofilm production
and analysis.®® Jeon and co-workers created a device

capable of generating multiple gradients by designing a
system with three chemical sources from which a series of
interconnected channels branched off into a Christmas-
tree-like structure.’! By varying the number of chemical
species and fluid dynamic parameters (e.g. the velocity of
the fluid), it is possible to change the shape of the gradient
in the output channel.’? This technology requires a deep
knowledge of fluid dynamics and, experimentally, the
achievement of the stationary regime. However, it allows
the design of very versatile and precise gradient genera-
tors. This method has been adopted to engineer linear con-
centration gradients of polyacrylamide and bis-acrylamide
for studying the migration of vascular smooth muscle
cells. After ultraviolet treatment, Hartman et al. could
obtain a substrate with variable stiffness suitable for the
application.® By combining several different chemicals
and simultaneously controlling their flows, the microflu-
idic approach can generate orthogonal gradients (Figure
1(d)), which are particularly difficult to obtain through
other methods. An example is the microfluidic system of
Hu et al.,* which is composed of three layers of channels
in a chessboard-like organization: channels are vertically
connected by reservoirs in which the solutions are col-
lected. Each of these reservoirs contains a different quan-
tity of two chemical components, generating an orthogonal
concentration gradient. The microfluidic dynamic system
is particularly useful for efficient combinatorial drug
screening. By using minimal amounts of volume, micro-
fluidic systems combine significant savings in expensive
reagents, such as antibiotics and cell culture media, with a
user-friendly and highly customizable set-up.>

Production of graded scaffolds

Scaffolds exhibiting gradients are mainly generated by
either multi-layered or intrinsic-gradient approaches
(Figure 4).
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Figure 4. Multi-layered approach combined with solvent casting or salt leaching to produce graded scaffolds: (a) homogeneous
scaffolds displaying different chemical or physical properties; (b) assembly by different methods (e.g. compression molding); (c)
porogen leaching by successive washes, performed either by water or a suitable solvent, to generate void spaces with variable sizes

and dimensions within the scaffolds.

The multi-layered approach relies on several homoge-
neous scaffolds designed with different chemical or physi-
cal properties, which are then further assembled (Figure
4(a)). This leads to an in-situ gradient, usually character-
ized by discontinuous and abrupt passages between layers.
The intrinsic-gradient approach (Figure 4(b) and (c)), in its
turn, takes advantage of specific manufacturing processes
to engineer scaffolds with intrinsic chemical or physical
gradients. In this case, the gradient is usually continuous,
with smooth variation of the chemical or physical proper-
ties within the system. Both methods are suitable for the
fabrication of scaffolds for the regeneration of a single tis-
sue (bone, cartilage, skin, tendons, nerves, etc.) or for
interface tissue engineering (cartilage-to-bone and tendon-
to-bone, among others).

Multi-layered approach

Solvent casting or particulate leaching. Particulate leaching
is a classic technique employed to develop homogeneous
porous scaffolds with controlled porosity, yet it can be eas-
ily modified to generate gradients.’® 37 In two studies,
graded polylactic acid/polyethylene glycol and poly-
caprolactone/polyethylene glycol composites have been
produced using a saline porogen (NaCl) with varying gran-
ularity to form three different porosity polymer matrices.
The three layers were combined by compression molding
and washed with distilled water to build high-porosity
graded scaffolds.® 3% In both studies, 70% porosity was
obtained, as well as good integration of the three layers.
Compression tests showed anisotropic behavior and
mechanical properties that were intermediate between
those of controls with maximum and minimum porosity.
In addition, breakdown tests demonstrated scaffold col-
lapses, starting from the maximum pore-sized layers,
through to those with minimum size, following a clear gra-
dient of mechanical performance.

The main advantages of this method are the simplicity
of the protocol, the possibility of designing scaffolds with

different geometries by changing the mold architecture,
and the direct regulation of both porosity and pore size,
simply by varying the concentration and the granularity of
the porogen.©0

Thermopressing ultra-high molecular weight polyeth-
ylene (UHMWPE) combined with a NaCl solvent casting
or particulate leaching process was used to generate radial
porosity gradients.®! In this hybrid method, high-temperature
compression of UHMWPE powder and NaCl (the porous
core) were inserted in a pure UHMWPE cylindrical mold
(the external shell) and washed with subcritical water for
salt removal. Anisotropic and mechanically performant,
the scaffolds displayed elastic properties similar to those
of trabecular bone tissue with a Young modulus of 0.7
GPa, and high porosity (about 70%) with variable pore
size (80—-700 pm). On in-vivo implantation in mice, the
graded scaffolds generated guided tissue granulation and
vascularization. However, this methodology presents two
main limitations: the necessity of using thermoresistant
materials and the impossibility of generating low-porosity
(<30%) graded scaffolds suitable for promoting osteogen-
esis.®? A thermoresistant material is required, since it must
endure high-temperature and high-compression condi-
tions, while low porosity cannot be obtained, since the
washing of small salts is significantly limited by the pres-
ence of the surrounding polymeric shell %!

Lyophilization. By employing lyophilization, scaffolds with
gradients bearing any shape or dimension required can be
generated, using different shaped molds. For example, an
internal cylindrical heart shape or a hollow cylindrical shell
shape could be approximately formed during the develop-
ment of scaffolds with a hydroxyapatite gradient for bone
tissue regeneration.® %4 In the first case, after the lyophiliza-
tion process of the core polymer, a second solution with a
different concentration of hydroxyapatite was poured
around the already formed central sponge, ensuring that no
bubbles were generated, which could damage the integra-
tion between the communicating surfaces of the layers.* In
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Figure 5. Gradient production. A first polymeric solution is poured in a double cylindrical holder (a, b) and then lyophilized. Then
the internal cylinder is removed (c) and the void is filled with a second solution (d). After a second freeze-drying step, a radial
gradient, made up of polymeric layers with different properties, is achieved (e).

the second case, a hollow cylinder previously obtained
through lyophilization served as an external shell of a suc-
cessive structure that consisted of a polymer solution with a
higher concentration of ceramic powder (Figure 5).9 Dur-
ing the second subsequent lyophilization, a radial gradient
scaffold of hydroxyapatite was formed in both methods. As
demonstrated by Teng et al., this method is particularly use-
ful in controlling drug delivery kinetics. Adding external
layers of chitosan or hydroxyapatite to composite scaffolds
greatly reduces the burst effect in drug delivery and extends
the time over which the drug is released. Indeed, in a drug
delivery model (of tetracycline hydrochloride), cumulative
release reached 60% after 10 days using the graded structure
and after only 1 day using homogeneous controls.®

Lyophilization is also exploited to generate multi-layered
scaffolds for interface tissue engineering. Usually, a number
of matrices of collagen are loaded with increasing
hydroxyapatite powder concentration, thus mimicking both
cartilaginous (pure collagen matrix) and bone (high
hydroxyapatite concentration) structures. Each layer is lyophi-
lized separately, and the layers are then assembled and dried
together for the adhesion of the layers at the interface.%% % This
method is versatile and has the potential of accurately mod-
eling each layer of the interface between cartilage or tendon
and bone, promoting the proliferation of fibroblasts, chon-
drocytes, and osteoblasts. However, no mechanical studies
have been conducted to verify the adhesion between layers,
which would be crucial for in-vivo applications.

Using this method, a “sandwiched” tri-layered scaffold
with different concentrations of collagen and hydroxypro-
line has been designed, and its regenerative potential when
applied to dermal injuries has been evaluated.®’ The graded
scaffold clearly evidenced the benefit of gradients for cell
proliferation, tissue granulation, healing velocity, and inte-
gration with the host tissue after in-vivo implantation in
mice.” After 7 days, wounds healed by about 75% and
95% in homogencous and “sandwiched” scaffolds, respec-
tively. Despite these promising macroscopic results, the
mechanisms behind those improvements have not been
fully described; and further studies are required to gain
deeper knowledge of the healing dynamics.

Intrinsic-gradient approach

Centrifugation. One of the simplest methods of generating
continuous gradient scaffolds is centrifugation. Since the
centrifugal force depends on the distance from the rotation
axis, particles in the distal part of the container will experi-
ence a greater force than proximal ones. This principle has
been exploited, for example, to create a porosity gradient in
a poly-caprolactone scaffold.®® First, poly-caprolactone was
homogeneously suspended in a solution of Pluronic F127
and then centrifuged at high frequency. During centrifuga-
tion, the poly-caprolactone arranges itself in fibril-like
structures that become thicker toward the base of the centri-
fuge. After dialyzing the Pluronic F127, fibril bonding
(50 °C) and subsequent freezing, a poly-caprolactone solid
scaffold with a porosity gradient was obtained. Smaller
pores were observed on thicker poly-caprolactone fibers,
and vice versa.® The same method was used by Marrella et
al.”% to create both a porosity gradient within poly-caprolac-
tone and collagen scaffolds and a chemical gradient of
hydroxyapatite concentration. In this study, a mathematical
sedimentation model was validated to effectively predict
pore distribution within the poly-caprolactone and collagen
scaffolds as a function of different centrifugation parame-
ters, such as rotation radius, radial velocity, frequency, and
centrifugal acceleration. In both these studies, the authors
concluded that larger pores lead to effective improvement of
cell adhesion and migration, glycosaminoglycan synthesis,
and chondrogenic marker expression.®® 70

Despite the discussed advantages, centrifugation allows
only a linear gradient to be produced; no other conforma-
tions can be obtained, since the sedimentation in the cen-
trifuge results in a linear physicochemical gradient.
However, the generation of non-linear gradients appears to
be crucial for interface tissue engineering.

Plastic compression. During compression conditions, the
polymer chains of homogeneous polymeric scaffolds can
be rearranged. Plastic compression can be used in both
confined and non-confined set-ups (Figure 6). In the first
case, the scaffold is placed in a container with a permeable
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Figure 6. Confined (a) or non-confined (b) plastic compression can be exploited to induce gradients in the porosity and
mechanical properties of elastic polymers. The homogeneous scaffold is compressed, in a molder or after rolling, with constant or
variable load to induce alterations in the polymeric network and a macroscopic plastic deformation.

membrane that allows the flow of the incompressible lig-
uids out of the holder without the formation of vortexes
that might affect the rearrangement of collagen chains.”!
Conversely, in the non-confined set-up, the absence of a
holder to restrain the polymeric matrix results in difficult
control of the samples within rigid boundaries, making the
direct application of loads impossible. For these reasons,
the scaffold sheet is first rolled, and subsequently sub-
jected to compression by a piston.” 73 After compression,
the randomly oriented polymeric fibers redistribute within
the structure, aligning themselves in the transverse direc-
tion of the loading axis. The fibers in the upper part of the
mold are subjected to an instantaneous load and, moving
toward each other, form increasingly denser layers of par-
allel polymer fibers. Conversely, the polymeric chains in
the lower volume of the holder feel the resistance of the
upper denser layers. In that region, no thickening is
observed, and the degree of random orientation of the fib-
ers is maintained. In this way, a molecular orientation gra-
dient is generated, where the polymeric fibers at the top of
the scaffold are homogeneously distributed and gradually
reorganized in a dense and parallel disposition.”! By vary-
ing the geometry of the container (cylindrical, cuneiform,
etc.), it is possible to subject the polymers to different den-
sification processes. Since larger matrix volumes will lead
to a greater thickening,” a simple geometric modification
allows the formation of a gradient of polymer concentra-
tion with subsequent change of the mechanical properties.
In particular, graded collagen scaffolds with two degrees
of compression (30% and 90% of maximum strain) can be
produced. Huge differences in the Young modulus, about
20-fold, were observed between homogeneous scaffolds
and the portions of the graded scaffolds with higher con-
centrations of collagen (E = 4.5, 92.9, and 94.4 kPa for

homogeneous scaffolds, and graded scaffolds subjected to
30 and 90% strain, respectively).”

Freeze-casting. Freeze-casting requires three fundamental
components: powder, usually ceramic; a solvent; and a
polymeric reinforcing agent. The slurry, composed of the
three ingredients, is subjected to a decreasing temperature
ramp until freezing and then to low-pressure vacuum dry-
ing.’® The frozen phase is kept under a temperature gradi-
ent, which is frozen at one side of the slurry, while thermally
insulated or at room temperature at the other (Figure 7). In
this way, nucleated ice crystals grow along the temperature
gradient profile, forming highly anisotropic ice structures.
At the same time, the front of crystalline growth imposes
the redistribution of the powder suspension within the
slurry on the opposite side of the ice, generating a chemical
gradient of the ceramic component. The minimum concen-
tration of the ceramic is observed close to the frozen side
and the maximum at the opposite side. Once the freezing
phase is completed, the ice crystals are lyophilized at low
pressure or under vacuum to generate a porosity gradient in
the reinforcing agent matrix, which is usually sintered to
gain mechanical stability.”” This method, although simple,
requires accurate evaluation of many parameters, such as
shape, intensity, and duration of the temperature gradient,
as well as the type of powder and reinforcing agent.
Although different ceramics (i.e. alumina, zirconia, tita-
nium dioxide, hydroxyapatite)’s-80 and bioglasses®!- 82 are
mainly used in freeze-casting, metals (such as ferritic stain-
less steel®?) and composite materials”’- 8 can also be selected
for this process. Different concentrations of hydroxyapatite
and poly(lactic-co-glycolic acid) microparticles within a
gelatin solution have been combined into a scaffold with
tunable degrading and swelling properties, as well as strong
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Figure 7. Controlled crystallization in a substrate is achieved by connecting one edge to a liquid nitrogen reservoir and the other
to a heat generator or maintaining it at room temperature. In this way, nuclei of ice grow in an anisotropic geometry, guiding the
chemical compounds in the polymeric matrix on the opposite area of the ice propagation. After the designed time, the substrate is
lyophilized, thus sublimating the crystals and the gradient of porosity and chemicals is obtained.

Room T.: room temperature.

mechanical behavior defined by the hydroxyapatite
concentration.®

The freeze-casting method modified by Bai et al.’¢
allows the generation of radial gradients, exploiting the
resulting capillary effect to enhance cell migration in the
deepest portion of the scaffold. A slurry composed of dis-
tilled water, hydroxyapatite, and a water-soluble polymer
mixture (polyethylene glycol, poly(2-ethyl-2-oxazoline),
and Aquazol) is poured into a cylindrical container with a
copper rod in the middle, which is then connected to a lig-
uid nitrogen reservoir. In this way, the freezing front moves
radially outward, forming a channel gradient structure
with the hydroxyapatite arranged in radial planes, parallel
to the ice front. Interestingly, when the bottom part of the
scaffold is partially immersed in a cell culture medium
loaded with mesenchymal stem cells, cells migrate sponta-
neously from the solution to the scaffold, penetrating by
capillarity.®® By replacing the ceramic powder with a metal
powder of TigAl,V, a gradient of porosity from 40% to
78% can be obtained, exhibiting a pore size distribution in
a range of 40—155 um and mechanical anisotropy compa-
rable to bone tissue. Although the inverse relationship
between pore size and mechanical properties was con-
firmed, temperature influence was not detected.?’

Although the three components are usually combined, it
is also possible to exploit the freeze-casting technique with-
out the presence of a powder, which results in a physical but
not a chemical gradient. An anisotropic frozen alginate scaf-
fold was produced by gradual cooling of the polymer solu-
tion, lyophilization, and final immersion in a solution with a
high concentration of CaCl, for structural stabilization.®¥ No
mechanical tests were carried out, but morphological analy-
ses were conducted to evaluate the effect of temperature on
pore characteristics. In particular, it was observed that the
initial exposure temperature and the duration of the freezing
influenced pore size (from 10-65 pm to 50-141 pum), while
the temperature gradient defined the pore shape.

Graded structures by rapid
prototyping

Developed as an alternative to traditional techniques, rapid
prototyping includes automatic deposition of layers, aim-
ing to reproduce the geometry of a computer-aided design
model.3% % Such parameters as deposition velocity and
amount or distribution of the material can be easily modi-
fied to vary mechanical properties and other factors, such
as pore distribution and size.’! Alternatively, different
materials can be used during printing to engineer a single
structure with controlled positioning of each material
according to the aim of the design.

Selective laser sintering

One of most common rapid prototyping techniques is
selective laser sintering, which exploits a high-power laser
source to selectively melt polymer particles. By alternating
the melting and deposition of new polymeric powder, a
multi-layered scaffold with a complex geometry can be
produced. Commonly used to produce homogeneous scaf-
folds, this method can be easily modified to obtain both
chemical and porosity gradients. For example, differently
sized poly(d-lactic acid) microspheres (ranging from 75 to
425 pum) coated with titanium were sintered to control
porous distribution, as well as titanium concentration and
deposition. By varying the distribution and the dimension
of the poly(d-lactic acid) particles, the desired shape and
intensity of the gradient was imposed. This method is par-
ticularly advantageous because it generates highly porous
scaffolds with interconnected pores, which could improve
osteoblast adhesion, matrix production, and cell migra-
tion.”> Moreover, the solvent-free set-up allows reproduc-
ibility, simplicity, and cost-effectiveness. However, the
high temperature necessary for the selective laser sintering
process limits the material choice.
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Fused deposition modeling

Fused deposition modeling is a well-established technol-
ogy for producing scaffolds made of thermoplastic
materials, such as poly-caprolactone, polylactic acid,
poly(lactic-co-glycolic acid), and polyethylene glycol, and
is extraordinarily adaptable in generating gradients. One
of the main limitations of this technique, however, is the
creation discontinuous gradients. This rapid prototyping
technique is not a multi-layer method, since the gradient—
although discontinuous—is generated in a single system
composed of overlapped fibers and not by multiple struc-
tures with different properties, successively assembled
together.

There are two main methods for generating physical
gradients in fused deposition modeling structures. The first
involves printing fibers with constant diameters in layers
with 0°-90° orientation, while changing their relative line
spacing.  Poly(ethylene oxide terephthalate) and
poly(ethylene oxide terephthalate) scaffolds, composed of
four zones with different fiber spacings (500, 700, 900,
and 1100 um) have shown superior ability to guide differ-
entiation of human mesenchymal stromal cells into chon-
drocytes, compared with homogenously porous scaffolds
and, consequently, to represent a suitable strategy for car-
tilage regeneration.”? A similar method has been adopted
to produce scaffolds with radial porous gradients in a
bioinspired strategy for bone tissue engineering.** A gradi-
ent was obtained by varying the distance of the
poly(ethylene oxide terephthalate) and poly(ethylene
oxide terephthalate) fibers. Each layer was produced in
three concentric circular crowns with fiber distances of
500, 750, and 1000 um, moving toward the middle, thus
resulting in a radial gradient with increased porosity. The
presence of gradient scaffolds was beneficial for cellular
activity, with higher cell density and higher osteogenic dif-
ferentiation of human mesenchymal stem cells in areas
with larger pores. Scaffolds made by imposing a fiber dis-
tance of 750 um at the top and bottom ends and 100 um in
the middle displayed strong mechanical anisotropy.
Indeed, the overall compressive behavior was between
those of homogeneous control scaffolds with 750 and 100
um fiber distance. Moreover, an improvement in cell via-
bility was observed. Remarkably, since the gradual
decrease of fiber distances from the ends to the core was
imposed to be 50 um/layer, the gradient is a quasi-, but not
strictly, continuous porosity gradient,?s partially overcom-
ing the main limit of fused deposition modeling as a gradi-
ent-maker technique.

The second method for generating gradients by using
fused deposition modeling involves changing the orienta-
tion of the fibers layer-by-layer, thus controlling the inter-
posed empty space, leading to the generation of a porosity
gradient. By varying the orientation of the fibers by 15, 30,
45, and 90° every six layers, a gradient of pore geometry

was generated in poly-caprolactone scaffolds at a fixed
porosity (73%). Interestingly, the variation of the pore
geometry not only determined the mechanical anisotropy
of the scaffold, but also a gradient of oxygen concentra-
tion, which guided a greater chondrogenic differentiation
where the fibers were orthogonal to each other, and osteo-
blastic differentiation where the angle was 15°.%

Fused deposition modeling can be coupled with bio-
printing (described next) to manufacture graded constructs
in rapid and automatic procedures. For example, a double
extrusion system that selectively deposited polyurethane
or poly-caprolactone generated a stiffness gradient within
the scaffold, aimed to reproduce the muscle-to-tendon
interface. Afterwards, bioinks (hyaluronic acid, fibrino-
gen, and gelatin) loaded with C2L2 or 3T3 were bioprinted
on the polyurethane/poly-caprolactone composite scaf-
folds, offering selective seeding of the cellular component
on the final graded constructs.?’

Bioprinting

Bioprinting suits a wide range of biocompatible materials
of both natural and synthetic origin, including collagen,
gelatin, alginate, pectin, hyaluronic acid, soy protein,
fibrinogen, chitosan, polyethylene glycol, PNIPAM,
polyphosphazenes, and composites. Unfortunately, even if
the choice of materials is vast, the requirements that make
the polymer “printable” are strict.”® Indeed, bioinks must
have the correct viscoelastic properties that would allow
the flow of the material inside the needle (i.e. a shear thin-
ning behavior) and, after extrusion, a sufficiently stable
fiber should be attained to mechanically support the multi-
layer structure.?- 190 However, when printability is
achieved, bioprinting allows for the design of an almost
unlimited variety of gradients.

In a patient-specific strategy, bioprinting was combined
with imaging techniques to develop scaffolds exhibiting
specific fiber orientations. Briefly, using computer tomog-
raphy or magnetic resonance imaging, a scan of the target
bone structure was acquired, then converted into printing
geometry via computer-aided design.!9! A radial porosity
gradient was then formed, in this case, by the alternating
superimposition of zigzag layers and spiral layers of
crosslinked alginate. With this procedure, it is possible to
combine anatomical precision with a porosity gradient,
although considerable computational effort is required.

Biochemical gradients are more complex to achieve
with bioprinting. Indeed, changes in the chemical compo-
sition of printed scaffolds imply the need to use different
bioinks during the printing process.

Using a bioprinter that can load a number of bioinks
allows different materials to be printed independently, in
sequential order and correct position. At the end of the pro-
cess, a scaffold made with different compounds arranged
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in specific locations can be obtained. Four bioinks were
printed in sequences to reproduce the extracellular matrix
and vessel structures: polydimethylsiloxane, methacry-
loyl-gelatin, Pluronic F127 (a triblock poloxamer), and
methacryloyl-gelatin loaded with cells. This architecture
induced long-term cell viability and growth comparable to
those of a homogeneous scaffold.!> Bioprinted scaffolds
formed from three different concentrations of gelatin and
fibrinogen showed greater osteogenic differentiation of
human amniotic fluid stem cells when applied as in-vitro
constructs, and induced vascularization or new tissue for-
mation when implanted in mice.!? However, the time nec-
essary to complete the printing is severely prolonged by
the numerous switch times (near 20 s each one) of the dif-
ferent nozzles needed for alternating the deposition of dif-
ferent materials. Moreover, the inks must usually be
crosslinked after extrusion, limiting the choice of suitable
biocompatible materials.

Simultaneous printing of different bioinks leads to sub-
sequent improvement of the sequential-extrusion approach.
In this case, each bioink reservoir is connected to the
extruder by vessels or similar microfluidic devices, where
the different bioinks are mixed together in the correct pro-
portion before the printing process. By regulating the num-
ber and quantity of bioinks flowing into the extruder, it is
possible to select the composition of the printed filament
that will be continuously deposited, avoiding the process
interruption. For example, methacryloyl-gelatin and algi-
nate solutions were selectively mixed in a Y-shaped micro-
device, printed, and then crosslinked through a coaxial
needle.'™ This concept was further expanded by using
seven bioinks stored in an equal number of reservoirs.!0
Seven peristaltic pumps regulated the number and the flow
of the bioinks during printing in continuous extrusion
mode, allowing complex and extremely heterogeneous 2D
and 3D structures to be built. Anisotropic geometries, such
as spinal cord, hepatic lobules, vessels, and capillaries
were printed using a pre-set extrusion approach, which
involved fabricating a stencil-like precursor cartridge with
a cross-section that can reproduce the desired geometrical
shape.!% The bioinks are preliminarily allocated in the cor-
rect section of the stencil-like precursor cartridge and
finally printed, obtaining fibers with the same cross-
section geometry of the precursor cartridge and the desired
chemical distribution inside the extruded filament. The
pre-set printing induced an improvement in cell migration
and distribution through the scaffold according to the
physiological architecture, and a further enhancement of
cellular enzymatic activities.!%

Characterization of gradients

Although a number of methods for producing gradients
have been proposed in the literature, specific and standard
techniques to characterize them are under-represented. The

common soft-material characterization techniques are, in
fact, designed to analyze homogeneous samples. Hence, in
the case of gradients, they must be adapted not only to
inhomogeneous structures, but also to the copresence of
chemical components or physical properties that can differ
in satisfying the requirements for the use of a specific ana-
lytical technique. For these reasons, the several issues
regarding the characterization of gradients still form an
open and alive aspect of the bioengineering research.

A scaffold is typically evaluated using scanning tech-
niques like micro computed tomography or scanning elec-
tron microscopy. In micro computed tomography, the
internal structure of a scaffold is scanned to create a digital
image that can easily be processed to obtain data about
porosity, pore size, and fiber diameter, and their distribu-
tions.87- 9. 107 For example, micro computed tomography
analysis of the porosity and interconnectivity of graded
layered calcium polyphosphate scaffolds revealed a
decrease in pore size from the uppermost to the lowermost
layer, while regular-sized interconnections were meas-
ured.!%® Despite having high resolution and being a non-
destructive process, micro computed tomography fails in
scanning poorly X-ray absorbing materials (such as hydro-
gels or soft tissues). Indeed, these kinds of structures
require pre-operative treatments that substantially modify
the sample, such as freeze-drying or ethanol dehydra-
tion.93. 109, 110

Scanning electron microscopy is a common technique
used to characterize material surfaces. Scanning electron
microscopy can give information about the topography of
the material, such as roughness,'!! fiber orientation, and
diameter,!!2 as well as particle coating distributions,”®- 113
but it can also capture variations in cell adhesion and pro-
liferation.?®- 114116 On cross-section, scanning electron
microscopy can also provide insight over porosity param-
eters of a material % 82. 117-119 Thjg technique requires pre-
parative treatments for hydrated, non-conductive materials,
which need to be properly lyophilized or dehydrated and
metal sputtered. The required pretreatments are destruc-
tive; they are likely to induce structural changes, and the
results may be affected by artifacts. Moreover, many sec-
tions of the samples are needed to acquire information on
gradient distribution, which limits the use of scanning
electron microscopy to samples with superficial gradients
or that can be easily divided in subunits.

Atomic force microscopy involves using a cantilever
probe with an ultra-small mass and dimension that could
move in proximity to the material surface.!?® Thanks to an
extremely precise positioning, the cantilever can move
continuously or tap the surface in the x—y plane, while
changes in the z-coordinate are recorded to generate a scan
of the material superficial morphology. In a specific set-
up, the z-position of the probe depends on repulsive inter-
actions between the probe itself and the material.'20
Moreover, it is also possible to measure local elasticity
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Figure 8. Main techniques used to characterize physical or chemical gradients, with respective advantages and disadvantages.
AFM: atomic force microscopy; FTIR: Fourier transform infrared spectroscopy; Micro-CT: micro computed tomography; SEM: scanning electron

microscopy.

(Young modulus, E)."2! Atomic force microscopy has been
used to prove that electric discharge treatment on polyeth-
ylene surfaces generated a roughness gradient from 10 to
100 nm.'?? Similarly, atomic force microscopy was also
employed to analyze the superficial roughness gradient
generated by gas deposition of silver nanoparticles on a
polytetrafluoroethylene substrate.!'! Extensive mechanical
analysis was also conducted using atomic force micros-
copy on an inhomogeneous crosslinked polyacrylamide
gel. In another example, repeated ultraviolet irradiations
that generated variable crosslinking density and pore size
distribution resulted in an increase in elastic modulus from
~10 to =35 kPa at the two opposite sides of the sub-
strate.40 Cellular spreading, migration, and morphological
changes were studied in relation to gradual changes in the
elasticity, measured using atomic force microscopy tech-
niques, thus further deepening knowledge of the mechano-
transduction and durotaxis of stem cells.*%- 4345 Although
microscopes have the enormous advantages of having a
sub-micrometric resolution, numerous side effects make
this technique particularly delicate and limit its applica-
tion. For example, the sampling area is very small, and the
result depends very much on the type of probe used; an
incorrect choice of tip geometry and material can lead to
the generation of artifacts.

Fourier transform infrared spectroscopy is an analytical
technique that provides information on the chemical com-
position or modification of a sample surface. It has been
successfully used to analyze the carbonyl-group gradient
on polyethylene!?? 122 and poly-methyl methacrylate!?*
substrates or the increasing content of amine bonds along
extruded poly-caprolactone fibers.!?> However, Fourier
transform infrared spectroscopy is suitable for chemical
gradient analysis only when the component variation is

compatible with the detection limit of the specific func-
tional groups.!18, 126-128

An alternative method to characterize biomolecular
compositional gradients is fluorescent labeling or staining
of the biochemical target. Many fluorescent dyes are par-
ticularly efficient in describing the distribution of bioinks
during the multi-extrusion printing process. Indeed,
labeled-bioinks can be further analyzed using imaging
techniques to evaluate the graded deposition of the
bioinks, with a high level of accuracy.!%3. 105,106 For exam-
ple,”” green-DiO C2C12 cells and red-Dil-labeled
NIH/3T3 cells were employed to analyze the seeding,
migration, and viability within a graded polyurethane/
poly-caprolactone fused deposition modeling scaffold.
Red and green fluorescent beads and dyes were used
to label alginate and methacryloyl-gelatin bioinks, respec-
tively, thus visualizing the effect of mixing bioinks
before extrusion or correct multi-ink deposition.!04 105
Fluorescence is then a fast and efficient way to determine
chemical distribution in bulk or printed scaffolds.
However, the fluorescent labeling process necessarily
provokes changes in the chemical composition of the
material itself, resulting in some differences when com-
pared with non-fluorescent ones. Even if not common,
other dyes can also be used to visualize gradients inside
hydrogels. For example, gelatin methacryloyl was stained
with Rhodamine B prior to injection on Teflon molds to
assess the final gradient uniformity.'?® To characterize
hydrogels with polyethylene glycol dimethacrylate con-
centration gradients, Trypan Blue staining was added to
the gradient-maker, resulting in a blue-color variation,
which was proportional to the polymer content.

The various techniques used to characterize physical or
chemical gradients are compared in Figure 8.
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Conclusions

All biological structures display variable physicochemical
and mechanical properties that result in the anisotropic
nature of any biological tissues. Aiming to produce bioin-
spired structures, materials with graded microscopic
arrangements must be engineered.

In this review, examples of the production of graded
structures indicate the availability of different methods.
Among them, rapid prototyping techniques are intrinsi-
cally designed to control the architecture of materials and
can be further exploited to engineer the topographical vari-
ation of different key parameters, such as composition,
geometry, and mechanical properties.

Until now, the main application of graded structures is
confined to studying the effect of each varying parameter
over cell activities. Moving to bioinspired structures for
regenerative medicine, some examples have been reported
for graded scaffolds in bone and cartilage regeneration.
However, the potential of engineering graded materials is
underestimated in many applicative fields, such as in-vitro
models and soft-to-hard regenerative medicine.

The characterization techniques should be expanded to
meet the need to examine the peculiarity of graded materi-
als and validate the productive methods. An increasing
knowledge of the production and characterization of
graded structures will allow new scenarios for engineering
bioinspired materials to be explored.
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