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ABSTRACT: Functionally graded surfaces and materials, featuring spatial variations in
terms of composition, structure, and other properties across distance, have emerged as
powerful platforms for mimicking native tissue architectures and enabling a wide range of
biomedical applications. This review aims to provide a comprehensive overview of their
fabrication methods and biomedical applications. We begin by introducing the concept of
gradients and their inherent biological relevance in nature. With a distinct focus on either
surfaces or materials, we then discuss the fabrication methods and characterization
techniques capable of controlling the graded profiles. Importantly, representative examples
are provided to highlight how engineered gradients regulate specific cellular responses and
functionalities in biomedical contexts. Despite significant progress, challenges remain in
translating laboratory-scale fabrication to clinical use, such as ensuring good reproducibility
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and scalability. At the end, we discuss how computational modeling and artificial intelligence offer new opportunities to address
these challenges. We hope this review provides a framework for advancing the development of next-generation functionally graded

surfaces and materials toward diverse biomedical applications.
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1. INTRODUCTION

Fabrication of surfaces and materials with tailored properties is
essential to biomedical engineering, a field that constantly
draws inspiration from nature. One of the most intriguing
design principles used by nature is gradation, which involves
gradients (either continuous or stepwise changes) in terms of
material composition, structure, and other properties across a
surface or throughout the bulk. Gradation plays a vital role in
integrating different types of materials, mimicking the complex
biochemical and/or architectural environments of native
tissues, and creating spatially resolved properties with
advanced functionalities that homogeneous surfaces or
materials fail to provide. In this review, we define materials
with gradients at or near the external surface as functionally
graded surfaces, whereas those featuring engineered gradients
throughout the bulk are referred to as functionally graded
materials. Gradients can be presented linearly along a single
direction (1D), radially out from a central point (2D), or
multidirectionally, such that the property varies along every
direction within three-dimensional (3D) space, as exemplified
by the intricate gradient-index structure of the eye. Figure 1A
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Figure 1. Illustration of the concepts related to functionally graded
surfaces and materials. (A) 1D, 2D, and 3D gradients; (B) surface vs.
bulk gradient; and (C) continuous vs. stepwise gradient.

shows a summary of the different types of gradients. It is
important to note that the dimensionality of a gradient does
not determine the classification as a surface or bulk
phenomenon. A 1D gradient can exist either on a surface as
a functionally graded surface or in the bulk as a functionally
graded material (Figure 1B). Based on the exact profile,

gradients can be categorized as either continuous or stepwise
(Figure 1C). Continuous gradients exhibit a smooth and
uninterrupted transition in terms of material composition or
properties, with no clear boundaries between regions of
different characteristics. In contrast, stepwise gradients consist
of distinct, segmented regions with uniform properties within
each segment.

A variety of physical and chemical gradients can be
fabricated in a rational and controllable manner (Figure 2).
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Figure 2. Illustrations of different types of gradients: (A)
Composition, (B) structural features, including particle density,
porosity, fiber density, and grain orientation, and (C) properties,
for example, hydrophilicity/hydrophobicity, cross-linking density, and
mechanical property.

The gradients can be categorized based on their physical
nature, which dictates the properties or functions of the surface
or material. Gradients in composition represent spatial
variations in elemental distribution (Figure 2A) and are
fundamental to many functionally graded surfaces or materials.
The gradients in composition often lead to additional types of
gradations. For example, transitioning from a pure polymer to
a polymer composite with inorganic fillers creates a gradient in
mechanical properties." Structural gradients encompass a
broad spectrum of variations in material architecture, including
particle density, porosity, fiber density, or grain orientation
(Figure 2B). Both compositional and structural gradients can
be designed to enhance the overall performance of a surface or
material (Figure 2C). For example, a gradient in surface
chemistry can create a gradation in hydrophilicity to help
control protein adsorption and cellular adhesion.” Varying the
degree of polymer cross-linking spatially creates a gradient in
network density, leading to controlled swelling characteristics
and drug release kinetics.” Gradients in mechanical properties,
such as Young’s modulus and hardness, can be leveraged to
reduce stress concentrations at interfaces and guide spatially
controlled cell differentiation."
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Nature offers numerous examples of functionally graded
structures that are often refined through the evolutionary
process to achieve optimal performance. For instance, the
remarkable resistance of bamboo culms to external loads is due
to their 2D-graded structure (Figure 3A). The structure
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Figure 3. Gradients in biological systems. (A) Optical micrographs of
bamboo and cross-sectional scanning electron microscopy (SEM)
images of the bamboo culm, which have gradients in both vascular
fiber bundles and porous parenchyma cells. (B) Optical micrographs
of a cactus with clusters of spines and SEM images of a single spine
showing the conical structure and graded grooves. (C) Cross-
sectional image of a human femur with a graded porosity and the
stress/strain curves of the cortical and trabecular bone. (D) Schematic
illustration of a gradient in morphogen that directs cell differentiation.
(E) Schematic illustration of a rodent eye showing the polarity of the
lens determined by a gradient in FGF. (A) Reproduced with
permission from ref 21. Copyright 2023 Wiley-VCH. (B) Reproduced
with permission from ref 6. Copyright 2012 Springer Nature. (C)
Reproduced with permission from ref 22 and 23. Copyright 2023 The
Author(s) (CC BY 3.0). Copyright 2013 Springer-Verlag Berlin
Heidelberg. (D) Reproduced with permission from ref 24. Copyright
2023 The Author(s). (E) Reproduced with permission from ref 17
and 25. Copyright 2011 The Royal Society. Copyright 2024 The
Company of Biologists.

consists of stiff vascular bundles of fibers (with an elastic
modulus of 22.8 + 2.8 GPa) embedded in soft, porous
parenchyma cells (with an elastic modulus of 3.7 + 0.4 GPa).*
The density of the reinforcing fiber bundles in bamboo culms
decreases from the circumference toward the center, resulting
in a distinctive graded architecture. This design provides high
strength and toughness, enabling the structure to absorb
substantial energy and thus resist crack propagation when
subjected to bending loads from the wind and/or its weight.’
Similarly, the formidable spines of a cactus serve as both
protective features and specialized, modified leaves with an
efficient mechanism for collecting water from fog in arid
environments.” Cactus spines feature a conical structure with
graded microgrooves, whose width increases from ca. 4.3 ym at

the tip to 6.8 um at the base (Figure 3B). This geometry
creates two synergistic gradients that facilitate the directional
movement of collected water droplets along the spine. The first
gradient is in Laplace pressure that arises from the conical
shape of the spine. The second gradient is in surface energy
created by the varying surface roughness on the grooves. The
two gradients work synergistically, contributing to the efficient
transport of water from the tip to the base of the spine.

The human body also showcases various examples of
functionally graded materials. Bone, for instance, exhibits a
well-defined structural gradient, transitioning from dense
cortical bone on the exterior to porous, spongy cancellous
bone in the interior (Figure 3C). While the cortical exterior
provides high mechanical strength,” the porous interior
distributes stress throughout the bone epiphysis, enhancin%
its ability to withstand both bending and compressive loads.”
Chemical gradients also play a crucial role in the biological
organization beyond the static structures. In developmental
biology, a gradient in morphogen, characterized by varying
concentrations of signaling molecules, is vital during embryo-
genesis.lo’11 The gradients control the fate of cells and dictate
their development into tissues and organs (Figure 3D). The
key morphogen families include fibroblast growth factor
(FGF), Wnt, Hedgehog, and the transforming growth factor
(TGF) superfamily that encompasses bone morphogenetic
protein (BMP)."> In the context of FGF, a gradient in
concentration is often established in the target tissue through
diffusion. The resulting gradient has a major impact on the
expression of specific genes and the subsequent specification of
cells in a dose-dependent manner. For instance, in the
developing chick embryo, a gradient in FGF generates varying
levels of Hox-c gene expression, which is instrumental in
controlling the positional identity of motor neurons.'”™">

The human eye also relies on a complex, gradient-based
design to govern both development and function. In the
cornea, fibroblast populations (play a crucial role in maintaining
optical clarity and resilience.'® Additionally, a gradient in FGF
regulates the polarity and differentiation of lens epithelial cells
in situ.'” The cells have a dose-dependent response: low FGF
concentrations induce proliferation, whereas higher concen-
trations promote migration and differentiation into lens fiber
cells (Figure 3E)."® The developmental process is essential to
the formation of the key functional feature of the lens: a
gradient in refractive index. Specifically, the concentration of
Crystallin proteins is the highest at the core of the lens. It
gradually decreases toward the periphery,'’ resulting in a
corresponding gradient in refractive index from the center to
the outer surface.”” Such a gradient enables the lens to tightly
focus light onto the retina with minimal spherical aberration, a
feature difficult to replicate in artificial lenses.

Among the most illustrative and studied natural functionally
graded materials is probably the tendon-to-bone insertion,
known as the enthesis. Such a specialized transitional tissue
connects and transmits load between two mechanically
dissimilar tissues: the compliant tendon (with a tensile
modulus of ca. 200 MPa),”° and the stiff bone (with a
modulus as high as 20 GPa).”” The enthesis mitigates stress
concentration that tends to occur at such an abrupt interface
by employing a seamless gradient in the biochemical
composition, structure, mechanical properties, and cellular
makeup. Typically, a fibrocartilaginous enthesis can be divided
into four distinct yet continuous zones: unmineralized tendon,
unmineralized fibrocartilage, mineralized fibrocartilage, and
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mineralized bone (Figure 4).”**” There is a progressive
increase in mineral content that is accompanied by a gradual
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Figure 4. Natural functionally graded architecture of the tendon-to-
bone enthesis. The interface displays inherent biochemical, structural,
mechanical, and cellular gradients that ensure efficient load transfer
from compliant tendon to stiff bone. Reproduced with permission
from ref 34. Copyright 2021 Wiley-VCH.

reduction in tissue organization and a shift in collagen
composition from type I to types II and X. Structurally, the
enthesis features an interdigitated arrangement of mineralized
and unmineralized tissues, a design critical for balancin:
strength and toughness to alleviate stress at the interface.’
Notably, cell phenotypes also gradually vary across the
enthesis, from tenocytes in the tendon, unmineralized and
mineralized (hypertrophic) chondrocytes residing in the
unmineralized and mineralized fibrocartilage, and osteocytes
occupying the bone. Gradients in biological and mechanical
factors play a crucial role in establishin% and maintaining the
structural complexity of the enthesis.” > Despite advance-
ments in surgical techniques, injuries to the enthesis remain
challenging to repair, with clinical efforts often hampered by
high postoperative failure rates. The native functionally graded
structure is hardly regenerated; instead, mechanically inferior
scar tissue forms at the tendon-to-bone attachment. As a result,
critical features, such as a spatially graded composition and
structure of the extracellular matrix (ECM) and a unique
population of cells with a phenotypic gradient, are not
recreated, leading to poor healing outcomes.” The enthesis
not only serves as a paradigm for naturally graded materials but
also highlights the critical importance of biomimetics in
biomedical engineering.

Biological systems with compositional and structural
gradients have inspired the fabrication of functionally graded
surfaces and materials, where properties like stiffness, density,
porosity, chemical composition, or even biological activity vary
spatially in a controlled manner. In this review, we systemati-
cally survey the diverse fabrication methodologies developed
for creating functionally graded surfaces and materials,
encompassing both established techniques and emerging
approaches. We then highlight the rapidly expanding
applications of the functionally graded surfaces and materials
in biomedicine, including but not limited to advanced scaffolds
for tissue engineering, platforms for neural regeneration and
wound healing, and integrated diagnostic systems. A
comprehensive understanding of the design principles that
govern the formation of gradients, together with mastery of an
evolving fabrication toolkit, is critical for unlocking the full
potential of functionally graded surfaces and materials to
address the persisting and emerging challenges in biomedical

field.

2. FABRICATION OF FUNCTIONALLY GRADED
SURFACES

Functionally graded surfaces feature gradations in chemical,
physical, and/or biological properties across the surface of a
substrate. Here we focus on four fabrication strategies,
including progressive immersion, mask-assisted, field-induced,
and microfluidic-enabled deposition. Built on distinct
principles, they have different capabilities and limitations in
creating functionally graded surfaces.

2.1. Progressive Immersion

Progressive immersion involves the gradual insertion of a flat
or curved substrate into a reaction mixture that contains the
functional components, such as reagents, cross-linking agents,
nanoparticles, and living cells, among others.>>™** This
approach offers an easy and programmable control throughout
the reaction and/or deposition, leading to the formation of
gradients in terms of composition, reaction extent, and/or
material properties. Depending on the substrate geometry and
immersion configuration, the resulting gradient can take a 1D
(Figure SA—D) or 2D (Figure SE) pattern. In the following
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Figure S. Schematics showing the preparation of surface gradients via
progressive immersion. (A, B) Fabrication of a surface gradient by
gradually immersing a substrate into a reaction solution or through
backfilling. (C) Generation of surface gradient in cell density. (D)
Gradient in fiber alignment and/or porosity achieved by controlling
the exposure time of a nanofiber mat to the vapor of a solvent. (E)
Creation of 2D gradients in bioactive proteins with the use of a
blocking agent. Reproduced with permission from ref 45. Copyright
2024 The Authors (CC BY 4.0).

sections, we discuss the general strategies, together with
examples to demonstrate their promise in creating surface
gradients in terms of biomolecular, mineral, or cellular
components.

2.1.1. Flat Substrates. As shown by the schematic in
Figure SA, a 1D gradient can be readily fabricated by
controlling the introduction of a solution or suspension into
a container that holds a vertically oriented or tilted flat
substrate.”” To enable time-dependent immersion, the solution
or suspension is typically added using a flow-regulated device
such as a buret, syringe pump, or high-performance liquid

https://doi.org/10.1021/acs.chemrev.5c00732
Chem. Rev. XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/10.1021/acs.chemrev.5c00732?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.5c00732?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.5c00732?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.5c00732?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.5c00732?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.5c00732?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.5c00732?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.5c00732?fig=fig5&ref=pdf
pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.5c00732?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemical Reviews

pubs.acs.org/CR

REVIEY

chromatography pump.*’ As the liquid level gradually rises,
each horizontal segment of the substrate experiences a different
immersion time, with the bottom having the longest contact.
As a result, a 1D gradient of an insoluble substance or
nanoparticles is formed along the direction of immersion. In
general, the surface gradient is determined by the duration of
interaction between the surface and the insoluble substance or
nanoparticles in the liquid medium, including physical
adsorption (e.g,, hydrogen bonding), electrostatic attraction,
and chemical reaction(s).*”*!

One notable example involves electrostatic attraction via the
gradual introduction of anionic Au nanoparticles, preconju-
gated with a protein of interest such as bovine serum albumin
(BSA), ephrin-AS, or ephrin-Bl, into a container holding a
substrate precoated with cationic molecules.”” Due to the
gradual introduction, the bottom portion of the substrate
remained in contact with the suspension for the longest
duration, leading to the highest density of Au nanoparticles in
that region. Therefore, the Au nanoparticles were distributed in
a graded manner along the vertical direction of the substrate.
In the case of a chemical reaction, Kilbey and co-workers
employed a substrate coated with a poly(2-vinyl-4,4-
dimethylazlactone) brush and gradually immersed it into a
solution of a primary amine (e.g, hexylamine) using a syringe
pump.”” The azlactone-amine reaction occurred in a time-
dependent manner, resulting in a gradient in hydrophobicity
across the surface. In both examples, parameters such as the
concentration of the insoluble substance or nanoparticles, the
injection rate, and the tilting angle of the substrate can all be
adjusted to tune the gradient.

An alternative strategy for generating 1D surface gradients
involves backfilling of the remaining regions on the substrate
(Figure SB). The first step is to form a primary gradient using a
blocking agent such as BSA.*’ Subsequently, a second bioactive
molecule is introduced to occupy the blank regions, creating a
complementary or reverse surface gradient. The two-step
approach enables the integration of distinct bioactive factors
within a single system, facilitating the coordination of cell
adhesion, migration, and differentiation. In one demonstration,
a dual gradient was created on the surface of an electrospun
polycaprolactone (PCL) nanofiber mat using the backfilling
strategy.*’ Specifically, a gradient in BSA density was generated
first by vertically immersing the mat in a beaker while slowly
introducing a BSA solution at a constant rate. Due to time-
dependent adsorption, the density of BSA decreased from the
bottom to the top of the mat. The mat was then completely
immersed in a solution containing the nerve growth factor
(NGF), which adsorbed primarily onto the blank regions
spared by BSA, resulting in the formation of a reverse gradient
in NGF density. This method helps conserve expensive
proteins and enables the fabrication of substrates or scaffolds
featuring spatially orchestrated biochemical signals.

Besides generating gradients in substances or nanoparticles,
progressive immersion can also be adapted to fabricate
gradients in cell density or cell phenotype (Figure SC). In a
typical process, a substrate such as a glass slide or nanofiber
mat is immersed at an inclined angle in a homogeneous
suspension of cells.”® Driven by gravitational sedimentation,
cells settle and adhere to the surface of the substrate in a
graded manner owing to the different volumes of suspension
present above each segment of the tilted substrate. The slope
and extent of the resulting gradient in cell density can be
controlled by adjusting the tilting angle, immersion time, and/

or cell concentration in the suspension. The method can also
be used to produce reverse or bidirectional gradients by
sequentially immersing the substrate in suspensions of two
different types of cells from opposite ends. For example,
preosteoblasts and fibroblasts could be deposited in reverse
gradients to form a transition zone that mimics the native
interfacial tissues.*® Overall, this technique is simple, versatile,
and compatible with both smooth substrates and fibrous mats.
The ability to preserve high cell viability and generate complex
patterns of cells makes it well-suited for applications such as
tendon-to-bone tissue regeneration, where gradual transitions
in cell phenotype and density are crucial for proper integration
and mechanical performance.

Beyond the solution-based techniques, vapor-induced
welding provides a robust method for generating structural
gradients on polymeric substrates, such as electrospun
nanofiber mats (Figure SD). This method exploits the
difference in swelling and welding of polymeric nanofibers
when they are exposed to the vapor of a solvent. Typically, a
nonwoven mat comprised of electrospun poly(lactic-co-glycolic
acid) (PLGA) or PCL nanofibers is placed in a sealed vial
containing an aqueous solution of ethanol.** In the liquid
phase, the hydrogen bonding between ethanol and water
restricted the diffusion of ethanol into the nanofibers. In
contrast, ethanol molecules in the vapor phase could quickly
diffuse into the nanofibers. The difference in mobility and
swelling capacity resulted in a continuous structural gradient,
transitioning from a highly porous mat at the bottom to a
dense, film-like morphology at the top. The gradient profile
can be tuned by adjusting the concentration of ethanol,
exposure time, and/or solvent volatility, allowing for a tight
control over the sample morphology. This vapor-mediated
method is simple, scalable, and compatible with various fibrous
substrates, eliminating the need for complex instrumentation
or patterning masks.

Recent studies also demonstrated the potential use of vapor-
induced welding for engineering biomimetic scaffolds with
spatially varying architectures. For example, PLGA or PCL
fibrous mats with graded welding were used to guide
directional cell alignment, modulate cell infiltration depth,
and mimic interfacial tissues such as the tendon-to-bone
insertion.* The ability to modulate porosity and fiber
architecture at micro- to macroscopic scales makes this
technique especially promising for applications in interfacial
tissue engineering and wound management.

2.1.2. Nonflat Substrates. Building on the concept of
progressive immersion used for generating 1D gradients on flat
substrates, a similar method has also been developed to
fabricate 2D gradients on nonflat substrates (Figure SE). The
approach leverages the geometry of the substrate to create
position-dependent immersion time across the surface in a
radial fashion, resulting in radial variations in surface
composition or functionality. A typical setup involves a flexible
substrate partially elevated and supported by a pillar, spacer, or
wires at the center to produce a conical or dome-like shape. As
the reaction mixture is gradually introduced, different regions
of the substrate experience variable exposure times. The
peripheral region encounters the solution first and remains
immersed for the longest period, while the central area has the
shortest contact duration (or vice versa, depending on the
orientation of the cone-shaped substrate). The spatial variation
in immersion time gives rise to a radially graded distribution of
the functional component.
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As with 1D gradients, the backfilling technique can also be
seamlessly integrated to introduce a second bioactive
component, generating a complementary graded pattern.43’45
For example, after establishing a 2D gradient of a blocking
agent such as BSA, a second bioactive factor can be introduced
to occupy the bare regions, producing a reverse gradient.*’
This two-step method allows for the formation of dual
gradients, greatly expanding the design flexibility for the
creation of complex, biomimetic environments. Again, the
gradient profile can be tuned by adjusting several parameters,
including the height of central elevation, solution concen-
tration, immersion duration, and/or temperature. Importantly,
this method is compatible with a wide range of substrate
materials and surface chemistries and does not require
specialized equipment. The geometrically driven nature
makes it especially suitable for applications that mimic
symmetrical tissue architectures or require spatial control of
biochemical and topographical cues, such as neural patterning,
wound healing, or stem cell niche design.

2.1.3. Examples. To illustrate the practical implementation
of progressive immersion in creating surface gradients, we
present two examples that involve the fabrication and
characterization of 1D (Figure 6A,B) and 2D (Figure 6C,D)
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Figure 6. Fabrication of 1D and 2D gradients. (A) Schematic
illustrating the fabrication of a graded coating of calcium phosphate
on a plasma-treated nonwoven mat made of electrospun nanofibers.
(B) SEM images of a nonwoven mat featuring graded coatings of
calcium phosphate, captured at different distances from the bottom
edge of the substrate: i) 0 mm, ii) 6 mm, iii) 9 mm, and iv) 11 mm.
(C) Photograph and optical micrograph showing a mat of radially
aligned PCL nanofibers. (D) Relative fluorescence intensity showing
graded or uniform coating of FITC-BSA along the radially aligned
nanofibers fabricated via BSA blocking. Inset: schematic showing the
corresponding graded pattern. (A, B) Reproduced with permission
from ref 35. Copyright 2009 American Chemical Society. (C, D)
Reproduced with permission from ref 46. Copyright 2018 American
Chemical Society.

gradients. In the first example, a 1D mineral gradient was
fabricated on an electrospun nanofiber mat to mimic the
natural tendon-to-bone insertion (Figure 6A). A nonwoven
mat composed of plasma-treated electrospun PLGA or PCL
nanofibers was placed at an inclined angle inside a glass vial.
Then, 10 times concentrated simulated body fluid was

introduced at a constant injection rate.”> Different regions
on the nonwoven mat were exposed to the mineralization
solution for varying durations, resulting in a continuous
gradient in the amount of calcium phosphate along the
longitudinal axis. As shown by the SEM images in Figure 6B,
the PLGA nanofiber mat showed a gradual transition in the
amount of mineral deposition. At the basal edge (panel i, d = 0
mm), the nanofibers were densely coated with a thick layer of
calcium phosphate. Moving away from the mineralized edge
(panels ii, iii, and iv), the amount of calcium phosphate
gradually decreased, leading to a transition from a mineral-rich
to a polymer-dominant region. The mineral gradation resulted
in a corresponding gradient in mechanical strength, making the
mat potentially useful to replicate the transition in the native
tendon-to-bone enthesis.

In the second example, a 2D gradient of protein was
constructed on a nanofiber mat using a center-elevated
progressive immersion strategy combined with backfilling. As
shown in Figure 6C, the electrospun PCL nanofiber mat
exhibited a well-defined radial alignment, with the fibers
oriented from the center toward the periphery.*® The
nanofiber mat was plasma-treated and placed in the well of a
24-well plate with the central region elevated by 4 mm using a
copper wire. A 0.1% BSA solution was then pumped into the
well at a constant rate of 1 mL h™'. The setup yielded a 2D
gradient of BSA, which was subsequently inverted by
backfilling with a second bioactive protein into the bare
regions. To evaluate the gradient, fluorescein isothiocyanate-
labeled BSA (FITC-BSA) was employed as a model protein,
enabling visualization of the pattern through fluorescence
imaging. As shown in Figure 6D, fluorescence analysis
indicates no significant variation in signal across the surface
when the substrate was uniformly coated with FITC-BSA.
However, when a gradient was created to increase from the
center to the periphery (red line), the fluorescence intensity in
the peripheral region was ca. 4-fold higher than that at the
center. In contrast, when the gradient was reversed (black
line), the fluorescence intensity decreased by ca. 3-fold from
the center to the periphery. The findings demonstrated the
effectiveness of the strategy in obtaining spatially graded
protein distribution across the substrates. Altogether, gradient-
based engineering holds promise for developing biomimetic
scaffolds to guide cell migration and neurite extension in
applications such as tissue regeneration.

2.2. Mask-Assisted Fabrication

In general, mask-assisted strategies rely on the use of a binary
opaque and transparent, or grayscale, mask to spatially regulate
the exposure of a substrate to the deposition of a substance or
external stimuli such as ultraviolet (UV) irradiation. In this
context, a mask refers to a material barrier capable of
selectively blocking or allowing the passage of the substance
or stimulus to the specific regions of a substrate. Depending on
the type of external input, mask-assisted strategies can be
broadly classified into two categories (Figure 7): i) electro-
spray-assisted deposition of particles, in which an opaque mask
or aperture is used to control the deposition of micro- or
nanoparticles onto the surface of a collector and ii) selective
UV irradiation of a photosensitive substrate, where either a
stationary grayscale mask or movable opaque mask is used to
control the duration of UV exposure, thereby inducing graded
chemical or structural transitions across the substrate. By
tightly controlling the local exposure in terms of duration,
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Figure 7. Schematics illustrating the fabrication of surface gradients
using masks. (A, B) Fabrication of a surface gradient in the density of
micro- or nanoparticles on a substrate by employing (A) a moving
opaque mask or (B) a mask made of an opening-tunable aperture
during electrospray. (C, D) Creation of a gradient on the surface of a
photosensitive material through (C) the use of a grayscale mask or
(D) by moving an opaque mask during the UV irradiation. (A, B)
Reproduced with permission from ref 45. Copyright 2024 The
Authors (CC BY 4.0). (C) Reproduced with permission from ref 53.
Copyright 2003 American Chemical Society.

intensity, or area, the mask-assisted strategy can be utilized to
fabricate well-defined 1D and 2D surface gradients.

2.2.1. Mask-Assisted Electrospray. Electrospray is an
electrohydrodynamic atomization technique widely used for
producing micro- or nanoparticles from a liquid solution
containing 4polymers, biomacromolecules, and/or small-mole-
cule drugs.”’” A typical setup consists of a high-voltage power
supply, a syringe pump, a metallic nozzle, and a grounded
conductive collector. Upon applying a high voltage between
the nozzle and the collector, a strong electric field is
established, deforming the liquid at the nozzle tip into a
funnel-shaped structure known as a Taylor cone.”® When the
electrostatic force is strong enough to overcome surface
tension, a charged liquid jet is ejected and then broken into
fine, highly charged droplets due to Rayleigh instability. As the
solvent evaporates during the jetting process, the droplets
shrink and solidify into micro- or nanoparticles, which are then
deposited on the collector.

A movable mask can be positioned between the nozzle and
the collector to modulate the local deposition of particles,
thereby creating a surface gradient, as illustrated in Figure 7A.
As the mask moves linearly, different regions of the substrate
undergo variations in deposition time, resulting in a 1D surface
gradient in particle density. By varying the speed and pattern of
moving, as well as the geometric shape of the mask, the profiles
of gradient, such as continuous or stepwise, can be controlled
accordingly. In contrast to the progressive immersion approach
discussed in Section 2.1, mask-assisted electrospray offers
superior spatial resolution and better control over the
composition. The method also enables the deposition of

particles on challenging substrates, such as those with
nonwettable properties or complex topographies.”” Further-
more, it also allows the controlled delivery of multiple
functional components, providing a versatile platform to
construct well-defined surface gradients for various biomedical
applications. In one study, biodegradable PLGA microparticles
were deposited on a glass slide in a time-dependent manner
using the electrospray system.” With the assistance of a
movable paper mask, the region of the substrate shielded for a
longer period received fewer particles, whereas the more
exposed region received a higher density of particles. By
altering the direction and/or moving pattern of the mask, one
could obtain reverse and bidirectional surface gradients of
particles with controlled compositions.

In a somewhat different approach, an aperture mask with a
tunable opening size was used to regulate the spatial deposition
of particles (Figure 7B). Again, the aperture was positioned
over the collector to block the deposition of particles in certain
regions. The aperture was closed at the beginning to null any
deposition of particles. As the aperture was gradually opened at
a constant speed, particles were able to reach the surface of the
collector. Since the center of the collector was exposed to the
electrosprayed particles for the longest time, one expected a
gradual decrease in particle density from the center toward the
periphery. In one report, collagen nanoparticles were electro-
sprayed through a tunable aperture onto a mat of radially
aligned electrospun PCL nanofibers, generating a 2D gradient
in nanoparticle density.”® The graded surface embraced a
combination of topographical cues and haptotactic cues to
promote the migration of fibroblasts. Specifically, the graded
distribution of collagen nanoparticles generated a radially
decreasing adhesive signal, guiding cell adhesion and migration
along the axis of the established polarity. The surface, which
integrates both topographical and biochemical cues, could
promote coordinated centripetal cell movement, holding
promise for applications such as wound closure.

Electrosprayed particles can be further functionalized or
preloaded with bioactive molecules, including growth factors,
cytokines, and chemokines. Such modifications allow for the
fabrication of multifunctional gradients that synergistically
combine physical §uidance cues with spatially defined
biochemical signals.”’ The resulting graded surfaces are
anticipated to exhibit enhanced efficacy in modulating critical
cellular behaviors, including adhesion, migration, and lineage-
specific differentiation for diverse applications spanning from
nerve regeneration to tendon-to-bone interface repair.

2.2.2. Masked Irradiation of UV Light. Graded UV
irradiation provides a versatile and straightforward approach
for fabricating surface gradients through localized photo-
chemical reactions.”> As shown in Figure 7C,D, this method
relies on the ability to modulate the local UV dose across a
surface, where variations in light intensity and/or exposure
time are directly translated into spatially resolved photo-
reactions such as cross-linking, cleavage, or deprotection. The
well-controlled reactions can produce spatial gradients in a
range of surface properties, including cross-linking density,
mechanical stiffness, surface hydrophilicity, and distribution of
bioactive ligands such as adhesion peptides or proteins.
Typically, graded UV irradiation can be achieved using two
main approaches. The first involves the use of a stationary
grayscale mask (Figure 7C), where light intensity varies across
the mask due to changes in optical transparency.” This
approach allows for the creation of 1D, 2D, or complex
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Figure 8. Examples of surface gradients fabricated through the assistance of a mask. (A) SEM images of uniaxially aligned PCL nanofibers whose
surfaces were functionalized with collagen particles (marked by red dotted ellipses and arrows) at positions that correspond to collection for 0, 10,
and 20 min, respectively. (B, C) Plots of relative fluorescence intensities of FITC-BSA-loaded collagen particles deposited on the aligned
nanofibers. Insets in (B) and (C) show the corresponding gradient profiles. (D, E) Variations in hydrogel stiffness resulting from (D) a graded
irradiation profile and (E) varying speed for the moving mask. At the beginning of fabrication, an opaque mask was positioned at x = 0 mm. For x <
0 in (D), the hydrogel received constant irradiation throughout the process. The moving speed of the mask in (D) was set at 15 ym s™'. (A—C)
Reproduced with permission from ref 37. Copyright 2020 Wiley-VCH. (D, E) Reproduced with permission from ref 54. Copyright 2012 the

Author(s) (CC BY 4.0).

gradient patterns, depending on the pattern of the mask. The
second approach utilizes a moving opaque mask to mediate the
exposure time across the surface of a substrate (Figure 7D).
Both methods are effective in generating physicochemical
gradients that can dictate diverse cellular processes in a
spatially controlled manner.

In one study, Pham and co-workers fabricated polyacryla-
mide (PA) hydrogels with 2D gradients in stiffness via
photopolymerization through a stationary grayscale mask.>’
The mask was printed on transparency films with well-defined
grayscale transitions from the center to the periphery, resulting
in spatially graded UV doses across the substrate during gel
cross-linking. As a result, the central region receiving the
highest dose of UV irradiation became the most cross-linked
and stiffest, whereas the peripheral areas remained the softest.
When vascular smooth muscle cells were cultured on the
hydrogel, they exhibited directional migration toward the
center with the highest stiffness. In a different approach,
Anseth and co-workers developed a 1D gradient in stiffness
within a film of photodegradable poly(ethylene glycol) (PEG)-
based hydrogel using a moving opaque mask.’® The spatially
controlled UV irradiation induced position-dependent photo-
degradation, yielding a 1D gradient in stiffness across the

surface along the moving direction of the mask. The stiffness-
graded surface was subsequently employed to investigate how
valvular interstitial cells transform into myofibroblasts, a
process crucial to the treatment of valve disease.

In general, the merits of a UV irradiation-induced method
highly depend on the mask-related parameters, including the
grayscale pattern and aperture geometry. For the technique
involving a moving mask, the moving speed and direction of
the mask also need to be tightly controlled.*® Both factors can
directly influence the spatial distribution of UV dose, thereby
influencing the uniformity and reproducibility of the resulting
gradient. As a major advantage, UV-based methods do not
require physical contact between the mask and the substrate,
making them highly compatible with soft and delicate
biomaterials used for guiding cell migration, alignment, or
differentiation.

2.2.3. Examples. To evaluate the quality and functionality
of the surface gradients fabricated using mask-assisted
methods, appropriate characterization methods are essential.
Figure 8 shows two representative cases, one based on
electrospray-based particle deposition (Figure 8A-C) and the
other on selective UV-controlled hydrogel cross-linking
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(Figure 8D,E), for demonstrating the structural and functional
features of the resultant gradients.

In the electrospray-based system, collagen particles loaded
with FITC-BSA were deposited on a mat of uniaxially aligned
electrospun PCL nanofibers using a moving paper mask.
Translation of the mask across the substrate established a 1D
gradient in particle density along the fiber alignment.”” Figure
8A shows SEM images of the aligned nanofibers after being
deposited with collagen particles exhibiting a gradient in
density. Progressive translation of the mask at a speed of 0.1
cm min~" resulted in a gradual decrease in deposition time,
which in turn led to graded deposition of collagen particles
along the nanofibers. At the site with the longest deposition
(iii), one obtained the highest density of collagen particles (the
red dotted ellipses). Since the particles contained some
residual solvent, they became partially fused with the nanofiber
surface without involving additional post-treatment. This work
demonstrated the successful fabrication of a 1D gradient in
particle density along the aligned fibers. Fluorescence
microscopy was used to visualize the spatial distribution of
FITC-BSA-labeled collagen particles, and the fluorescence
intensity was subsequently analyzed to quantify the gradient
profile across the nanofiber mat. Figure 8B shows the relative
fluorescence intensity along the aligned fibers for the samples
prepared with uniform or graded deposition time. A slower
moving speed of 0.067 cm min~"' led to a steeper gradient, as
reflected by a greater difference in intensity between the two
ends of the mat (red line). This result demonstrates that the
steepness of the gradient could be tuned by adjusting the
moving speed of the mask. Figure 8C shows a bidirectional
gradient, with fluorescence intensity increasing from both
edges toward the center along the aligned fibers. In addition to
continuous patterns, stepwise gradients can also be fabricated
by controlling discrete shifts in the mask movement,
highlighting the versatility of this method in tailoring the
spatially graded distribution profile. The gradients in particle
density were able to affect cell behaviors such as stem cell
migration, fibroblast centripetal movement, and neurite
extension from dorsal root ganglion (DRG) bodies along the
aligned nanofibers.

For the UV-based hydrogel system, a well-defined gradient
in stiffness was established by photopolymerizing the
acrylamide/bis-acrylamide precursor solution under spatially
modulated UV irradiation.”* The process was achieved by
moving an opaque mask across the substrate at a constant
speed, producing a 1D gradient in terms of UV exposure time.
As a result, the hydrogel experienced position-dependent cross-
linking, creating a 1D gradient in stiffness along the moving
direction of the mask. To characterize the gradient in stiffness,
atomic force microscopy (AFM) analysis was conducted along
the moving direction of the mask (Figure 8D). The mask
initially covered the region from x = 0 (marked by a dashed
line) to x = 3.0 mm. In comparison, the area left to x = 0 mm
was fully exposed to UV irradiation, leading to uniform cross-
linking and constant Young’s modulus. When the mask was
moved at a speed of 15 um s~’, the substrate over the region
from x = 0 to 2.4 mm showed a progressive decrease in cross-
linking density, leading to a corresponding gradient in Young’s
modulus. By adjusting the moving speed of the mask (Figure
8E), the slope of the gradient profile could be controlled while
maintaining a constant range of stiffness. When cells were
incubated on the resulting graded hydrogel, their spreading
exhibited a linear correlation with the stiffness of the hydrogel,

demonstrating the controlled mechanical modulation of
cellular behavior.

Taken together, the above studies demonstrate that mask-
assisted strategies can be used to create surface gradients in
terms of both structural and mechanical properties. Such
gradients can be engineered to regulate a range of cell
behaviors, advancing their applicability in tissue engineering
and regenerative medicine.

2.3. Field-Induced Fabrication

Field-induced methods offer a versatile strategy for fabricating
functionally graded surfaces by controlling the spatial
distribution of particles, molecules, or bioactive agents using
external physical stimuli. Unlike conventional approaches that
rely on chemical patterning or mechanical structuring, these
methods utilize an external field, such as a magnetic, electric, or
thermal field. The techniques exploit the responsiveness of
materials to external forces, enabling tight controls over the
position, density, and organization of surface features.
Moreover, field-induced methods allow dynamic, noncontact
manipulation of materials, making them attractive for
constructing gradients in a flexible and scalable manner. In
this section, we focus on such methods that utilize magnetic
(Figure 9A), electric (Figure 9B), and temperature fields
(Figure 9C), respectively.
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Figure 9. Preparation of surface gradients induced by an external field.
(A) Ferritin-conjugated laminin forms a graded distribution on a
substrate exposed to a magnet. (B) Creation of 1D or 2D gradients of
bioactive proteins, as well as micro- or nanoparticles, increasing from
the periphery to the center, was achieved using a magnet to modulate
the distribution of the electrostatic field during electrospray. (C) A
surface coated with uniform PS microspheres is subjected to a lateral
temperature gradient, which induces progressive deformation and
fusion of the particles toward the heated region as a result of thermally
activated structural changes. (A) Reproduced with permission from
ref 57. Copyright 2021 Wiley-VCH. (B) Reproduced with permission
ref 69. Copyright 2021 Elsevier. (C) Reproduced with permission ref
73. Copyright 2005 American Chemical Society.

2.3.1. Magnetic Field. Magnetic field-induced surface
gradients are formed by leveraging the responsiveness of
magnetic or magnetically functionalized particles to an external
magnetic field.”> When exposed to a nonuniform magnetic
field, the particles are driven by magnetic force to migrate
toward regions of higher field intensity to minimize their
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magnetic potential energy.56 This method allows for non-
contact and controllable construction of surface gradients.

In a typical process, a permanent magnet is placed beneath
the substrate during deposition. A spatially varying magnetic
field beneath the substrate causes the particles to preferentially
accumulate in regions of higher field intensity, generating a
surface gradient.”” By adjusting the size, shape, or position of
the magnet, the steepness and spatial extent of the resulting
gradient can be tuned. This strategy can be applied to both
colloidal particles and biological samples. Figure 9A shows an
example where laminin, an ECM protein, was conjugated to
ferritin to generate a magnetically active protein complex.””>*
When deposited on a surface in the presence of a magnetic
field, the laminin-ferritin complexes migrated to the site with
the greatest magnetic field strength, creating a 2D gradient in
laminin concentration. This work demonstrates that magnetic
fields can be directly used to control the spatial organization of
bioactive molecules in a controlled manner.

Magnetic fields have also been used to guide the spatial
positioning of cells. Levy and co-workers demonstrated a
magnetically guided method to create a gradient in cell density
on the surface of a vascular stent using magnetically labeled
endothelial cells.”” Specifically, bovine aortic endothelial cells
were preloaded with superparamagnetic iron oxide nano-
particles (SPIONSs) and then introduced into a culture system
containing 304-grade stainless-steel stents. Applying a
magnetic field across the stents would induce high local
magnetic field gradients along the metallic stent struts. The
gradient was formed because the metallic mesh structure of the
stent acted to concentrate magnetic flux lines, especially near
the narrow edges and curved surface, effectively creating a 2D
gradient in the field around the cylindrical stent. As a result,
magnetically responsive endothelial cells were selectively
attracted to and immobilized on specific regions along the
stent. This approach allowed for the direct modulation of cell
localization, offering a promising strategy for engineering
biofunctional vascular implants capable of promoting re-
endothelialization while minimizing restenosis. Similarly,
Chen and co-workers developed a system where a stable
gradient of endothelial cells labeled with SPIONs was formed
in fibronectin-coated plate wells.”” By placing a neodymium
magnet underneath the culture plate, the SPION-labeled cells
were directed to migrate toward the area with a higher
magnetic field intensity. This approach combines the adhesive
properties of fibronectin matrix with the noninvasive, real-time
control of cell localization through the assistance of an external
magnetic field.

Overall, the magnetic field offers a straightforward and
effective means for controlling the spatial distribution of
colloidal particles, bioactive molecules, and cells.®*> The
approach allows precise manipulation without physical contact,
reducing contamination while preserving material integrity. By
adjusting the parameters of the magnetic field and the
properties of magnetically responsive components, various
types of gradients can be fabricated on a variety of surfaces.
The techniques extend beyond simple material deposition to
enable the creation of graded biological patterns, offering
strategies for tissue engineering, surface biofunctionalization,
and related applications.

2.3.2. Electric Field. Similar spatial control can also be
achieved through the application of an electric field. In
particular, electrostatic forces can act on materials with
inherent or induced charges, directing their motion toward

the region of opposite polarity.”>** The migration can be
exploited to concentrate materials in specific areas of a
collector, with the final gradient determined by the electric
field pattern and the duration of application.

An electric field has been used to direct the deposition of
charged particles or droplets during electrospray.”” When a
high-voltage electric field is applied between the nozzle and
collector, charged species are propelled along the field lines.®®
The key to generating spatial gradients lies in manipulating the
distribution of the electric field to control where particles
accumulate and thus their surface density. Several methods
exist for tuning this distribution, including modifying the
collector geometry, adjusting the placement and orientation of
the collector, and incorporating magnetic components to alter
the local field intensity.””~* In particular, magnetic elements
can be strategically placed beneath the substrate not to attract
particles directly but to distort the electric field locally, thereby
concentrating their deposition in targeted regions.

As illustrated in Figure 9B, Wu and co-workers demon-
strated this principle using a magnet-modulated electrospray
setup, where circular magnets of increasing diameter were
sequentially placed under the substrate to enhance the electric
field strength across a broader region.”” The manipulation of
the field resulted in a 2D gradient of fibronectin from the outer
edge toward the center of the substrate. Similarly, 1D gradients
of laminin were achieved by arranging the electric field laterally
across a glass slide using elongated magnets as electric field
modulators. The magnet-modulated electrospray technique
was demonstrated with both proteins and polymer micro-
particles, achieving continuous gradients in particle density and
thus graded distributions of bioactive protein density. Notably,
the resulting gradients were able to influence cell migration:
increasing fibronectin or laminin density toward one end of the
gradient could direct and enhance cell movement.

The versatility of electric-field-mediated deposition, coupled
with field-modulating elements like magnets, offers a powerful
strategy for fabricating graded biointerfaces for tissue engineer-
ing and regenerative medicine.

2.3.3. Temperature Gradient. Gradients can also be
generated by applying a temperature gradient across the
surface of a substrate during or after the deposition of
functional molecules or particles. Many polymers, proteins, and
colloidal particles exhibit temperature-dependent behavior,
such as changes in solubility, mobility, and/or adhesion.”?~">
By subjecting one end of a coated substrate to an elevated
temperature while keeping the other end at a lower
temperature, the thermally responsive components will be
directed to create a gradient. This approach is commonly used
to generate a gradual change in surface morphology by
applying a temperature gradient along a polymer substrate to
induce variation in polymer chain mobility. As shown in Figure
9C, Han and co-workers demonstrated the concept using a
film of golystyrene (PS) microspheres spin-coated on a silicon
wafer.”” A temperature gradient was created by heating one
end of the substrate to 130 °C while keeping the opposite end
at room temperature under a nitrogen atmosphere. Over a
period of 48 h, the temperature gradient induced a graded
transformation in the film’s microstructure. The root of the
transformation lies in the behavior of PS chains relative to the
glass transition temperature (Tg). On the unheated side, where
the temperature was well below Tg, the polymer chains
remained frozen and rigid, preserving the original microsphere
geometry. As the local temperature surpassed Tg toward the
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heated end, the chains gained limited mobility, causing partial
deformation and fusion between adjacent beads, resulting in a
semiflattened structure. At the heated end, where the
temperature was well above Tg, the chains became fully
mobile, allowing the microspheres to coalesce and form a
smooth, continuous film.

AFM images (Figure 10A) revealed a progressive change in
topography from a rough surface on the unheated side to a
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Figure 10. Creation of a topographical gradient by subjecting a film of
PS microspheres to a temperature gradient. (A) AFM images
captured at various locations across the film, spanning from the
unheated end to the heated end. (B) Relationship between RMS
roughness and temperature. (C) Relationship between water contact
angle and RMS roughness. Reproduced with permission from ref 73.
Copyright 2005 American Chemical Society.

smooth surface on the heated side. Quantitative analysis of
surface roughness (Figure 10B) showed that the root-mean-
square (RMS) roughness decreased from 46.3 nm at the cold
end to 14.6 nm at the hot end. The topographical change
directly impacted surface wettability: the water contact angle
decreased from 148.1° to 88.7° along the gradient (Figure
10C). The method is particularly advantageous for modifying a
thermoplastic surface, allowing for the formation of spatial
gradients in roughness and interfacial energy without requiring
chemical modification or complex patterning tools. It is
applicable in contexts such as droplet transport, modulation
of cell adhesion, and tuning of surface energy for microfluidic
or diagnostic devices.

2.4. Fabrication Enabled by Microfluidics

Microfluidic technology allows the tight control of fluids at the
micrometer scale and has become a versatile tool for
fabricating chemical and material gradients.74 The microfluidic
devices leverage deterministic laminar flow and controlled
molecular diffusion to create gradients with high spatial and
temporal resolutions.”> Compared to conventional methods
such as manual pipetting or gel-based diffusion, microfluidic
techniques offer good reproducibility, minimal reagent
consumption, and the ability to integrate multiple functions
within a compact chip platform. 7678

Gradients are formed by introducing multiple fluid streams
with distinct solute concentrations into a shared microchannel.
Under laminar flow, the fluid streams do not mix but remain
adjacent instead, allowing the solutes to diffuse at the interfaces
to create a continuous gradient. 7 The gradient profile,

whether linear, sigmoidal, or asymmetric, is determined by
channel geometry, relative flow rates, solute diffusion
coefficients, and channel length.80 A standard design is the
Y-junction gradient generator, where two inlets carrying
different solutions merge into a single channel. The
configuration allows the formation of stable lateral gradients
across the channel width through interstream diffusion. 8082 1n
one example, a Y-shaped microfluidic device was used to
generate a 1D gradient of a chemoattractant across a
microchannel for quantifying bacterial chemotaxis.*® Signifi-
cantly, the gradient profile can be modulated by adjusting the
relative inlet flow rates: equal flows yield a symmetric gradient,
whereas imbalanced flows skew the profile toward one side.
Such devices have been actively explored for applications like
chemotaxis assays, cell migration studies, and controlled
material deposition, offering a robust and tunable platform
for generating surface-bound or volumetric gradients in a
reproducible and scalable manner.**~*°

Serpentine channel designs significantly affect gradient
formation by enhancing transverse mixing between the parallel,
laminar streams. The repeated bends in the channel generate
Dean vortices—secondary flows that arise due to centrifugal
forces acting on the fluid, leading to increased interfacial
contact between solute streams.®” As a result, solute diffusion
across adjacent streams is accelerated, enabling the formation
of a steeper and more uniform gradient over a shorter flow
distance.”>®” The improved mixing is directly related to faster
gradient formation, particularly beneficial for creating sharper
or more complex gradient profiles within compact microfluidic
devices. The enhanced mixing dynamics also allow for fine-
tuned control over gradient steepness and spatial resolution,
making serpentine mixers especially useful in high-throughput
screening and dynamic cell signaling studies.

Beyond serpentine channels, more sophisticated gradient
generators utilizing cascaded branching structures, often
referred to as “Christmas tree” designs, were also developed
to produce surface gradients. Such “Christmas tree” generators
progressively mix solutes through sequential splitting and
recombination, enabling a tight control over the gradient
profile. As illustrated in Figure 11A, two inlet solutions are
merged and then progressively diluted through multiple
bifurcating stages.”’ At each stage, partially mixed streams
are recombined with fresh input, producing a series of
intermediate concentrations. The streams are then delivered
in parallel to a downstream surface or chamber, creating a
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Figure 11. Creation of a gradient using a microfluidic device. (A, B)
Schematic of the (A) two-input and (B) three-input planar devices
with “Christmas tree” designs, for producing 1D gradients.
Reproduced with permission from ref 91. Copyright 2020 the
Author(s) (CC BY 4.0).
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continuous gradient across the substrate. The architecture
allows for exceptional precision and reproducibility in the
gradient profile. In one study, Whitesides and co-workers
utilized a tree-like microfluidic network to generate a 1D
gradient across a large chamber for cell culture. > Moreover, as
shown in Figure 11B, expanding the number of input channels
enables more complex surface gradients. For example,
introducing a third input stream yields peaked or asymmetric
profiles. Altering the concentration in one inlet or the ratio of
flow rates alters the resulting gradient profile by shifting its
midpoint or changing its slope.

In addition to solution-phase gradients, microfluidic
methods have also been combined with materials processing
techniques to fabricate a functionally graded surface. Qin and
co-workers utilized a two-inlet microfluidic device coupled
with an electrospinning process to create nanofiber mats with a
graded surface. > As shown in Figure 12A, gelatin and PLGA
solutions were fed at controlled rates into a microfluidic Y-
junction that merged into a single outlet. A compositional
gradient was formed in the resulting blended solution stream
by the time it reached the outlet, which was connected to a
spinneret for electrospinning. The jet with a different mixing
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Figure 12. Fabrication of graded nanofiber mats using a microfluidic
device. (A) Schematic of the microfluidic setup for generating
nanofiber mats with tunable gradient profiles using two inlets to
supply gelatin and PLGA solutions at controlled ratios. (B, C) SEM
images of nanofiber mats fabricated with different gelatin-to-PLGA
ratios, alongside elemental analysis showing the carbon-to-oxygen
ratio in the fiber mats. (D) Characterization of the biochemical
gradient in the nanofiber mats using Rhodamine B and Human IgG-
FITC. Fluorescence intensity of the nanofiber mats as a function of
the relative concentrations of Rhodamine B and Human IgG,
illustrating their graded distribution within the fibers. Reproduced
with permission from ref 93. Copyright 2012 American Chemical
Society.

ratio between the two polymer solutions was then deposited
on a moving collector to form a nonwoven fibrous mat. Using
this method, compositional gradients were formed in the
nanofibers by varying the ratio of gelatin to PLGA. As shown
in Figure 12B, SEM images showed significant differences in
fiber morphology depending on the polymer ratio, transition-
ing from thick, membrane-bridged, gelatin-rich fibers to
thinner, PLGA-dominated fibers. Elemental analysis (Figure
12C) was used to determine the carbon-to-oxygen ratio in the
fibers. Beyond composition, the platform was also employed to
create gradients in the concentration of bioactive molecules.
Fluorescent dyes of vastly different molecular weights,
including Rhodamine B (479 Da) and human IgG-FITC
(160 000 Da), were successfully coelectrospun with the fibers,
creating a 1D gradient in fluorescence intensity (Figure 12D).
The authors also demonstrated that mesenchymal stem cells
(MSCs) cultured on the fiber scaffold showed specific
differentiation corresponding to the underlying biomolecular
gradient.

However, major challenges still hinder the direct integration
of cells with microfluidic assays, including high operational
costs, lengthy experimental procedures, and the reliance on
continuous pumping systems to maintain stable chemical
gradients and sustain cell viability over time. The dependence
on external equipment complicates the practicality of conven-
tional microfluidic platforms for biological applications. As
such, Javanmard and co-workers reported a stand-alone
microfluidic gradient chip for cancer biology studies that did
not require continuous pumping.”* The device could produce
linear or polynomial gradients in a cell culture chamber by
diffusion through hydrogel barriers, and it was used to
investigate cancer cell invasion under the gradient of
chemokine. By eliminating external pumps and directly
utilizing a reusable microfluidic insert on a culture dish, one
enhances the ease of use while maintaining a fine control over
the gradient profile, advancing the integration of microfluidic
technology with biomedical assays.

In summary, microfluidic devices for creating gradients have
evolved from simple dual-stream mixers that produce basic 1D
gradients to sophisticated platforms that offer tunable profiles,
higher complexity (e.g., multiple inputs, nonlinear gradients),
and integration with standard cell culture workflows. The
ability to precisely engineer surface gradients has created
opportunities in biomedicine by enabling tight controls over
cell migration and alignment, the design of graded scaffolds for
regenerative therapies, and the recreation of pathological
gradients for in vitro disease models. Ongoing improvements in
microfluidic design, such as 3D-printed gradient networks and
dynamic gradient control, are expected to expand the toolkit
for developing functionally graded surfaces and expanding their
biomedical applications.

Taken together, a detailed summary of these surface-based
strategies, such as their control strategy, achievable gradient,
resolution, scalability, and cost implications, is provided in
Table 1.

3. FABRICATION OF FUNCTIONALLY GRADED
MATERIALS

Functionally graded materials exhibit gradients in the bulk
rather than on the surface. Achieving spatial gradients in the
bulk of a material presents major challenges due to the
complexity in establishing internal gradients throughout the
3D volume. For example, one needs to overcome volumetric
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mass transport/diffusion limitations and maintain structural/
chemical stability in the entire bulk during fabrication. In this
section, we focus on three different strategies used for the
fabrication of functionally graded materials: diffusion, force-
driven movement, and layer-by-layer fabrication.

3.1. Diffusion

Diffusion provides an effective means for fabricating function-
ally graded materials by harnessing spontaneous molecular
redistribution at an interface along the thermodynamic driving
force, creating gradients in composition and properties.
Diffusion naturally leads to a gradual change in concentration,
as governed by either Fickian diffusion (driven by a gradient in
concentration) or a non-Fickian process (e.g., solvent—
polymer interactions),”> offering the advantages of a
predictable spatiotemporal evolution of gradients. By control-
ling variable parameters such as diffusion time, temperature,
boundary conditions, and matrix properties (e.g, polymer
mesh size), one can obtain gradients from the nanoscale to the
macroscopic scale. Diffusion creates gradients through natural
physicochemical equilibria, circumventing disruptive mechan-
ical or thermal interventions. The property, combined with its
scalability and ambient processing compatibility, ensures both
material integrity and functionally optimized transitions,
making it industrially viable, biologically congruent, and
uniquely suited for biomedical applications.

3.1.1. Diffusion of Molecules or Nanoparticles.
Controlling molecular diffusion in a matrix to establish
spatiotemporal gradients is an appealing method for fabricating
graded biomaterials. The principle operates based on Fick’s
laws of diffusion, where the net molecular flux from regions of
high concentration to regions of low concentration drives the
formation of a gradient over time and space.”® In one
demonstration, Choi and co-workers fabricated polyacryla-
mide-acrylamide (PAA) hydrogels with graded stiffness by
controlling the diffusion of unreacted cross-linker and
monomer into a prepolymerized hydrogel sink.”” Briefly,
acrylamide monomers and N,N’-methylenebis(acrylamide)
cross-linkers were poured into a glass mold and covered with
a glass coverslip with an angled ramp of 3° in the vertical plane.
In this case, the polymerization of the precursor resulted in the
formation of a PA hydrogel with a wedge-shaped structure.
Then, a second solution containing acrylamide precursor at
different concentrations was incubated with the first PA gel,
during which the precursor gradually diffused into the
hydrogel. Because the thinnest areas of the second hydrogel
component suffered the greatest proportional loss of
monomers/cross-linker, a gradient in stiffness was formed.
After polymerization of the second component, the PAA gel
composed of two sequentially polymerized, inversely oriented,
ramp-shaped components was obtained (Figure 13A,B). The
Young’s modulus of the gel parallel to the ramp axis measured
by AFM confirmed the formation of a gradient in stiffness
(Figure 13C). The mechanism responsible for creating the
gradient also suggested an accompanying pore-size gradient
along the hydrogel surface, as higher degrees of cross-linking
would result in smaller pore sizes in the stiffer regions (Figure
13D). Cryo-SEM images demonstrated a gradient in pore size
across the surface of the PAA gel (Figure 13E), with pore sizes
gradually decreasing from 11 + 5.2 ym in low-stiffness regions
to 4.1 + 0.4 um in the high-stiffness areas. The gradient of
stiffness in the hydrogel led to distinct cell responses, including
variations in cell morphology, migration, and differentiation.
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Figure 13. Fabrication of a hydrogel with gradients in porosity and
stiffness based on molecular diffusion. (A) Schematic illustration of
the double polymerization process for the fabrication of a graded
hydrogel. (B) Schematic of the graded hydrogel, with three zones of
different porosities marked out by blue, green, and red along the
direction parallel to the ramp. (C) Young’s modulus and (D) pore
size across the surface of the hydrogel. (E) Cryo-SEM images of a
graded hydrogel at low (blue), middle (green), and high (red)
stiffness ranges. Reproduced with permission from ref 97. Copyright
2025 National Academy of Sciences.

Nanoparticles also undergo diffusion in the matrix from
regions of high concentrations to low concentrations, creating
a graded distribution.”®”” In one study, Xia and co-workers
fabricated a graded hydroxyapatite/PCL (HAp/PCL) scaffold
with a gradient in HAp content by leveraging both the
diffusion of HAp nanoparticles and PCL polymer chains in a
swollen matrix (Figure 14A).'% The process started with the
preparation of a HAp/PCL (with the mass ratio of HAp to
PCL fixed at 1:1) composite film by solution casting. A PCL
solution in 1,4-dioxane was then introduced onto the top of
the film to swell the HAp/PCL composite, followed by
evaporation overnight to remove the solvent. During the
process of swelling, some of the PCL polymer chains diffused
into the HAp/PCL composite with the solvent, and the HAp
nanoparticles in the swollen HAp/PCL composite moved to
the interface, creating a gradient in mineral content at the
interface between the composite film and the polymer solution.
Upon removal of the solvent, the PCL remaining in the
solution was deposited as a thin layer made of pure PCL on
top of the composite layer. The final sample exhibited a
sandwich structure comprised of a PCL region on the top, a
HAp-graded zone in the middle, and a HAp/PCL composite
layer with a fixed HAp content at the bottom. Laser
micromachining was then used to create an array of funnel-
shaped channels, with an opening ca. 200 ym in diameter at
the top and a center-to-center separation of ca.100 um, to
facilitate the seeding and migration of cells (Figure 14B).

The distribution of HAp nanoparticles along the thickness
direction of the film was characterized using Raman
microscopy. The relative HAp content in each region was
correlated to the ratio of the Raman shift intensity at 960 cm™
to that at 1724 cm™', corresponding to the P—O stretching of
HAp and the C = O stretching of PCL, respectively. The
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Figure 14. Fabrication and characterizations of a polymer scaffold
with a continuous gradient in mineral content. (A) Schematic
showing the fabrication process, where the gradient in HAp content is
formed as a result of swelling-induced interfacial diffusion. (B) Cross-
sectional SEM images of a HAp-graded scaffold with the channels
being drilled using a CO, laser. (C) Raman mapping of the HAp
distribution in the graded region. The color correlates to the intensity
ratio between the peaks at 960 cm™' (P—O stretch) and 1724 cm™
(C=0 stretch), which correspond to HAp and PCL, respectively. (D)
Representative Raman spectra recorded from different sites are
indicated in (C). Reproduced with permission from ref 100.
Copyright 2021 Wiley-VCH.

Raman spectra recorded from the regions of interest, as
indicated in Figure 14C by color dots, are displayed in Figure
14D."% In the transition zone, the Raman shift intensity at 960
cm™" (P—O stretching of HAp) gradually increased from the
upper part to the lower part along the vertical direction, while
the Raman shift intensities at 1031—1109 cm™" (C—C stretch),
1281—1306 cm™' (CH, bend), 1418—1474 cm™' (CH, twist),
and 1724 cm™" (C = O stretch) for PCL gradually decreased,
demonstrating the graded distribution of HAp. Since the
formation of a gradient in HAp content in the transition zone
was caused by swelling-induced diffusion, the length scale of
the gradient was directly related to the extent of swelling for
the HAp/PCL composite film. By varying the extent of
swelling for the composite film, the length scale of the mineral
gradient could be tuned from $.8 to 55 um.

3.1.2. Diffusion of Thermal Energy. In addition to the
diffusion of substances such as molecules and nanoparticles,
the diffusion of thermal energy can also be leveraged for the
fabrication of functionally graded materials. Thermal energy
diffusion occurs when a temperature gradient exists between
two materials in direct contact, moving from the hotter region
to the colder one. The presence of a heat source and a sink
quickly establishes a temperature gradient in the material
involved. A graded gel can be fabricated when a temperature
gradient is applied to a system containing a thermosensitive
sol—gel precursor. Analogous to how Fick’s Law models mass
diffusion, heat conduction (thermal energy diffusion) can be
modeled using Fourier’s Law, predicting how heat distributes
and temperature changes over space and time, and potentially
guiding the design of functionally graded materials.

A notable example where energy diffusion is utilized to
fabricate graded materials is the creation of a poly-
(dimethylsiloxane) (PDMS) gel with a gradient in stiffness.
As a biocompatible thermoset polymer, PDMS has been widely
used in biomedical applications, including gene delivery,101
implant coating,'”” and ex vivo and in vivo scaffolds.'”>'**
Voelcker and co-workers fabricated PDMS with a controlled
gradient in cross-linking density and stiffness using the
commercially available Sylgard 184 kit, aiming to modulate
the osteogenesis of MSCs.'”* The cross-linking relied on a
platinum-catalyzed hydrosilylation reaction between the vinyl-
terminated dimethylsiloxane base material and the Si—H bond-
containing curing agent.'*>'%® Given the established influence
of curing temperature on cross-linking density and mechanical
strength,'”’~"'? the authors utilized a hot plate held at 120 °C
to generate a temperature gradient. The approach produced a
continuous gradient in stiffness, ranging from 190 kPa to 3.1
MPa across a distance of 12 mm, which reduced the number of
samples required for investigating the mechanotransduction of
mammalian cells and enabled high-throughput in vitro
experiments.

The fabrication method based on thermal diffusion is also
applicable to polymers capable of physical cross-linking
through noncovalent interactions, such as hydrogen bonds,
ionic interactions, or hydrophobic interactions.''" Poly(vinyl
alcohol) (PVA), for instance, can be physically cross-linked
without involving chemical cross-linkers through the formation
of hydrogen bonds and chain entanglement. A notable method
for achieving physical cross-linking is freeze—thawing, which is
particularly effective for fabricating functionally graded
materials. In one study, Lee and co-workers prepared PVA-
based cylindrical hydrogels with a gradient in stiffness using a
liquid nitroFen (LN,)-contacting gradual freeze—thawing
method."">'" During freezing, water in the PVA polymer
solution crystallized and expelled the polymer chains from the
ice lattice, increasing the local concentration of PVA in the
nonfrozen region. The high concentration of polymer
facilitated the formation of intermolecular hydrogen bonds,
creating PVA crystallites that served as physical cross-linking
points to stabilize the network. The final hydrogel structure
directly depended on the freezing temperature and cooling
rates. In the fabrication (Figure 15A), LN, was placed at the
bottom of a cylindrical mold containing a mixer of PVA and
hyaluronic acid (HA). The pool of LN, served as a freezing
source to generate a temperature gradient along the vertical
direction. The thermal energy diffusion resulted in a
crystallinity gradient from the bottom to the top (Figure
15B), which in turn yielded a gradient in compress modulus
(or stiffness) decreasing with the distance from the freezing
source (Figure 15C).

Beyond freeze—thawing, PVA can also be cross-linked
through heat treatment. Although this approach has not yet
been experimentally demonstrated for creating graded
materials, it may offer a theoretically feasible method for
fabricating hydrogels with graded properties. Heating a PVA
solution disrupts the hydrogen bonds between water and the
hydroxyl groups of the polymer, thereby freeing the groups to
interact with each other and form PVA crystallites that stabilize
the 3D hydrogel network."'*'"> The resulting PVA hydrogels
exhibit mechanical properties dependent on the cross-linking
density. They are also expected to show enhanced stability in
an aqueous environment and improved selective permeability
due to reduced water interactions.''® As a result, supplying a
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Figure 15. Fabrication of materials with a gradient in cross-linking
density by leveraging the diffusion of thermal energy. (A) Schematic
showing the gradual increase in cross-linking density of a PVA/HA
mixture through repeated freeze—thawing cycles with LN, at the
bottom. (B) Mechanism of the formation of graded PVA/HA
hydrogel with a gradual increase in cross-linking density from the top
to the bottom. (C) Gradient in mechanical property (compressive
modulus) along the longitudinal direction (n = 3) as a function of the
distance from the LN,-contacted side. Reproduced with permission
from ref 113. Copyright 2016 Elsevier.

heat source to generate a temperature gradient within a PVA
solution could produce PVA structures with graded selective
permeability, opening avenues for biomedical applications. In
principle, the method can be extended to other polymers
exhibiting temperature-dependent curing or sintering proper-
ties. For instance, methylcellulose (MC) undergoes a process
like that of PVA at elevated temperatures. High temperatures
can reduce the interactions between MC chains and water,
exposing —CH; groups and driving strong hydrophobic
interactions among these groups, thereby facilitating the self-
assembly of an interconnected gel network.""” It is reasonable
to hypothesize that the diffusion of thermal energy can be
leveraged to produce graded MC hydrogels. More broadly, a
deeper understanding of the mechanisms governing temper-
ature-dependent sol—gel transitions would significantly ad-
vance efforts in fabricating functionally graded materials.""®

3.2. Force-Driven Movement

In addition to diffusion, the movement of molecules and
nanoparticles under an external force can also be used to create
gradients in bulk materials. The technique utilizes an externally
applied force (e.g, gravitational, centrifugal, magnetic, or
electrostatic) to induce differential migration of molecules or
nanoparticles within a matrix based on their intrinsic properties
(e.g., size, shape, density, magnetic susceptibility, and charge
density, among others). This approach leverages the external
energy input to break diffusion constraints, offering unparal-
leled speed, precision, and design flexibility for creating
continuous gradients. By tightly manipulating the magnitude,
direction, and/or duration of the applied force(s), as well as

the physicochemical properties of the matrix, nanoparticles are
driven to segregate spatially in the matrix. The controlled
fractionation process generates compositional gradients,
resulting in regions exhibiting distinct physicochemical proper-
ties, such as density,119 refractive index,'*° conductivity, and/
or mechanical modulus.*>'*' Particularly, a multitude of
theoretical models have been developed through the years to
simulate the gradient before the fabrication process, allowing
for prediction and control of the extent and directionality of a
gradient, offering a high degree of customization in the
development of functionally graded materials. The fabrication
strategy provides new opportunities for engineering complex
material systems that mimic the multifunctionality and
adaptability of natural tissues, thereby advancing the frontiers
of biomaterials science.

3.2.1. Gravitational Force and Buoyancy. Earth exerts a
gravitational force on any object with mass. Such a force can
induce a gradient in concentration by causing differential
settling of objects based on the mass or diffusion within a
matrix. In one example, Li and co-workers fabricated a
conductive liquid metal-PVA hydrogel containing a gradient in
liquid metal content by leveraging the sedimentation of liquid
metal microdroplets of different sizes within the hydrogel.'*”
First, liquid metal microdroplets with diameters in the range
1-25 pm were obtained through sonication in ethanol. The
liquid metal microdroplets were dispersed in a PVA solution
and then poured into a dog-bone-shaped polytetrafluoro-
ethylene mold. The relatively larger liquid metal microdroplets
would settle down faster than smaller ones and assemble at the
bottom of the PVA matrix due to gravity (Figure 16A).

Lower surface

PVA
solution

Upper surface

Upper surface

Figure 16. Fabrication of a graded material through size-dependent,
gravitational-force-driven sedimentation. (A) Schematic showing the
fabrication of liquid metal-PVA hydrogel by leveraging the gravity-
induced sedimentation of liquid metal microdroplets. (B) Schematic
showing the as-obtained liquid metal-PVA hydrogel. (C) Optical and
SEM images of the lower and upper surfaces of the liquid metal-PVA
hydrogel. Reproduced with permission from ref 122. Copyright 2023
the Author(s) (CC BY 4.0).

Subsequently, the resulting solution was subjected to freeze—
thawing cycles to form a PVA hydrogel with a gradient in
liquid metal content (Figure 16B). As shown in the optical and
SEM images of the lower and upper surfaces of the liquid
metal-PVA hydrogel (Figure 16C), the silvery, reflective
appearance observed on the lower surface indicated gravita-
tional accumulation of liquid metal microdroplets. The
bottom-enrichment, driven by the self-gravity of the droplets,
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imparts the hydrogel with ultrahigh conductivity while
preserving the integrity of the PVA matrix.

Tightly controlling the movement of nanoparticles under
gravitational force, such as limiting their movement in a matrix,
also enables the formation of graded materials. In one
demonstration, a gradient was created by controlling the
gravitational-force-driven movement of HAp nanoparticles in
the pores of an inverse opal scaffold (Figure 17A)." Inverse
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Figure 17. Fabrication of graded materials through gravity-driven
limited sedimentation. (A) Schematic showing the preparation of a
PLGA inverse opal scaffold with a mineral gradient. (B) Micro-CT
image of the graded PLGA inverse opal scaffold and (C) MPI analysis
of the graded scaffold. The yellow lines in (B) indicate the boundaries
of the analyzed areas. Reproduced with permission from ref 1.
Copyright 2017 Wiley-VCH.

opal scaffolds are characterized by a well-defined, highly
ordered array of uniform and interconnected pores. With
uniform pores, interconnecting windows, and excellent batch-
to-batch reproducibility in physical properties, inverse opal
scaffolds serve as a versatile and biomimetic platform for tissue
repair, including bone, cartilage, and osteochondral regener-
ation. In a typical process, uniform gelatin beads with an
average diameter of ca. 200 pm were fabricated using a
microfluidic device and then used as a template for generating
an inverse opal scaffold. The gelatin beads were assembled into
a cubic close-packed lattice in a centrifuge tube, followed by
preheating at 80 °C to induce necking (partial fusion) between
adjacent beads. After heating for 15 min, a methanol
suspension of HAp nanoparticles was added to the centrifuge
tube. Driven by gravitational force, the HAp nanoparticles
settled onto the top surface of the lattice and entered the void
spaces among the gelatin beads. Since the beads were soft and
sticky at this temperature, the HAp nanoparticles would stick
to the surface of the gelatin beads. As the annealing time
increased, the pores at the top surface of the lattice gradually
closed, thereby limiting the movement of nanoparticles and
facilitating the formation of a mineral gradient. Afterward, the
lattice was infiltrated with a PLGA solution to fix the HAp
nanoparticles trapped in the void spaces. After removing the

gelatin template, an inverse opal scaffold with a gradient in
mineral content was obtained. Figure 17B shows a
representative microcomputed tomography (micro-CT)
image of the graded inverse opal scaffold, clearly indicating a
gradual change in mineral content along the vertical direction
through the scaffold. Mean pixel intensity (MPI) analysis of
the micro-CT images in Figure 17C further confirmed the
graded HAp content along the vertical direction of the scaffold.

Buoyancy, a net upward force exerted on a substance
immersed in a fluid, arises from the gravity-induced pressure
gradient within that fluid. Archimedes’ principle dictates the
upward or downward movement of objects based on their
density relative to that of the surrounding fluid. Greater density
differences lead to faster sedimentation, while increased base
material viscosity slows the movement. Therefore, the
buoyancy-induced movement of nanoparticles can also be
used to fabricate graded materials. By fine-tuning the density
and viscosity of the fluid, the sedimentation of the substance
and thus the resultant gradient can be tuned. For example,
Shukla and co-workers fabricated a cenosphere/polyester resin
composite exhibiting a graded distribution of Cenospheres by
employing buoyancy-driven diffusion.'”® Utilizing the differ-
ence in density between the two substances and the good
gelation capability of the resin, the authors achieved a
continuous gradient in Cenospheres over a distance of 250
mm. The material showed gradients in mechanical properties,
including dynamic modulus, compressive strength, and fracture
toughness, which are dependent on the concentration of
Cenospheres. In another report, Zhang and co-workers
prepared PVA/bacterial cellulose (PVA/BC) scaffolds with a
gradient in HAp content using the buoyancy-driven method,
with BC acting as a viscosity modifier for PVA to control the
movement of HAp.'”* The HAp-graded scaffolds showed good
osteoinductivity when cultured with preosteoblast cells,
holding promise for bone regeneration.

To generalize the buoyancy-driven approach, Stevens and
co-workers developed a controlled two-component mixing
system capable of producing graded distributions of various
cargo species through a simple injection of one fluid material
into another, followed by polymerization or gelation to
preserve the gradient (Figure 18A)."'” Both stepwise and
continuous gradients can be created by varying the injection
rate and/or the density differences between the two phases
(Figure 18B). As suggested by the authors, the only
requirement was two miscible and curable liquid phases with
a sufficient difference in density. In cases where the density
difference is too small to provide enough driving force, a
density modifier can be included to facilitate the formation of a
gradient. This method has broad applicability across a range of
cargoes, encompassing inorganic (Au nanoparticles), organic
(liposomes), and biological (dextran and avidin) nanomaterials
and a variety of base materials such as gelatin methacryloyl,
gellan gum, agarose, and acrylate polymers (Figure 18C). As
expected, the tissue engineering constructs featuring a gradient
in BMP-2 could induce graded osteogenesis.

3.2.2. Centrifugal Force. While gravitational force and
buoyancy provide a simple means for generating gradients, the
resulting structures are inherently limited by the density and
size of the particles, restricting the scope of applications. In
contrast, utilizing more controllable forces, such as centrifugal,
electrostatic, and magnetic forces, to control the movement of
nanoparticles offers significant advantages for gradient
formation. The advantages include enhanced control over
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Figure 18. Buoyancy-driven formation of a graded material. (A)
Schematic showing the formation of a graded material by buoyance-
induced equilibration between two types of solutions or suspensions
with different densities. (B) Photographs showing that the graded
pattern can be controlled by adjusting the injection rate and the
sucrose concentration in the base layer. (C) Photographs of the as-
obtained graded materials and intensity profiles along the longitudinal
direction for each structure. Reproduced with permission from ref
119. Copyright 2019 the Author(s) (CC BY 4.0).

the gradient profile, increased material versatility, accelerated
processing, and the capability to generate gradients in materials
with complex geometries. Moreover, the use of these forces
helps minimize environmental disturbance while ensuring
greater consistency and precision in gradient formation. As a
good example, centrifugation-driven sedimentation has been
actively explored to fabricate functionally graded materials.
When applied to a homogeneous particle suspension in a
viscous fluid, centrifugal force generates a graded distribution
of the dispersed phase. Governed by well-established
theoretical models, the process enables rapid and controlled
fabrication of graded materials. Stoke’s law can be used to

describe the movement of spherical particles:'*>~"**
E 2
Ipp - pf'FggDP
p=—F£
187

where v, p,, pj F, F, g D, and 75 represent particle velocity,
density of the particle, density of the fluid, centrifugal force,
gravity force, gravitational acceleration, diameter of the
particle, and viscosity of the fluid, respectively.129 In applying
centrifugation-driven sedimentation to fabricate functionally
graded materials, theoretical predictions of the movement of
the dispersed phase should be correlated with key
centrifugation parameters, including rotational speed, slope
angle, distance from the center of the rotor, size of the
centrifuge container (diffusion distance), and duration of
centrifugation."* For instance, as demonstrated by Célfen and
co-workers, high rotational speeds yield a sigmoidal gradient of
particle distribution due to the dominance of sedimentation
over diffusion. In contrast, low rotational speeds typically
generate an exponential gradient.'”"

The centrifugation-driven sedimentation method can be
used to generate gradients in pore size, porosity, and

composition. For example, Lee and co-workers fabricated a
PCL scaffold with gradients in pore size and porosity by
centrifuging PCL fibrils, followed by heat treatment to weld
the fibrils and thus preserve the gradients.'”” In a follow-up
study, leveraging the gradient in surface area associated with
the porosity difference, a graded distribution of growth factor
was achieved by immobilizing them on the PCL surface. The
resultant scaffold could be used to guide cell migration, nerve
repair, and angiogenesis.">> Guided by a theoretical model,
Scaglione and co-workers successfully fabricated PCL- and
collagen-based scaffolds with gradients in porosity and HAp
content using a combination of centrifuigation and freeze-
drying to mimic the structure of bone.” The fabricated
scaffolds matched theoretical predictions, demonstrating their
potential for customizable design.

3.2.3. Electrostatic Force. An electric field can also drive
the formation of a gradient when the precursor consists of
charged species. In a typical process, a precursor solution or
suspension is positioned between two electrodes of opposing
charges. The applied electric field can induce electrophoretic
migration, resulting in a graded distribution of charged species,
which is then preserved by curing the matrix. The velocity of
the moving charged species, also known as electrophoretic
mobility (v,,), depends on the charge (g), size (r), viscosity of
the medium (7), and intensity of the electric field (E):"**

y, =3
T 6myr

The equation provides a valuable framework for estimating
and predicting the resulting gradient, despite potential
variations in viscosity during the sol—gel transition. Manipulat-
ing the electric field intensity, gelation parameters, and the
charge and size of the charged species offers practical handles
to control the gradient profile.'”

The electrostatic force-based method has enabled the
creation of gradients in composition, structure, and/or
mechanical properties. To generate a compositional gradient,
the active component needs to be intrinsically charged or
chemically modified before being exposed to the electric field.
Similarly, usin§ charged polymers or precursors, such as silk
fibroin, 213913 a5 the matrix enables the creation of structural
or mechanical gradients. Multiple gradients can also be
simultaneously incorporated into the bulk of a material."*” In
one example, Han and co-workers prepared shape-morphing
hydrogels with a gradient in silk fibroin network that could
conformally interface with biological tissues having complex
morphologies or large curvatures. *® Specifically, a mixture of
silk fibroin, horseradish peroxidase (HRP), and hydrogen
peroxide (H,0,) was placed between two electrodes.
Catalyzed by HRP, silk fibroin macromolecules were cross-
linked into a homogeneous hydrogel in the presence of H,O,.
The application of an electric field across the electrodes
resulted in the accumulation of H* near the anode, attracting
the negatively charged silk fibroins and generating a gradient in
cross-linking density across the hydrogel (Figure 19A,B). The
internal morphology was preserved via freeze-drying and
examined using 3D X-ray microscopy (Figure 19C) and SEM
(Figure 19D). Both methods consistently gave a denser
network closer to the anode, and the gradient was extended
throughout the hydrogel. The gradient in cross-linking density
naturally translated to a gradient in mechanical property. In
particular, the cross-linking density of the hydrogel could be
tuned by varying the initial concentration of H,O,, rendering a
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Figure 19. Fabrication of graded materials using electrostatic force or
electric field. (A) Schematic illustration of the fabrication of a silk
fibroin hydrogel with a structural gradient. The chemically cross-
linked silk fibroin network migrates toward the anode under an
electric field, resulting in a graded hydrogel after being released from
the electrodes. (B) Schematic showing the migration of the silk
fibroin network under an electric field, which also results in a pH
gradient. (C) Cross-sectional X-ray scan images of the graded silk
fibroin hydrogel, with the cutting plane shown in the corresponding
inset. (D) Cross-sectional SEM images of the graded silk fibroin
hydrogel, showing the decrease in pore size from the cathode (i) to
the anode (iii). Reproduced with permission from ref 136. Copyright
2023 the Author(s) (CC BY-NC-ND 4.0).

wide range of modulus values to match the properties of
diverse target tissues for biomedical applications. In another
example, Liu and co-workers also developed a silk fibroin-
based hydrogel with dual gradients in mechanical strength and
TGE-BL."*" Under the electric field, negatively charged silk
fibroins migrated toward the anode, increasing cross-linking
density and thus mechanical strength near the anode.
Concurrently, the growth factor, encapsulated in polymer
nanocapsules with a tunable positive surface charge, was
attracted to the cathode. The dual-graded system synergisti-
cally guided stem cell differentiation, facilitating the regener-
ation of cartilage and subchondral bone in a rabbit injury
model.

In the case where the polymers that construct the matrix are
electrically neutral, charged cross-linkers can be employed to
facilitate the formation of a graded material under an electric
field. In a series of reports, for example, Xu and co-workers
demonstrated that Laponite, a negatively charged synthetic
clay, could serve as a good physical cross-linker for poly(N-
isopropylacrylamide) (PNIPAM) and be leveraged to fabricate
graded PNIPAM hydrogels."”’~'** When subjected to an
electric field, Laponite particles migrated toward the positively
charged anode to generate a gradient in concentration that
decreased from the anode to the cathode. As a result, the cross-
linking density of the PNIPAM hydrogel decreased when
approaching the cathode, rendering a material with a gradient
in stiffness. Similarly, Chang and co-workers used negatively
charged, naturally derived tunicate cellulose nanocrystals as
both the cross-linker and reinforcement filler for a PNIPAM-
based nanocomposite hydrogel to improve its mechanical

properties."*" In another study, Yan and co-workers fabricated
a gel with a %radient in Young’s modulus to mimic the human
finger skin.!** A cationic cross-linker that accumulated around
the cathode was used to generate the gradient. Following
photo-cross-linking and solvent displacement, an ionic liquid-
based gel was obtained (Figure 20A). In general, the intensity
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Figure 20. Fabrication of a graded ionic liquid-based gel under an
electric field. (A) Schematic showing the fabrication process that
employs an electric field to prepare a graded ionic liquid-based gel.
(B) Cross-sectional SEM images of the entire structure (left side) and
a partially enlarged view (right side) of the freeze-dried ionic liquid-
based gel. (C) Gradient in Young’s modulus from the cathode to the
anode. (D) Simulations comparing the pressure-response of
homogeneous and graded ionic liquid-based gel. Reproduced with
permission from ref 142. Copyright 2021 Wiley-VCH.

of the electric field needs to be optimized, as excessively high
voltages can cause gel decomposition or hinder sol—gel
transition due to the depletion of cross-linker near the
anode. As shown by the cross-sectional SEM images in Figure
20B, the pore size increased from cathode to anode, correlating
with a decrease in cross-linking density. The structural gradient
led to a corresponding gradient in Young’s modulus (Figure
20C), which decreased by more than 4-fold from the cathode
to the anode. Mimicking human skin, the graded gel showed
enhanced sensitivity to low pressures and greater tolerance to
high pressures compared to the homogeneous counterpart.
Compressive stress—strain simulations showed that the
material detectably displaced at 1 kPa and was still
compressible at a pressure as high as 1 MPa (Figure 20D).
3.2.4. Magnetic Force. As one of the four fundamental
forces of nature, the magnetic force arises from the motion of
charges in an electromagnetic field. Magnetic force is exerted
when a magnetically responsive component is placed in a
magnetic field. For example, when SPIONSs are dispersed in a
matrix and a magnetic field is applied, the magnetic force
drives their migration within the fluid.'"*> The process is also
referred to as magnetophoresis, which moves the nanoparticles
along the magnetic field lines, " **'*° generating a gradient in
concentration of the magnetically responsive component.
Magnetophoresis can be used to fabricate composites with
graded properties. In one demonstration, a graded composite
material was fabricated by leveraging the magnetophoresis
capability of SPIONs in a resin matrix (Figure 21A)."*® A
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Figure 21. Fabrication of graded materials with compositional

gradient in a magnetic field. (A) Schematic illustration of the steps
for the creation of graded composite materials comprised of a resin
and Fe;0,@Si0, nanoparticles. (B) Transmission electron micros-
copy image of a slice of the graded composite material to show the
spatial distributions of Fe;O,@SiO, nanoparticles. (A) Reproduced
with permission from ref 146. Copyright 2018 Wiley-VCH. (B)
Reproduced with permission from ref 147. Copyright 2017 The Royal
Society of Chemistry.

partially cured resin composite containing Fe;O,@SiO,
nanoparticles was spin-coated onto a layer of partially cured
resin film. Subsequently, a magnetic field was applied along the
vertical direction using a permanent magnet to move the
nanoparticles. After completely curing the resin by exposure to

UV light, a composite with a graded distribution of Fe;O,@
SiO, nanoparticles was obtained. Depending on the size and
fraction of the particles, the matrix viscosity, and the magnetic
field distribution, the length scale of the gradient could be
controlled in the range of 10 ym to a few millimeters (Figure
21B) 147

Magnetic force can also be used to control the micro-
structural architecture in graded materials. For example, during
magnetically assisted slip casting, an external magnetic field
was applied to dynamically align magnetically responsive
particles, such as alumina platelets coated with SPIONS, to
achieve graded composites with locally varying texture.'**
Specifically, as shown in Figure 22A, a slurry of the platelets
was poured into a porous, disc-shaped gypsum mold. Capillary
forces pulled the liquid into the pores of the mold, leaving
behind densely packed magnetic platelets, during which an
external rotating magnetic field would determine the
orientation of the platelets layer-by-layer as they were solidified
(Figure 22B). By rotating or reorienting the magnetic field in a
time-programmed manner, the alignment of the anisotropic
particles could be tuned to create graded composites with
locally varying textures. The magnetic field’s directional control
enables the formation of periodic reinforcement patterns (e.g.,
alternating plywood-like layers) or site-specific gradients (e.g.,
dentin-enamel junctions in synthetic teeth) by fixing the
orientation of magnetic particles through sintering or infusing
with polymers/metals (Figure 22C).

3.2.5. Shear Force. While the aforementioned methods
create graded distributions primarily by exploiting the
differences in density or other properties of the components,
an alternative strategy manipulates material flow to obtain a
gradient in fiber alignment using the differences in shear force.
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Figure 22. Fabrication of a material with a graded texture using a magnetic field. (A) Schematic illustration of the fabrication process. A porous,
disc-shaped gypsum mold is filled with a suspension of alumina platelets coated with SPIONs, whose orientation could be tuned using an external
magnetic field. Since the dimensions of the pores of the mold are smaller than the platelets, wetting the pores generates capillary forces that
continuously remove the liquid phase from the suspension to build a layer of jammed particles next to the mold wall while fixing their orientations.
(B) Gradient in platelet orientation can be tuned by programming the orientation of the magnetic field. (C) SEM images showing the periodic
platelet orientation patterns. Reproduced with permission from ref 148. Copyright 2015 Springer Nature.
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Figure 23. Fabrication of 3D collagen gel with continuous, graded fiber alignment by adjusting the input flow rate, which results in different shear
forces. (A) Schematic showing the structural gradient obtained by controlling the flow pattern and thus changing the shear force. Constricting the
flow leads to alignment, while expanding the flow results in random orientation. (B) Reflectance confocal microscopy images showing the gradient
in alignment after the formation of the collagen gel. Reproduced with permission from ref 150. Copyright 2023 the Author(s) (CC BY-NC 4.0).
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Figure 24. Fabrication of graded scaffold using layer-by-layer casting. (A) Schematic illustration of the layer-by-layer casting method. (B) Triphasic
scaffold with three distinct phases (A, B, and C) designed to match soft tissue, interface, and bone, respectively. (C) Photograph showing the
triphasic scaffold retrieved at 4 weeks postimplantation. (D) Optical micrographs of the explanted scaffold after Modified Goldner’s trichrome
staining. Reproduced with permission from ref 151. Copyright 2008 Wiley-VCH.

As demonstrated by Nazhat and co-workers, a negative
pressure arising from a change in the diameter of the flow
channels could be used to align collagen fibrils."*’ Following a
similar principle, Abhyankar and co-workers fabricated a 3D
collagen matrix with a gradient in fiber alignment to mimic the
ECM of a tumor. A pattern of positive, zero, and negative
extensional flow could be achieved by expanding and
constricting the microfluidic channel (Figure 23A)."*° The
shear force exerted by positive extensional flow aligned the
collagen fibrils, while the absence of that in the negative flow
region resulted in random fiber orientation. A continuous
gradient in fiber alignment was achieved across the interface, as
shown by the reflectance confocal microscopy images in Figure
23B. This technique enabled the fabrication of complex fiber
architectures, providing new routes for in vitro replication of
the ECM.

3.3. Layer-by-Layer Fabrication

Layer-by-layer fabrication is a straightforward and versatile
method for generating bulk gradients through iterative,
sequential deposition or adsorption of various components,
such as polymers, nanoparticles, or biomolecules, onto a
substrate or within a mold. The gradient is achieved by
deliberately modulating the concentration, composition, and/
or other parameters during each cycle of deposition. The
method enables a tight control over composition, thickness,
and functionality across the depth of a material in each layer.
Electrospinning or 3D printing-based layer-by-layer fabrication
also allows for the creation of gradients with complex
architectures. Although layer-by-layer fabrication often leads
to the formation of stepwise gradients, it is still possible to
create continuous gradients by involving other techniques,
such as microfluidic devices.
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3.3.1. Layer-by-Layer Casting. A simple method for
fabricating graded materials involves layer-by-layer casting of
solutions or suspensions with varying concentrations on a
substrate (Figure 24A). A subsequent sintering or molding
process can integrate the different layers into a graded material
comprised of two, three, or multiple phases. In one study, Lu
and co-workers fabricated a triphasic scaffold through layer-by-
layer casting for musculoskeletal interface tissue engineering
(Figure 24B)."" Briefly, Phase A, corresponding to the soft
tissue, was formed by sintering the segments of a polyglactin
polymer mesh in a cylindrical mold at 150 °C for 20 h. Phase
B, corresponding to the fibrocartilage region, was constructed
by sintering the PLGA microspheres at 55 °C for § h. Phase C,
corresponding to the bone, was fabricated by sintering a
mixture of PLGA and bioactive glass microspheres. Sub-
sequently, Phases A and B were joined and sintered on top of
Phase C by heating, creating a graded triphasic material. Due
to the layer-by-layer approach, a stepwise gradient rather than
a continuous one was formed. After implantation at the
anterior cruciate ligament-to-bone interface, the phase-specific
matrix heterogeneity was formed in the triphasic scaffold
(Figure 24C,D).

3.3.2. Brush-Coating and Spin-Coating. For layer-by-
layer casting, the number of layers to be deposited and the
thickness of each layer are limited due to the difficulty of
operation and repeatability. Other deposition techniques, such
as brushing or spin-coating, allow for a tight control over the
number and thickness of each layer in the graded material. For
example, brush-coating was employed to fabricate HAp-graded
scaffolds with the length scale of the gradation controlled down
to the micrometer scale (Figure 25A)."%” Specifically, a series
of 16 wt % PLGA solutions in 1,4-dioxane with varying HAp
concentration were brush-coated on the surface of a substrate
using a nail polish brush in a layer-by-layer manner. As the
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Figure 25. PLGA scaffold with a gradient in mineral content, which
was fabricated through layer-by-layer brushing. (A) Schematic of the
brush-coating method. (B, C) EDX mapping of elements in the
transition zone showing the graded distributions of (B) calcium and
(C) carbon, respectively. (D) Quantification of calcium content along
the film thickness direction (n = 3), where the x-axis indicates the
distance away from the position with the highest mineral content. (E)
Local Young’s modulus along the mineral gradient (n = 6). The
numbers 1 and 7 represent the unmineralized and highly mineralized
regions, respectively. Significant differences for all pairwise compar-
isons are accepted at *p < 0.05. Reproduced with permission from ref
152. Copyright 2018 Wiley-VCH.

HAp/PLGA suspension of the subsequent layer was deposited,
the freshly introduced solvent would anneal the adjacent two
layers and contribute to the formation of a seamless interface.
After complete removal of the solvent through evaporation, a
scaffold with a gradient in HAp content was obtained. As
shown by energy-dispersive X-ray spectroscopy (EDX)
mapping and the elemental ratio in Figure 25B-D, the scaffold
had a graded transition zone of ca. 37 pm in thickness. This
value is comparable to the length in mineral gradation at the
tendon-to-bone insertion. As shown in Figure 2SE, the Young’s
modulus monotonically increased with the increase in HAp
content along the thickness direction. Such a mineral-graded
scaffold offers great potential for mitigating interfacial stress
concentrations between mechanically mismatched tissues and
recapitulates a key structural characteristic of the native
tendon-to-bone insertion.

Compared to brush-coating, spin-coating offers a tighter
control over the number and thickness of the deposited layers.
Spin-coating refers to the process of creating a uniform coating
with a well-controlled thickness by spinning a solution (or
suspension) at a high speed. Xia and co-workers demonstrated
that spin-coating could be adapted to fabricate scaffolds with
mineral gradients that mimic those of the native tendon-to-
bone insertion.”” Specifically, HAp/PCL suspensions with
decreasing HAp concentrations were sequentially spin-coated
on a silicon wafer (Figure 26A). During spin-coating, most of
the solvent evaporated, resulting in a uniform PCL thin film
with evenly distributed HAp nanoparticles. Raman spectros-
copy data showed a monotonic change in HAp content
through the depth of the graded HAp/PCL scaffold (Figure
26B,C). As a significant advantage over prior methods, the
high reproducibility of spin-coating ensured both layer-to-layer
and batch-to-batch consistency. In addition, the steepness of
the gradient and the length scale of the mineral-graded zone
could be conveniently tuned by adjusting the number of layers
with specific HAp/PCL concentrations, enabling a custom-
izable scaffold design. The method can be readily extended to
other combinations of polymers and inorganic nanoparticles.

3.3.3. Electrospinning. Electrospinning can also be used
as a powerful tool for constructing graded materials in a layer-
by-layer fashion. With tunable and controlled composition,
diameter, alignment, and porosity, electrospun fibers are widely
used in biomedical ap?lications as they closely mimic the
structure of the ECM."> Another advantage of electrospinning
is that functional components or structures can be easily
incorporated into the fibers using methods like blending,
emulsion, and coaxial spinning.'**~"*® Deposition of fibers
with different compositions and/or structures in a sequential
manner enables the creation of graded materials with variations
in mechanical, structural, and biological properties.

A tight control of material composition in each layer allows
for the fabrication of scaffolds with distinct functional zones. A
representative example is the trilayered periodontal scaffold
developed by Janowski and co-workers.”” Using sequential
electrospinning, they fabricated a scaffold consisting of three
compositional layers. The bone-facing layer contained PLA
and gelatin fibers incorporated with HAp nanoparticles to
promote osteogenesis. The middle layer was composed of
poly(D,L-lactide-co-¢-caprolactone) to serve as a mechanically
robust barrier with slow degradation. The epithelial-facing
layer, also based on PLA/gelatin fibers, was loaded with
metronidazole to confer antimicrobial activity. By altering the
electrospinning solution for each layer and stacking them in a
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Figure 26. PCL scaffold with a gradient in mineral content fabricated using layer-by-layer spin-coating. (A) Schematic illustration of the fabrication
process and a cross-sectional SEM image of the resultant graded HAp/PCL scaffold. (B) Representative Raman spectra recorded from different
regions of the cross-section along the vertical direction of the graded scaffold. (C) Plot of the ratio between the intensities of the peaks at 960 cm™
(P—O stretch) and 1724 cm™ (C=0 stretch), which correspond to HAp and PCL, respectively (1 = 3). The data set in panel (C) was presented as
mean + standard deviation. Reproduced with permission from ref 33. Copyright 2024 Wiley-VCH.
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Figure 27. Fabrication of a graded material by layer-by-layer electrospinning. (A) Schematic showing a PCL nanofiber scaffold with increasing
concentrations of Pluronic F-127 from top to bottom. (B) Photograph of the expanded PCL nanofiber scaffold after gas foaming, corresponding to
the schematic in (A). (C) Schematic showing the formation of different porosity in a PCL nanofiber scaffold with varying concentrations of
Pluronic F-127 during gas foaming. (D) Schematic showing the fabrication of a PCL nanofiber scaffold with dual gradients in porosity and fiber
organization. (E) Photograph of the expanded PCL nanofiber scaffold with a gradient in fiber organization ranging from aligned (bottom) to
partially aligned (middle) and random (top). (F) Cross-sectional SEM images of different layers of the expanded nanofiber scaffold, corresponding
to the sample shown in (D, E). Bottom row: higher-magnification views showing fiber arrangement in each layer. Reproduced with permission from
ref 159. Copyright 2020 Wiley-VCH.

controlled sequence, they created a spatial gradient in
functionality across the scaffold. The gradient design supported
bone regeneration at the defect interface, prevented infection,
and maintained structural stability, highlighting the potential of
engineering graded materials for complex tissue repair.

In addition to composition, fiber morphologies, such as
diameter, porosity, and alignment, can also be tuned during
electrospinning for the layer-by-layer fabrication of graded

materials. For example, Koh and co-workers fabricated a
trilayer electrospun gelatin scaffold with increasing fiber
diameters and pore sizes along its thickness using layer-by-
layer electrospinning, in which the solution concentration, flow
rate, and electrospinning time were systematically adjusted.">®
The resulting mechanical gradient with improved fracture
resistance and porosity enabled both load-bearing support and
cell infiltration during tissue regeneration. Besides manipulat-
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Figure 28. Fabrication of a graded scaffold using layer-by-layer 3D printing. (A) Schematic illustration of the layer-by-layer 3D printing process,
demonstrating tight controls over both composition and structure. (B) A full-thickness multiphasic osteochondral scaffold fabricated using layer-by-
layer 3D printing. (i) The combined structure, consisting of (ii) a cell-laden algMC zone resembling the articular cartilage; (iii) an interwoven
network of cell-laden algMC and CPC resembling the calcified cartilage; and (iv) a CPC-based zone resembling the subchondral bone. Phenol red
was added to the hydrogel for easy visualization. Reproduced with permission from ref 164. Copyright 2020 the Author(s) (CC BY 4.0).

ing fiber composition and morphology during electrospinning,
postprocessing techniques such as gas-foaming expansion have
been leveraged by Xie and co-workers to introduce structural
gradients into multilayered nanofiber mats. For instance, as
shown in Figures 27A—C, sequentially electrospun four layers
of PCL nanofibers with increasing concentrations of Pluronic
F-127 enabled gradation in porosity after a foaming process
with H, gas."”” Because higher Pluronic F-127 concentrations
would enhance H, bubble retention during foaming, greater
expansion and larger pore formation were achieved. As a result,
a vertical gradient in porosity was created throughout the
scaffold. The gradient can be used to induce spatial variations
in oxygen availability, which may influence hypoxia-mediated
stem cell responses and tissue-specific regeneration.

Furthermore, the gradients in fiber alignment can be
simultaneously incorporated by adjusting the rotational speed
of the collector during the sequential electrospinning
process.”>” As illustrated in Figure 27D, the fiber alignment
gradually changed from randomly oriented to highly aligned
along the vertical axis. Subsequent gas foaming expansion of
the alignment-graded mats resulted in dual gradients in
porosity and fiber orientation (Figure 27E,F). Notably, the
aligned regions exhibited more significant expansion, produc-
ing larger pores and reduced fiber density compared to the
randomly oriented regions. The differential expansion behavior
was attributed to the entanglement of random fibers, which
resisted expansion more than aligned structures. The dual-
graded architecture, spanning both porosity and alignment,
offers a powerful strategy for replicating the multiscale
anisotropy found in native tissues and for guiding cell
infiltration, alignment, and differentiation. In addition to the
variation in fiber alignment between layers, preserving
alignment while varying orientation angles could also introduce
different properties for the graded scaffolds. For example, Zou
and co-workers constructed a multilayer fibrous composite by
depositing aligned poly(D,L-lactide)/HAp fibers through layer-
by-layer electrospinning of aligned nanofibers at varying angles
(0°, 30°, 45°, and 90°), resulting in a composite with graded
mechanical properties.'® The mechanical gradients, along with
the incorporation of HAp in the fibrous composites, provided
favorable conditions for cell proliferation and osteogenic
differentiation.

3.3.4. 3D Printing. 3D printing, also known as additive
manufacturing, has emerged as a versatile, rapid prototyping
technique capable of fabricating objects with high structural
and compositional complexities in a layer-by-layer manner. As
an additive technique, 3D printing is ideal for layer-by-layer
fabrication of graded materials as it enables real-time and tight
manipulation of the local material composition and structural
features (Figure 28A). Additionally, 3D printing also allows the
creation of complex geometries. Among the seven broad
categories of 3D printing techniques defined by the American
Society for Testing and Materials (ASTM),'®" material
extrusion, material jetting, vat photopolymerization, and
powder bed fusion are most commonly used to fabricate
graded materials.'*>'*

In one study, Lode and co-workers fabricated a graded
scaffold using material extrusion-based 3D printing to mimic
the zonal structure of an osteochondral tissue, see Figure
28B(i).'** The scaffold consisted of a stepwise gradient. One
end of the scaffold comprised cross-linked alginate-methyl-
cellulose (algMC) loaded with primary chondrocytes to mimic
the articular cartilage, see Figure 28B(ii). In the transition
zone, an interwoven layer containing cell-laden algMC and
mineralized calcium phosphate cement (CPC) was fabricated
by alternating strand deposition to recreate the calcified
cartilage structure, see Figure 28B(iii). The other side
consisted of mineralized CPC to mimic subchondral bone,
see Figure 28B(iv). The graded scaffold offered the possibility
to embed chondrocytes for differentiation in both mineralized
and nonmineralized environments. Additionally, the additive
nature of 3D printing allows one to control the thickness,
geometry, and microstructure of each layer. With the aid of
magnetic resonance imaging data, patient-specific scaffolds can
be created to match the anatomical features of an individual
patient. As for the bone zone, the porosity of the inner and
outer regions can be adjusted to match the highly porous
cancellous bone and the dense cortical bone, respectively, as
demonstrated by Eryildiz in his work on a PLA-based graded
bone scaffold.'®

Material jetting-based 3D printing also allows for the
fabrication of compositionally graded materials by controlling
the jetting of different materials from the multinozzle print
heads. After deposition, the jetted material typically needs to
solidify to form the 3D structure, usually via thermal, chemical,
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Figure 29. Graded materials fabricated using a microfluidic device. (A) Schematic showing the setup of the valve-based flow focusing chip. (B)
Optical micrographs of the device for Pv = 0 and 2 bar showing the squeezing of the orifice, and orifice size as a function of Pv; the confocal Z stack
renderings were obtained by injecting a fluorescent dye into the orifice. (C) Optical micrographs of the device during foaming for different Pv
values. (D) 3D reconstructions of graded materials obtained from micro-CT scans, along with vertical cross-sectional images illustrating the
variation in pore size along the z-axis (left). Corresponding normalized pore size distributions are shown on the right. Insets: The changes of Pv
with the function of time. Reproduced with permission from ref 186. Copyright 2019 Wiley-VCH.

or photocuring mechanisms.'*® Consequent?r, materials such
as silicone elastomers'®” and hydrogels'®®'®” are commonly
used in material jetting processes for fabricating graded
materials. Vat photopolymerization-based 3D printing can be
used to fabricate graded materials by selectively curing liquid
photopolymers layer-by-layer using a tightly controlled laser
beam. Upon completion, the entire structure is usually
subjected to postcurin§ by light or heat to improve the
mechanical properties. ’° Compositional gradient can be
achieved using multivat systems that allow for layer-specific
photopolymer changes'”" or by integrating a mixing system to
alter the resin composition before curing.'”> Analogous to the
use of a grayscale mask for creating surface gradients on
photosensitive materials (Section 2.2), structural gradients can
be formed within a single photopolymer by applying a
continuously graded grayscale light pattern to modulate the
curing conditions. For example, using an acrylate-based
photopolymer, Qi and co-workers developed a single-vat gray
scale digital light processing (DLP) method to fabricate
complex structures with graded properties.'”> Both the cross-
linking density and the elastic modulus decreased as the
percentage of gray scale increased, with the modulus being
varied from 1.4 MPa to 1.3 GPa. The authors demonstrated
that a presurgical limb model with stiff bone surrounded by
pliable muscle could be fabricated in a single process using the
technique. Compared to other 3D printing techniques, vat
photopolymerization allows for high printing resolution (<2
um) and therefore the creation of structures with intricate
geometries.

Powder bed fusion represents another category of 3D
printing extensively utilized for the fabrication of functionally
graded materials. During the process, the powders are spread
on a platform that gradually lowers as the layers build up,
forming a powder bed. A high-power laser, such as Nd:YAG or

CO,,"”* provides thermal energy to fuse certain regions within
the powder bed selectively. Graded materials can be fabricated
by modifying either the powder composition or the energy
input spatially. Achieving a compositional gradient using
powder bed fusion often involves sophisticated procedures,
such as premixing of powders' > or the use of specialized
multipowder deposition systems to vary the material
constituents across layers or regions.176 Ensuring homogeneity
and tight control can be challenging. Structural gradients are
more readily achievable because process parameters such as
laser power, scanning speed, and scan strategy can be spatially
modulated to customize local density or porosity.'””~""”

Despite the advantages offered by 3D printing in fabricating
graded materials, several factors still require careful consid-
eration for successful biomedical applications. Similar to other
layer-by-layer fabrication techniques, 3D printing suffers from
delamination between discrete layers. Many refinements to
current techniques aim to resolve the problem while
maintaining overall printing capability."*”'*" However, the
delamination issue would become more prominent when a
graded structure with internal dissimilarities is fabricated.
Another major challenge for broadening the biomedical
applications of 3D printed structures is balancing printability
and biocompatibility. In many 3D printing processes, only a
limited number of biocompatible materials meet the
rheological or thermal property requirements necessary for
successful printing. Some methods, such as the fused
deposition modeling, which involves a high-temperature
melting step, are inherently incompatible with cell-loaded
raw materials. Uncovering materials and processing conditions
that maximize both printability and biocompatibility is of
critical importance.

3.3.5. Microfluidics Integrated with Layer-by-Layer
Fabrication. As discussed in Section 2.4, microfluidic
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Figure 30. Graded materials fabricated using a combination of microfluidic devices and 3D printing techniques. (A) Schematic showing the
fabrication of the graded scaffold. (B) Photograph of the graded scaffold. (C) Fluorescence micrograph showing the construct containing a gradient
in RFP-HUVECs (red) and GFP-HUVECs (green) distribution. (D) Quantitative analyses of the fluorescence intensities in (C). (A, B)
Reproduced with permission from ref 187. Copyright 2019 IOP Publishing. (C, D) Reproduced with permission from ref 172. Copyright 2021

Wiley-VCH.

technology allows for the creation of gradients via controlled
laminar flow and diffusion. Beyond surface patterning,
microfluidics integrated with layer-by-layer fabrication can
also produce functionally graded materials. Unlike surface
gradients confined to a thin superficial layer, bulk gradients
necessitate compositional control throughout the volume of
the material. Microfluidic devices offer a distinct advantage
over traditional mixing methods by providing stable laminar
flows and enhanced control over solute distribution through
embedded mixing modules.

In the generation of gradients, efficient mixing of multiple
precursor solutions within the microchannels is critical.
Advanced strategies such as chaotic advection, serpentine
flow paths, and barrier-based mixers promote rapid and
reproducible mixing, enabling the formation of a gradient
across the bulk of a matrix."™~"** By tuning flow parameters
and microchannel design, one can generate volumetric
gradients that are essential for biomedical applications such
as the fabrication of tissue scaffolds, drug delivery systems, and
biomimetic constructs. The following examples highlight how
microfluidics can be combined with layer-by-layer assembly to
facilitate the construction of spatially controlled and composi-
tionally graded materials. One representative example of
advanced microfluidic mixing is the valve-based flow-focusing
(VEF) chip developed by Abate and co-workers.'®> In the
design, the orifice size, where bubble or droplet breakup
occurs, must be controlled. Fabricated using PDMS, the
junction was sandwiched between a pair of pressurized dead-
end channels acting as valves. The deformable PDMS walls and
the orifice allowed for the gradual squeezing of the orifice
based on the applied pressure, enabling dynamic control over
bubble size without altering the flow rates of the immiscible
phases. Such a tight and dynamic control enables the
fabrication of both porous materials and functionally graded
porous structures with spatially varying pore sizes, simply by
adjusting the bubble size.

By combining a vFF junction microfluidic device with
extrusion-based 3D printing, Guzowski and co-workers
developed a porous scaffold featuring a graded internal

architecture.'®® The schematic of the vFF junction is shown
in Figure 29A, where the intersection periodically injects air
into a biopolymer solution to generate a liquid foam with a
uniform bubble size. Real-time adjustment of the orifice
geometry, as controlled by the applied gas pressure (Pv),
allows one to tune the bubble size. Increasing Pv progressively
altered the orifice cross-section from rectangular to triangular,
ultimately constricting the lumen to block gas and aqueous
flow (Figure 29B). Figure 29C shows optical micrographs of
the bubbles formed under different Pv, demonstrating tunable
bubble diameters ranging from 80—800 ym and good stability
of the foam. By integrating the vFF device with an extrusion
3D printer and adjusting the pressure in a preprogrammable
manner, they successfully deposited foam filaments in a
predefined 3D shape while continuously varying the foam
microstructure. Micro-CT images (Figure 29D) of the
resulting scaffold revealed a spatially varying pore network,
transitioning from smaller and compact pores at one end to
larger, more open pores at the other. The microfluidic control
allows for the creation of a gradient in pore size, demonstrating
the versatility of laminar flow modulation for structural control.
The capability starkly contrasts conventional foaming or phase-
separation methods, which struggle to achieve well-defined
spatial variations in pore size within one continuous material.

In another example, Kasarelto and co-workers employed
microfluidic-assisted bioprinting to fabricate hydrogel con-
structs with gradients desired for osteochondral regenera-
tion.'"”” They developed a microfluidic printhead that
combined multiple hydrogel streams under laminar flow
conditions to produce continuously graded bioinks (Figure
30A). Two different bioinks, each loaded with blue and red
fluorescent microbeads, respectively, were introduced through
separate inlets and converged at a Y-junction. The mixture
then passed through a passive serpentine-based mixer that
enhanced diffusion and enabled controlled-ratio blending
before extrusion. By adjusting the relative flow rates of the
two bioinks, the printer could deposit a filament that either
exhibited abrupt transitions between materials to form a
stepwise or gradual transitions in composition to yield a
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gradient. The resulting graded scaffold is shown in Figure 30B.
This approach also enabled the fabrication of cell-laden
hydrogel constructs with zonal compositional gradients that
mimic the osteochondral interface. The constructs recapitu-
lated the zonal differentiation from hyaline to calcified
cartilage, exhibiting excellent cell viability and distinct cellular
phenotypes. Notably, the use of microfluidics made laminar
mixing gentle enough to preserve cell viability, allowing spatial
variation in matrix composition without compromising
printing fidelity.

An advanced microfluidic strategy for fabricating graded
materials involves the integration of mixers with DLP
bioprinting. DLP bioprinting employs a digital micromirror
device to polymerize photocurable resins layer-by-layer in
selected regions. In one study, Zhang and co-workers
introduced a DLP bioprinting platform that utilized a
microfluidic chaotic mixer to continuously vary resin
composition in the printer’s vat, enabling a compositional
gradient in the printed object.'”” In the setup, two or more
precursor solutions containing photopolymerizable bioinks
with different compositions or cell suspensions were fed from
separate inlets into a microfluidic chip where they underwent
chaotic laminar mixing. The resulting mixture, at a predefined
composition, then flowed into the DLP projection region,
where a patterned light cured each layer. By adjusting the flow
rates of the inlet streams layer-by-layer, the system can
program a new composition for each printed layer. Using this
method, the authors demonstrated the fabrication of various
gradients in a single print, including a gradient in stiffness (via
polymer concentration), a biochemical gradient (via dopant or
growth factor concentration), and a gradient in cell density (via
modulation of cell content in the bioink). Figure 30C
highlights an example in which two different cell populations
were distributed in opposite gradients across a printed tissue
strand. In this case, one bioink contains green fluorescence
protein (GFP)-labeled human umbilical vein endothelial cells
(HUVECs), and the other contains red fluorescence protein
(RFP)-labeled HUVECs. By inversely adjusting the flow rates
during printing, the resulting hydrogel exhibited a dual
gradient: one cell type gradually decreased from left to right,
while the other increased. The dual gradients were confirmed
by quantitative analyses of the fluorescence intensities in
Figure 30D. Beyond cell placement, the same system was also
used to fabricate scaffolds with a dual gradient in porosity and
growth factor concentration, more closely mimicking the
multivariate gradients found in vivo.

In summary, microfluidic platforms employ advanced mixing
mechanisms and controlled fluid dynamics for the fabrication
of graded materials with precise and reproducible volumetric
gradients. In addition to enabling seamless transitions in
chemical composition, mechanical properties, porosity, and cell
density, microfluidic platforms integrated with extrusion,
foaming, and vat-photopolymerization printers offer a scalable
route to patient-specific or application-specific constructs.
Taken together, the convergence of tight control over gradient
and scalable fabrication strategies via microfluidics offers a
robust route to advanced biomedical constructs for regener-
ative and personalized therapies.

Building on the above discussion, Table 2 offers a concise
comparison of fabrication methods for functionally graded
materials.

AB

4. BIOMEDICAL APPLICATIONS

The availability of functionally graded surfaces and materials
presents new opportunities for biological studies and medical
applications. By mimicking the seamless transitions in
composition, structure, and properties found in native tissues,
the graded surfaces and materials allow for a tight control over
cell-material interactions and corresponding biological re-
sponses. In this section, we explore the broad use of graded
surfaces and materials across a spectrum of applications,
ranging from investigation of fundamental biological processes,
including cell migration and organoid development, to
addressing clinical challenges, such as repair or regeneration
of interfacial, neural, and cardiovascular tissues, in addition to
wound dressing and development of emerging platforms for
high-throughput drug screening and biomedical actuation.

4.1. Investigation of Cell Migration

Cell migration is fundamental to numerous physiological and
pathological processes, including tissue regeneration, wound
healing, immune response, and cancer metastasis. In native
tissues, cell migration is often directed by spatial gradients in
biochemical signals, mechanical properties, and structural cues.
In mimicking the guidance cues, functionally graded surfaces
and materials have been developed to manipulate cell
migration. Both 1D and 2D gradients have been fabricated
to replicate the biological microenvironments in vitro. The
graded systems have enabled modulation of cell behavior,
offering viable strategies for regenerative medicine, tissue
engineering, and in vitro disease modeling.

Cell migration is a well-coordinated process that begins with
cell polarization, where the cell establishes a front leading edge
and a rear trailing edge.188 At the leading edge, external cues,
such as biological effectors or mechanical stiffness, activate
signaling pathways that promote actin polymerization, pushing
the membrane forward to form protruding structures like
lamellipodia or filopodia.'*'** Simultaneously, focal adhesions
form at the front to anchor the cell to the substrate, allowing it
to pull its body forward.'”" At the rear trailing edge, contractile
forces generated by actomyosin activity release adhesions and
thus retract the cell body.'””'”" The cycle of protrusion,
adhesion, traction, and retraction enables directional move-
ment of cells, particularly when guided by biochemical and/or
physical cues presented in gradients.

In the presence of gradients, cells would take directional
migration by converting spatial cues into intracellular signaling
cascades. For instance, cell migration in response to substrate
stiffness, known as durotaxis, is a well-established phenomenon
whereby cells preferentially migrate from softer to stiffer
regions.'”> The behavior arises from differential traction forces
at the cell—substrate interface, where cells sense mechanical
cues through focal adhesions and respond by reorganizing their
cytoskeleton to achieve directional migration.'”> The process
begins with cell polarization, where the leading edge of the cell
becomes enriched with actin protrusions and adhesion
complexes, whereas the trailing edge contracts and detaches.
On a stiffness-graded surface, directional migration arises from
the preferential stabilization of cellular protrusions on the
stiffer region, which establishes the net traction force required
for moving up the gradient."”* In one study, Wang and co-
workers constructed a microstructured substrate with a
gradient in stiffness using a composition-tunable hydrogel
system.'”> They demonstrated that mouse myoblast cells
migrated toward stiffer regions with increased speed and
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persistence. In another study, He and co-workers engineered a
hydrogel with a gradient in stiffness to promote angiogenesis
and osteogenesis. *° By integrating a thermosensitive, amino
acid-based hydrogel with photo-cross-linkable methacrylated
alginate, they used stepwise light exposure to generate a
gradient in modulus in situ spanning from ca. 0.6 to 500 kPa.
The spatially controlled gradient in mechanical property
effectively directed the migration and differentiation of
MSCs, suggesting the utility of a gradient in stiffness in
regenerative medicine.

Cells are sensitive not only to the static stiffness of their
microenvironment but also to dynamic mechanical cues, such
as deformation of the substrate and a gradient in strain. A
gradient in strain can emerge in biological tissues during
processes like wound healing, morphogenesis, or muscle
contraction, where spatial variations in deformation occur. In
such an environment, cells tend to migrate toward the region
with either lower or higher strain, depending on their
phenotype and mechanosensitive signaling network, a
phenomenon referred to as “tensotaxis”.””'*® In one study,
Sun and co-workers reported a programmable cell-stretching
device capable of generating a graded strain to investigate
directional migration of cells. = By applying mechanical
stretching to a PDMS substrate with carefully designed cut-
outs, the authors created a graded strain while maintaining
uniform stiffness and ligand distribution, isolating the gradient
in strain as the exclusive mechanical cue. As shown in the strain
maps, the triangular design created a graded field of strain
(Figure 31A) while the square design yielded a uniform
distribution of strain (Figure 31B). When rat embryonic
fibroblasts were seeded on the substrates, their migration
trajectories revealed a clear bias toward the lower strain region
under static graded conditions (Figure 31C), a behavior absent
under uniform strain. As illustrated in Figure 31D, further
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analysis of individual cells showed polarized membrane
protrusions and focal adhesion formation on the lower strain
side, and retraction on the higher strain side, confirming that
the graded strain alone can serve as a potent cue to guide
directional cell migration. Additionally, the tensotaxis behavior
was supported by computational modeling with an extended
motor-clutch framework, highlighting the fundamental role of
the graded strain in guiding cell migration during tissue
morphogenesis and repair.

Physical cues derived from surface topography also play a
critical role in guiding directional cell migration. Aligned
electrospun nanofibers present directional contact guidance,
promoting polarized morphology and directional migration.
For example, NIH-3T3 fibroblasts exhibited significantly
enhanced axial migration on uniaxially aligned PCL nanofibers
compared to flat tissue culture substrates.”” Similarly, radially
aligned nanofibers facilitated centripetal migration of dural
fibroblasts toward the scaffold center, unlike random fibers,
which failed to induce such coordination.”” Beyond binary
comparisons, topographical gradients, such as a gradual
transition from random to aligned nanofibers, have also been
explored to fine-tune cell migration behavior.””' The graded
architectures resemble the anisotropic microenvironments
found in native tissues such as tendon-to-bone insertions. As
cells migrate across regions with increasing fiber alignment,
they experience stronger contact guidance cues accordingly,
which in turn enhances both their efficiency and directionality
of migration.

Besides mechanical and physical cues, biochemical gradients
offer an additional means to direct cell migration via free or
surface-bound molecular signals. Specifically, chemotaxis is a
form of directional cell migration in response to gradients of
free signaling molecules such as growth factors or cytokines.
The mode of migration relies on ligand—receptor signaling
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cascades initiated by concentration differences across the cell
membrane, enabling cells to orient and move toward higher
concentrations of attractants.””> A notable example was
demonstrated using fibrous scaffolds loaded with a growth
factor.””” In this case, the epidermal growth factor (EGF) was
encapsulated in microparticles of a phase-change material
(PCM), together with indocyanine green as a photothermal
trigger. The particles were sandwiched between layers of
radially aligned and random nanofibers. Upon near-infrared
(NIR) light exposure, the PCM underwent a solid-to-liquid
transition, releasing EGF in a spatially controlled manner. The
graded release, along with the radial alignment of the
nanofibers, significantly enhanced the radial migration of
fibroblasts. This work also demonstrates how a stimuli-
responsive system can be used to generate spatiotemporally
controlled gradients to direct the chemotactic migration of
cells.

Haptotaxis refers to the directional migration of cells in
response to immobilized gradients of adhesion molecules or
matrix-bound biochemical cues.”’®* Unlike chemotaxis, which
involves gradients of free signaling molecules, haptotaxis is
governed by cell interaction with substrate-bound ligands such
as fibronectin, collagen, or laminin.**® Electrospun nanofibers
offer a versatile platform for integrating topographical
alignment with biochemical gradation. Surface coating with
adhesion proteins like fibronectin enhances cell-fiber inter-
action, amplifying migratory responses. Beyond a simple
uniform coating, the use of graded surface-bound ligands has
been explored to establish directional tropism. In one study,
collagen or collagen-fibronectin nanoparticles were deposited
on the nanofibers in a 2D gradient.”” Schwann cells or NIH-
3T3 fibroblasts could be directed to migrate toward regions of
increasing ligand density, demonstrating that a surface-bound
biochemical gradient can also effectively guide cell migration in
the absence of soluble signaling molecules. Such haptotactic
systems are particularly useful in regenerative medicine.

Functionally graded surfaces and materials provide a
powerful and versatile strategy for guiding cell migration by
emulating the spatial heterogeneity of native tissue micro-
environments. Through the integration of mechanical (e.g,
stiffness and strain), physical (e.g., topography), and
biochemical (e.g, chemotactic and haptotactic) cues, the
graded systems allow for a tight control of cellular behavior.
Both 1D and 2D gradients have been shown to enhance
migration efficiency, alignment, and tissue-specific responses in
vitro, offering promise for biomedical applications in wound
healing, nerve regeneration, and interface tissue engineering.

4.2. Control of Organoid Development

Organoids are self-organized 3D tissues t}%pically derived from
pluripotent, fetal, or adult stem cells.”” They recapitulate
many aspects of the structure and function of the
corresponding in vivo tissues. Therefore, they have been used
as models for studying the fundamental mechanisms and
processes of the development, regeneration, and repair of
human tissues. They have also been widely used for
diagnostics, disease modeling, drug discovery, and personalized
medicine.””” The graded distributions of signaling molecules in
a biomaterial or 3D scaffold play a pivotal role in organoid
development.”®® The gradients are instrumental in organizing
cells into complex structures during embryogenesis and tissue
regeneration. A good example can be found in morphogens:
signaling molecules that establish a gradient in concentration
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across tissues or cellular fields, enabling cells to adopt distinct
fates in a dose-dependent manner. ”'' By recapitulating
gradient-based bioactive cues in engineered systems, research-
ers can guide organoid development to emulate the
architectural and functional complexity of native tissues or
organs, enhancing their physiological relevance as model
systems.

In one study, Gopfrich and co-workers used DNA hydrogel
microbeads containing morphogen molecules (e.g, Wnt
agonist) to generate a gradient in morphogen within an
organoid.209 After microinjection into an organoid, the
microbeads would gradually breakdown upon UV irradiation
to release the Wnt agonist (Figure 32A), leading to the
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Figure 32. Biological responses of the retinal organoid in response to
the gradient of Wnt agonist delivered by DNA microbeads. (A)
Representative time-lapse confocal micrographs of DNA microbeads
(yellow) after microinjection and subsequent breakdown of the
microbeads in the retinal organoid, with the retinal organoid being
counterstained with live plasma membrane stain (magenta). (B)
Representative time-lapse confocal micrographs of Wnt agonist tagged
with Alexa Fluor 647 (Wnt-AF647) after release from the DNA
microbeads in one retinal organoid. (A) and (B) share the same scale
bar. (C) Representative confocal transmission and maximum intensity
Z-projection images of retinal organoid at day 4 after microinjection
of the DNA microbeads and then release of Wnt agonist at day 1. (D)
Quantitative analysis of retinal pigmented epithelium (black) area and
retinal ganglion cell (green) numbers from (C), demonstrating
spatially graded retinal ganglion cell development in response to the
Wnht-surrogate gradient. Reproduced with permission from ref 209.
Copyright 2024 the Author(s) (CC BY 4.0).

formation of a graded distribution of Wnt agonist from the
center toward the periphery of the spheroid (Figure 32B).
Directly increasing the concentration of Wnt agonists in a
medium would induce retinal pigmented epithelium formation
in the retinal organoid while heavily suppressing neuroretinal
differentiation. In contrast, the graded distribution of Wnt
agonist in the retinal organoid could induce the retinal
pigmented epithelium formation without suppressing retinal
ganglion cells, leading to the development of a better retinal
organoid (Figure 32C,D). The trend was a direct result of the
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4.3. Repair or Regeneration of Interfacial Tissues

As mentioned in the Introduction, interfacial tissues are
situated at “soft-to-hard” tissue interfaces. Soft tissues, such as
ligament, tendon, and cartilage, connect and support bodily
components, whereas hard tissues (e.g., bone) shape the body
and enable locomotion through mechanical strength. Inter-
facial tissues, such as cartilage-to-bone, tendon-to-bone, and
bone-to-ligament insertions, connect the soft and hard tissues,
and are critical for joint motion and stabilization.”’® The
interfacial tissues are characterized by diverse gradations in
mineral content, cell phenotypes, and interdigitation of
collagen fibers, to facilitate the dissipation of stresses across
the interface.”'’ The complex interfacial tissues are difficult to
regenerate after injury. Surgically reconnecting the soft and
hard tissues tends to suffer from high failure rates due to
structural and mechanical mismatches between the soft and
hard tissues.”'”

Tissue-engineering approaches based on functionally graded
materials hold great promise for promoting the repair or
regeneration of interfacial tissues.”"* The graded materials offer
gradients in composition, structure, as well as physical and
biological cues, to regulate the proliferation, migration, and
differentiation of stem cells for the repair or regeneration of
damaged interfacial tissues.”"> For example, multiple types of
graded materials based on HAp have been designed for
inducing the graded osteogenic differentiation of stem cells and
tendon-to-bone insertion repair. As the primary mineral
component of bone, HAp has been widely used to regulate
the osteogenic differentiation of stem cells and osteogenesis
due to its superior osteoinductivity. In one study, Xia and co-
workers fabricated a graded HAp/PCL scaffold featuring a
continuous gradient in HAp content via swelling-induced
diffusion.'” The resulting scaffold had a sandwich-like
structure, consisting of a top PCL layer, a middle HAp-graded
zone, and a bottom layer with a fixed HAp concentration. To
promote cell seeding and migration, an array of funnel-shaped
channels (ca. 200 ym in diameter, ca. 100 ym center-to-center
spacing) was machined using CO, laser.

After seeding into the scaffold, adipose-derived stem cells
(ASCs), a promising source of MSCs capable of differentiating
into multiple cell lineages, were seeded into the channels, with
a uniform distribution along the channels. The osteogenic
differentiation of ASCs within the graded scaffold was assessed
by evaluating the expression of alkaline phosphatase (ALP)
and osteocalcin (OCN). ALP is an enzyme expressed in the
early stage of differentiation into osteoblasts. At the same time,
OCN is a bone ECM protein expressed by osteoblasts and
plays an essential role during embryonic osteogenesis and bone
remodeling. As a result, the activity of ALP and expression of
OCN can be considered as early and late indicators of
osteogenesis, respectively. After 7 and 14 days of osteogenic
differentiation, the scaffold was cryo-sectioned and assessed
with a commercial ALP staining kit. Both the fluorescence
micrographs in Figure 33A and the quantitative analysis of the
fluorescence intensities in Figure 33B demonstrated that there
was a graded expression of ALP across the transition zone,
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Figure 33. Osteogenic differentiation of ASCs in the HAp-graded
scaffold. (A) Cross-sectional fluorescence micrographs showing ASCs
in the scaffold after 7 and 14 days of osteogenic differentiation. ALP
and cell nuclei were stained to give red and blue fluorescence,
respectively. (B) Quantitative analysis of ALP expression along the
channel corresponding to the images in (A). (C) Cross-sectional
fluorescence micrographs showing ASCs in the scaffold after 21 and
28 days of osteogenic differentiation. OCN and cell nuclei were
stained to give red and blue fluorescence, respectively. (D)
Quantitative analysis of OCN expression along the vertical direction.
Reproduced with permission from ref 100. Copyright 2022 Wiley-
VCH.

which correlated with the HAp content. The OCN
immunostaining data in Figure 33C,D confirmed a graded
OCN expression along the channels, indicating that the
gradient in HAp content stimulated local osteogenesis of
ASCs, generating a graded distribution of cell phenotypes and
promoting the formation of a tendon-to-bone-like interface.
Building upon the successful fabrication of HAp-graded
scaffolds for directing osteogenic differentiation, a biological
effector, Hedgehog agonist (HhAg), was also incorporated into
the scaffolds to replicate natural enthesis development for the
recreation of functional tendon-to-bone attachment (Figure
34A).”'* To ensure the homogeneous distribution and
enhance the trackability of HAp, uniform nanorods synthesized
in-house were used instead of the nanoparticles obtained from
a commercial source. Subsequently, funnel-shaped micro-
channels were also machined in the scaffolds with gradients
in HAp and HhAg (HAp+HhAg) in the same manner as
described above. Human-derived MSCs were then seeded into
the scaffolds and cultured for 21 days to evaluate the combined
effect of HAp and HhAg gradients in driving spatially graded
stem cell differentiation. To assess differentiation, osteopontin
(OPN), collagen type X (Col-10), and scleraxis A (SCXA)
were used as markers for osteogenic, chondrogenic (hyper-
trophic), and tenogenic cell phenotypes, respectively. Confocal
micrographs taken at three sections along the microchannel
depth demonstrated that the synergistic effect of both effectors
indeed generated a gradient of the three cell phenotypes
(Figure 34B). Quantitative analysis of fluorescence intensity
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Figure 34. Graded differentiation of MSCs seeded in the scaffold with
dual gradients in HAp and HhAg. (A) Schematic showing different
sections of the scaffold. (B) Fluorescence micrographs showing the
graded differentiation of MSCs in the channels of the dual-graded
scaffolds. (C) Plots of the fluorescence intensities of the differ-
entiation markers, SCXA (tenogenic), Col-10 (chondrogenic), and
OPN (osteogenic), when moving from the top (i) to the bottom (iii)
of the channels. Reproduced with permission from ref 214. Copyright
2025 the Author(s) (CC BY 4.0).

further elucidated the spatial distribution (Figure 34C).
Specifically, in the dual-graded scaffold, SCXA expression
was the highest at the top section, Col-10 expression initially
increased before decreasing toward the bottom, and OPN
expression was the greatest at the bottom section. The trend
contrasted sharply with the scaffolds containing a single
gradient in HAp content, which showed a graded cell
osteogenic differentiation only. The observed trends indicate
that as the content of HhAg and HAp increased, cell
phenotypes transitioned seamlessly from tenocytes to miner-
alized (hypertrophic) chondrocytes and then to osteoblasts,
mimicking the pattern observed in developing and functional
tendon-to-bone insertion.

In an independent study, Stevens and co-workers success-
fully induced cartilage-to-bone transition using a scaffold
featuring a gradient of growth factor."'” To establish the
gradient, they employed a buoyancy-driven method to
distribute BMP-2, a key osteoinductive factor, in decreasing
concentration in a matrix of cross-linked gelatin methacryloyl
and heparin methacryloyl. During the initial casting process,
MSCs were homogeneously distributed within the polymer
network. The entire construct was then cultured for 28 days in
a medium capable of supporting both osteogenesis and
chondrogenesis. Subsequently, the formation of osteochondral
tissue was evaluated using histological staining. As shown by
the Alizarin Red S staining result in Figure 35A, localized
mineralization occurred exclusively at the end of the scaffold
with the highest concentration of BMP-2. In contrast, sulfated
glycosaminoglycans, a key ECM component present in both
cartilage and bone, showed uniform distribution across the
scaffold (Figure 35B). The histological results were further
corroborated by immunofluorescence staining, which revealed
that the osteogenic marker OPN was present on the bone-
designated end of the scaffold (Figure 35C). Taken together,
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Figure 35. Osteochondral differentiation of MSCs seeded in a scaffold
with a gradient of growth factor. (A) Optical micrographs of Alizarin
Red S staining indicating localized mineral deposition. (B) Optical
micrographs of Alcian Blue staining indicating the distribution of
glycosaminoglycans. (C) Fluorescence micrographs of OPN staining
after culturing MSCs with the graded scaffold for 28 days.
Reproduced with permission from ref 119. Copyright 2019 the
Author(s) (CC BY 4.0).

the engineered constructs exhibited distinct bone and cartilage
regions, demonstrating the potential use of this versatile
platform for interfacial tissue engineering.

As for the in vivo applications in the repair or regeneration of
interfacial tissues, the usage of graded scaffolds will be different
depending on whether the gradient is on the surface or in the
bulk. For example, Thomopoulos, Xia, and co-workers
fabricated a nanofiber mat with graded HAp content on the
surface and used it as a patch over the repair site for tendon-to-
bone interface repair (Figure 36A).”"> The graded patch can
mimic the natural gradient in mechanical and biochemical
properties of enthesis to enhance biological integration by
providing distinct microenvironments for different types of
cells. For instance, the mineral-rich region adjacent to the bone
can promote osteoblast activity and mineralization, while the
softer, polymer-dominated region near the tendon could
support tenocyte proliferation and collagen synthesis (Figure
36B). The spatial control over cellular behavior is critical for
regenerating the functionally graded ECM characteristic of the
tendon-to-bone interface. In addition, the mechanical compat-
ibility of a graded patch could reduce stress concentrations at
the repair site. However, the surface-graded patch could only
regulate the biological activity of cells and tissues that were in
contact with the patch, which would compromise its
performance in repairing the whole interface. Moreover, the
patch often needs to be fixed to the repair site through sutures
or adhesives, which may introduce additional trauma or harm
to the tissues.

In comparison, the scaffold with mineral gradation in the
bulk may circumvent some surface-related issues by supporting
the gradient throughout the scaffold, thereby offering more
robust mechanical integration and reducing the risk of
delamination. In one demonstration, Deng and co-workers
fabricated a graded hydrogel involving bimetallic ions for the
repair of tendon-to-bone insertion (Figure 37A).”'® Specifi-
cally, copper ion-based thiolate gelatin hydrogel (s-Cu-
gelation) and zinc ion-based thiolate gelatin hydrogel (s-Zn-
gelation) were fabricated by mixing thiolate gelatin with
copper and zinc ions, respectively, through the S—Cu or S—Zn
coordinative cross-linking. Afterward, the s-Cu-gelation and s-
Zn-gelation hydrogels were attached to each other. Due to the
diffusion of the ions across the interface and the dynamic
cross-linking capacity of metal—thiolate, graded distributions of
the two metal ions would be formed in the hydrogel. Figure
37B shows the EDX mapping images recorded from the cross-
section of the freeze-dried sample, revealing graded distribu-
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Figure 36. PLGA electrospun nanofiber mat with a gradient in mineral content on the surface and its use as a patch for tendon-to-bone repair. (A)
Schematic illustration showing the human shoulder patched with a mineral-graded nanofiber mat. (B) 3D reconstruction of the repaired attachment
of a rat, in which B, I, and T represent bone, insertion, and tendon, respectively. Reproduced with permission from ref 215. Copyright 2015 Mary

Ann Liebert.
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Figure 37. Fabrication and implantation of dual-graded hydrogels for
the regeneration of tendon-to-bone insertion in a rat model. (A)
Photographs showing the preparation of the dual-graded hydrogel and
a schematic showing its implantation at the tendon-to-bone interface.
(B) EDX mapping recorded from the cross-section of a dual-graded
hydrogel after freeze-drying. (C) Optical micrographs of hematoxylin
and eosin-stained tissue sections from rats treated with suture only
(suture), thiolation gelatin hydrogel (s-gelatin), and the dual-graded
hydrogel (s-Cu/Zn-gelatin), along with the corresponding tendon
maturation scores for each treatment group (n = 3). T, tendon; I,
interface; B, bone. (D) Optical micrographs of toluidine blue-stained
tissue sections from rats in different treatment groups, along with
quantification of the area of newly formed fibrocartilage. (n = 3). *p <
0.0S. Reproduced with permission from ref 216. Copyright 2015 the
Author(s) (CC BY-NC 4.0).

tions of both copper and zinc elements. The dual-graded
hydrogel was then implanted in a rat model with a rotator cuff
defect to evaluate tendon-to-bone interface regeneration. At
week 4, compared with the pure suture group, the rats
implanted with gelatin hydrogel and graded s-Cu/Zn-gelatin
hydrogel showed less infiltration by inflammatory cells, as well
as more regular morphology and arrangement of tendon tissue
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(Figure 37C). At week 8, the graded s-Cu/Zn-gelatin group
showed a more organized collagen distribution and a
significant increase in tendon maturation. In addition, the s-
Cu/Zn-gelatin hydrogel also showed a larger fibrocartilage area
than in the suture repair and s-gelatin groups (Figure 37D).
The results indicate that the dual-graded hydrogel is more
favorable for the repair of rotator cuff tears. In the process of
fibrocartilage regeneration, cartilage regeneration and ingrowth
were induced under a copper microenvironment, while
tenocytes were recruited under a zinc microenvironment. In
the dual-graded hydrogel system, zinc and copper ions not only
acted as cross-linkers but also provided strong antibacterial
effects to promote regenerative capacity in vivo.

In addition to tendon-to-bone interface regeneration,
functionally graded materials have also been used in
osteochondral defect repair. For example, Cai and co-workers
developed a multilevel-graded hydrogel for the repair of full-
thickness osteochondral defects (Figure 38A).°* The graded
hydrogel was comprised of a double-network matrix of gelatin
methacryloyl and acrylated f-cyclodextrin and incorporated
with superparamagnetic HAp (MagHA) nanorods. Under a
magnetic field, the MagHA nanorods moved downward
vertically in the prehydrogel solution to generate an
incremental gradation, followed by fixation through hydrogel
cross-linking. The resulting hydrogel possessed the top-to-
bottom gradients in MagHA content and Young’s modulus
that depended on the duration of exposure to the magnetic
field (Figure 38B-D). Therefore, the hydrogel had a gradient
like the cartilage-to-bone interfacial tissue in terms of mineral
content and mechanical stiffness. The graded hydrogel was
then implanted in a rabbit model of full-thickness osteochon-
dral defects. At 12 weeks postsurgery, the defect treated with
the graded hydrogel exhibited the most complete tissue
integration and cartilage regeneration compared with biphasic
hydrogel or hydrogels without MagHA nanorods (Figure 38E).
The findings indicate that the hydrogel with gradients in
mineral content and mechanical properties exhibits good
regenerative performance by recapitulating the structural and
functional anisotropy of native osteochondral tissue.

4.4. Neural Regeneration
Neural regeneration has gained increasing attention due to the

high prevalence of neural injuries, which frequently result in
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Figure 38. Fabrication of graded hydrogels for the repair of osteochondral defects. (A) Schematic showing the design and fabrication of the graded
hydrogel. (B) Gross appearance of the graded hydrogel after exposure to a magnetic field for 4 min and thermogravimetric analysis of the different
parts. (C) Micro-CT image of the graded hydrogel. (D) Young’s modulus of the different regions of the graded hydrogel. (E) Gross images of the
repaired osteochondral defects in the various treatment groups. Reproduced with permission from ref 62. Copyright 2023 Wiley-VCH.

the loss of motor coordination, sensory function, and
independence.”’” In most cases, the neural injuries involve
both structural and functional damage to neurons. A typical
neuron consists of a soma (cell body), an axon, and
dendrites.”'® The axon plays a crucial role in transmitting
electrical impulses over long distances, enabling neurons to
communicate with one another and respond to stimuli. As
such, the effective neural regeneration requires not only the
survival of neurons but also the outgrowth and extension of
axons. During neural development, axonal extension can be
orchestrated by growth cones that are located at the leading
edges of neurites.”'” Acting as the sensory and motile
machinery at neurite tips, growth cones navigate extracellular
environments by sensing various guidance factors, including
biochemical gradients, mechanical signals, and topographical
features. Among the various guidance factors, the biochemical
gradients of neurotrophic factors such as NGF and glial cell
line-derived neurotrophic factor are shown to promote the
extension of neurites and influence their pathfinding
direction.””” In particular, the graded distributions of these
molecules offer chemotactic cues to enable more robust and
directional guidance for neurite extension compared to
uniform presentations.”*"*** In addition to various biochem-
ical cues, the oriented physical topographies, such as uniaxially-
or radially aligned nanofibers, can provide structural guidance
to elongate neurites by mimicking the anisotropic architecture
of native neural tissues.”*® Altogether, it is crucial to combine
the gradients of biochemical factors with physical topo-
graphical features for effective neural regeneration.

As discussed in Sections 2 and 3, a variety of fabrication
techniques have been developed to create gradients on the
surface or in the bulk of a material. A representative example
involves the construction of a 2D surface gradient in NGF on a
mat of electrospun PCL nanofibers.””* The construct
integrated a radially decreasing gradient in NGF with fiber
alignment, generating both chemotactic and topographic
guidance cues. As a result, the neurites extending from DRG
explants grew significantly longer along the outward direction
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(following the increasing NGF concentration) compared to
those extending inward toward the center (against the
concentration gradient). The synergistic combination of
biochemical and topographical cues highlights the potential
of such a graded scaffold to promote neurite outgrowth.
Another example involved the use of electrosprayed particles
made of a mixture of collagen and laminin to generate a 1D
surface gradient in particle density along the direction of
uniaxially aligned nanofibers.”” When DRG explants were
cultured on the resulting mat, the neurites exhibited
significantly enhanced outgrowth in the direction of increasing
particle density. The trend also demonstrated the synergistic
effect of biochemical gradient and topographic cue in guiding
neurite extension in vitro.

In the native neural microenvironment, cells interpret and
respond to spatial cues presented in all three dimensions,
including gradients in biochemical factors, mechanical stiffness,
and topographical architecture.”** To recapitulate the com-
plexity, there is an increasing demand for the development of
scaffolds that integrate the biochemical gradients with oriented
microstructures. In one demonstration, Luo and co-workers
fabricated a graded scaffold featuring both an NGF gradient
and aligned microchannels through a combination of 3D
printing and directional freezing (Figure 39A).”*° Specifically,
a customized printer equipped with dual reservoirs—one
containing NGF-free and the other NGF-loaded silk fibroin/
collagen (SF/Col) solutions—was used to mix and inject the
inks into a cylindrical mold. By inversely modulating the flow
rates of the two inks, a bulk gradient in NGF concentration
was established along the longitudinal axis of the scaffold.
Subsequent directional freezing preserved the gradient within
an array of oriented microchannels. The neuroinductive
performance of the scaffold was evaluated using DRG explants
cultured in four groups: i) scaffolds with randomly oriented
microchannels (RS), ii) scaffolds with uniaxially oriented
microchannels (OS), iii) scaffolds with a uniform distribution
of NGF along the oriented microchannels (U-NGF+0S), and
iv) scaffolds with graded NGF along the oriented micro-
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Figure 39. Application of graded scaffolds for neural regeneration.
(A) Schematic showing the fabrication of a scaffold featuring a
biochemical gradient along the microchannels. Methylene blue was
used to visualize the gradient. (B) Fluorescence micrographs of DRG
explants cultured for 3 days on various types of scaffolds and stained
for f-tubulin III. The double arrow indicates the orientation of the
microchannels, while the single arrow indicates the direction of
elevated NGF concentration. (C) Fluorescence micrographs showing
the regenerated axons stained with NF200 (green) and the myelin
sheaths stained with myelin basic protein (red). Reproduced with
permission from ref 225. Copyright 2020 American Chemical Society.

channels (G-NGF+0S). As shown in Figure 39B, oriented
topography alone promoted neurite alignment, and the
incorporation of NGF gradient further enhanced neurite
extension, demonstrating the synergistic effect of structural
and biochemical cues on neurite outgrowth. To advance the
clinical translation of the technologies for peripheral nerve
repair, it is essential to demonstrate the efficacy of combining
oriented topographical features with biochemical gradients in
vivo. As such, the fabricated 3D graded scaftold was integrated
into an electrospun nanofiber-based nerve conduit to facilitate
nerve suturing and then implanted into a 15 mm sciatic nerve
defect in vivo. At 6 weeks postsurgery, the cross-section of the
midnerve segment was immunostained for NF200 (green) and
myelin basic protein (red), which serve as markers for the
regenerated axons and myelin sheaths, respectively (Figure
39C). The expression of both NF200 and antimyelin basic
protein was enhanced in the scaffolds with oriented micro-
channels, particularly for those incorporating an NGF gradient.
The results demonstrated that a combination of NGF gradient
and oriented microstructures can enhance axonal regeneration
and functional recovery in vivo.

The gradient formed in a microfluidic system has also been
utilized to model early human neural tube development. For
instance, Kirkeby and co-workers developed a microfluidic cell
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culture system capable of generating a molecular gradient, in
which embryonic stem cells responded to a Wnt-activating
gradient, leading to progresswe caudahzatlon from forebrain to
midbrain and then hindbrain.”* The resulting in vitro models
offer a powerful tool to explore previously inaccessible aspects
of human development and disease mechanisms. While most
studies have relied on single 1D gradients, one notable example
employed a four-channel microfluidic device to generate two
orthogonal gradients,””” enabling the spatial patterning of
collagen-embedded embryonic stem cells into motor neuron
lineages.

Overall, the design of graded scaftolds for neural repair or
regeneration has focused on the incorporation of different
bioactive cues. Once implanted, the scaffold can effectively
integrate with the host neural microenvironment to maximize
its therapeutic benefits for repairing both the peripheral and
central nervous systems.

4.5. Cardiovascular Tissue Engineering

The cardiovascular system consists of the heart and a closed
system of vessels, including arteries, veins, and capillaries, that
deliver blood throughout the body. According to the World
Health Organization, cardiovascular disease accounts for 32%
of global deaths, causing ca. 18 million deaths annually.”** As
such, there is a strong interest in developing tissue engineering
scaffolds, such as vascular grafts, myocardial scaffolds, and
artificial heart valves, to replace or regenerate damaged
cardiovascular tissues. A key limitation of the conventional
cardiovascular implants is their inability to replicate the
structural and functional complexity of native tissues.
Typically, the heart and blood vessels do not have uniform
mechanical and biochemical properties; instead, they exhibit
gradual transitions in stiffness, composition, and cellular
organization. Most conventional synthetic grafts and polymeric
scaffolds lack the graded properties, leading to thrombosis,
restenosis, inflammation, and graft failure events. As such,
functionally graded materials have emerged as a promising
biomimetic approach in cardiovascular tissue engineering,
allowing for spatially controlled variations in mechanical,
biochemical, and topographical properties.

4.5.1. Cardiac Tissue Engineering. Native cardiac tissue
is structurally and functionally anisotropic, comprising aligned
cardiomyocytes, conductive pathways, and a gradually varying
mechanical stiffness across different layers.”*” The organization
is critical for the synchronized contraction and efficient
electrical conduction required for heart function. The
myocardium exhibits regional differences in mechanical
stiffness, electrical conductivity, and cellular alignment across
its thickness, from the outer epicardial layer, through the
midmyocardium, to the inner endocardium. The variations
result in a transmural gradient in fiber orientation, typically
following a helical or spiral pattern that facilitates effective
torsional contraction (Figure 40A).>%° Replicating the intricate
myocardial architecture is essential for developing functional
cardiac tissue constructs.

Wu and co-workers developed a multiscale, graded scaffold
by integrating 3D printing with electrospinning to mimic the
complex, graded architecture of native cardiac tissue.””' Their
approach involved the creation of microscale frames with
parallel filament structures through 3D printing, onto which
aligned electrospun nanofibers were deposited, forming a well-
controlled directional microenvironment. By adjusting the
diameter and spacing of the printed filaments, the researchers
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Figure 40. Fabrication of graded scaffolds for vascular tissue
engineering. (A) Schematic of native myocardial architecture showing
the transmural gradient in cardiomyocyte alignment from endocar-
dium to epicardium. (B) Schematic of the graded scaffold with layer-
specific orientation to replicate the graded anisotropic structure of
vascular tissue. (C) Schematic of sequential coelectrospinning setup
used to fabricate nanofibrous scaffolds with compositional gradients.
(D) Fabrication of a graded vascular scaffold. (E) Cross-sectional
fluorescence micrograph of the graded vascular scaffold, showing
HUVECs adhesion on the luminal surface and suppressed smooth
muscle cell migration in the abluminal region, confirming spatial
control over cellular responses. (A, B) Reproduced with permission
from ref 230. Copyright 2017 American Chemical Society. (C, D)
Reproduced with permission from ref 237. Copyright 2012 Elsevier.

successfully modulated nanofiber alignment, thereby develop-
ing a three-layer, multiscale scaffold with a gradual transition in
nanofiber orientation. The graded scaffold effectively guided
cardiomyocyte alignment and maturation to mimic the
anisotropy of native myocardium. The structural guidance
significantly enhances synchronous beating behavior, holding
promise for improved cardiac tissue repair. In another work,
Ma and co-workers fabricated a graded composite scaffold by
weaving aligned conductive nanofiber yarns with surgical
sutures into an interwoven network, which was subsequently
encapsulated in a hydrogel matrix.”*° As shown in Figure 40B,
the resulting scaffold provided spatially organized and graded
structural cues, enabling cardiomyocytes to align neatly,
elongate effectively, and undergo enhanced maturation and
synchronous beating. The graded, anisotropic architecture not
only supported cardiomyocyte growth on individual scaffold
layers but also allowed for distinct control over orientation
across different layers, replicating the natural, multilayered
myocardial structure. Such graded scaffolds hold promise for
effectively guiding myocardial tissue regeneration by tightly
controlling cell alignment and enhancing cardiac functionality.

Beyond fiber orientation, graded mechanical environments
also influence the function of cardiomyocytes. For example,
Corbin and co-workers fabricated a dynamic magneto-
rheological elastomer scaffold with gradients in mechanical
stiffness to mimic the stiff-to-soft transitional region observed
in postmyocardial infarction remodeling.”*> The cardiac
fibroblasts cultured on the scaffold with a gradient in stiffness
exhibited spatially dependent behaviors: cells in stiffer regions
displayed increased spreading area, elevated a-smooth muscle
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actin expression, and higher secretion of fibrotic markers such
as TGF-f3, compared to the cells in softer regions. Significantly,
dynamic mechanical softening effectively mitigated fibroblast
activation and fibrosis-related gene expression, underscoring
the potential of mechanically graded scaffolds for investigating
pathological remodeling mechanisms and guiding therapeutic
strategies for cardiac tissue repair. Expanding upon the theme
of biochemical gradients, Odedra and co-workers fabricated
porous collagen scaffolds with gradients of immobilized
vascular endothelial growth factor (VEGF) to control
endothelial cell migration.”>> They established a radial gradient
in VEGF concentration across the scaffold using a straightfor-
ward point-source immobilization method to mimic the
natural tissue environment. The resulting scaffold directed
endothelial cell migration preferentially toward the center,
significantly enhancing cell infiltration and distribution in the
interior region relative to the control group with uniformly
immobilized VEGF. This work demonstrates that the gradients
of growth factors in a scaffold can effectively guide cell
migration, holding promise for improved tissue integration and
vascularization in engineered cardiac tissues.

4.5.2. Vascular Tissue Engineering. While cardiac tissue
engineering requires scaffolds with graded anisotropic electrical
and mechanical properties to match the contractile function,
vascular tissue engineering calls for scaffolds with a different
but equally complex set of requirements. Blood vessels are
comprised of multilayered structures with gradually varyin
elasticity, biochemical composition, and cellular phenotype.”’
They contain a thick outer layer made of connective tissue; a
thicker middle layer consisting of circularly arranged elastic
fibers, connective tissue, and smooth muscle cells; and the
thinnest inner layer comprised of a single layer of
endothelium.”*>**° The intrinsic gradients are instrumental
in regulating blood flow, preventing thrombosis, and
supporting vascular remodeling. As with cardiac tissue
engineering, conventional vascular grafts often fail to
reproduce the graded transitions, leading to compliance
mismatch, intimal hyperplasia, or graft occlusion. To overcome
the challenges, functionally graded vascular scaffolds have
emerged as a promising approach to mimic the native vessel
architecture and promote long-term graft integration.

Zhang and co-workers developed a graded nanofibrous
scaffold consisting of chitosan (CS) and PCL to reg)licate the
graded microenvironment of native blood vessels.””” Using a
sequential coelectrospinning method (Figure 40C), they
created a graded scaffold in which the proportion of CS
nanofibers gradually increased from the adventitial layer
toward the luminal surface. The scaffold was subsequently
heparinized to enhance anticoagulant capability and function-
alized with VEGF (Figure 40D) for controlled release of
VEGF. The gradation allowed for sustained release of VEGF
and spatially guided HUVECs proliferation and monolayer
formation on the luminal surface, while inhibiting vascular
smooth muscle cell proliferation on the abluminal side (Figure
40E). The graded scaffold thus effectively mimics natural
vascular ECM, supporting endothelial regeneration and
reducing thrombosis risks, making it promising for vascular
tissue engineering applications.

Functionally graded materials hold great potential in
addressing the structural and functional limitations of conven-
tional scaffolds for cardiovascular engineering. Native cardiac
and vascular tissues possess inherent spatial heterogeneities in
terms of stiffness, alignment, conductivity, and biochemical
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composition, which are essential for their physiological
function. By integrating spatial control over multiple factors,
such as structural, mechanical, and biochemical cues, graded
scaffolds provide a versatile platform for engineering
cardiovascular tissues with enhanced functionality and long-
term performance.

4.6. Wound Management

As the largest organ of the human body, the skin serves as a
dynamic and multifunctional barrier, protecting against
microbial invasion while regulating water retention, thermo-
regulation, and sensory perception.””® When the barrier is
disrupted due to injury or disease, a wound is formed, exposing
the underlying tissue to external stressors.””” Without the
protection of skin, the wound bed becomes highly susceptible
to microbial contamination, significantly increasing the risk of
infection. In the absence of prompt and effective intervention,
the wound may evolve into a chronic, nonhealing state,
presenting challenges for clinical management.”*’ Bioactive
gradient-laid dressings have emerged as a promising strategy
for wound management. By mimicking the gradients in native
tissue, including spatial variations in mechanical stiffness,
structural architecture, and biochemical signals, gradient-laid
dressings can effectively direct critical cellular processes, such
as migration, proliferation, and re-epithelialization.241
Typically, the design of an effective scaffold requires a
comprehensive understanding of the multidimensional gra-
dients of native skin, which encompass physical (e.g, stiffness,
porosity, topography), chemical (e.g., growth factor distribu-
tion), and ionic (e.g, Ca*") parameters.”"” To successfully
replicate the natural wound healing microenvironment, it is
critical to rationally select the biomaterials and fabrication
techniques. A compelling example is the work by Wu and co-
workers, who engineered a fibroblast-loaded artificial dermis
with a “sandwich” architecture.”*® Using a layer-by-layer
method, they fabricated a three-layer scaffold featuring a
gradient in pore size. The larger pores in the outer layers can
enhance the formation of granulation tissue, while a denser
middle layer provides mechanical stability and prevents the
scaffold from rapid degradation. Compared to its uniform
counterpart, the gradient-laid scaffold showed robust cell
proliferation, enhanced re-epithelialization, and accelerated
wound closure. Through a tight control of the thermal
gradient, Han and co-workers also fabricated alginate-based
scaffolds with a continuous gradient in pore size.”** The
resulting scaffold showed a 1D gradient in pore size from the
bottom to the top, effectively mimicking the natural dermis-to-
epidermis transition in skin. The structural gradient not only
promoted cell migration but also enhanced nutrient diffusion,
offering a promising platform for wound management.
Notably, the solvent-free fabrication method underscores the
versatility of thermal manipulation in producing graded
scaffolds for advanced wound management. To further address
the challenges of wound closure in a fluid-rich and dynamic
environment, Li and co-workers developed a tissue adhesive
patch with gradient in mechanical properties, which was
composed of three key components: i) a tissue-adhesive
hydrogel matrix for strong bonding to wet tissue surface, ii) a
micromesh with graded mechanical properties to protect the
wound from dynamic mechanical stress, and iii) an oil-infused
surface to prevent unwanted adhesion with the surrounding
tissues.”*' The multifunctional patch achieved robust sealing
and dynamic wound closure under a fluid-rich environment,
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allowing the injured tissue to deform naturally with a minimal
stress concentration.

While the graded physical cues, such as pore size and
stiffness, have proven effective for wound management, their
combination with biochemical signaling (e.g,, chemokines or
proteins), especially for the recruitment of endogenous stem
cells, offers a promising strategy for enhancing wound
healing.”** It is well-established that the stromal cell-derived
factor-la (SDF-la) plays a pivotal role in guiding cell
migration through specific interaction with CXCR4 receptors
on MSCs.”*® Scaffolds with a graded concentration of SDE-1a
have been explored to promote directional stem cell migration
for effective wound management. Drawing inspiration from the
radial venation pattern of the royal water lily and its remarkable
mechanical stability (Figure 41A), Ding and co-workers
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Figure 41. Application of graded nanofibrous patches for accelerating
wound healing. (A) Photograph of a royal water lily and the graded
structure. (B) Schematic showing the graded patch with a radial
architecture, enabling mechanical support and controlled release at
the wound site. DS was released in response to MMP-9 to mitigate
inflammation, while the gradient of SDF-la guides stem cell
migration toward the wound center, collectively promoting wound
healing. (C) Fluorescence micrographs showing the distribution of
MSCs on different patches after 7 days of culture. The dashed line
indicates the boundary between the seeding zone and the migration
zone. The GF-9 patch was fabricated through electrospinning. (D)
Schematic illustrating the synergistic MSC migration induced by the
aligned nanofibers and gradient of SDF-la. (E) Photographs of
wound sites after 12 days postsurgery. (F) Schematic showing the
reduction in wound area over time across different treatment groups.
Reproduced with permission from ref 247. Copyright 2021 Wiley-
VCH.

fabricated a radially aligned nanofiber patch using a specially
designed collector.”*” The biomimetic design incorporated
dual gradients—a radial gradient in fiber density coupled with
another gradient in SDF-la concentration—to collectively
direct stem cell migration toward the center of the wound
(Figure 41B). Due to the degradation of gelatin methacryloyl
in response to the upregulated matrix metalloproteinase-9
(MMP-9) within the inflammatory microenvironment of a
wound defect, the patch was further coated with gelatin
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methacryloyl to enable “on-demand” release of the anti-
inflammatory drug diclofenac sodium (DS).

To evaluate cell migration, MSCs were selectively seeded at
the periphery of the patch with the assistance of a stainless-
steel ring to mimic peripheral healthy skin tissue, whereas the
void in the center simulated a wound defect. After 7 days of
culture (Figure 41C), the random-oriented patch with
uniformly distributed SDF-1a (SDF1ar/RF) exhibited limited
cell migration, with only a few cells migrating from the
periphery to the center. In contrast, the radially aligned patch
featuring a graded distribution of SDF-la (SDFla/GF-9)
demonstrated significantly enhanced cell migration, with MSCs
actively moving from the periphery to the central region. As
illustrated in Figure 41D, the improved migratory behavior
resulting from the synergistic effect of aligned fiber-induced
topological guidance and the chemotactic SDF-1a gradient
directs MSC migration toward the center of the wound. Next,
the wound healing efficacy of the patch was evaluated using a
mouse full-thickness skin incision model. As shown in Figure
41E, the radially aligned patches with graded SDF-la
distribution (SDF1a/GF-9 and SDF1la/DS/GF-9 groups)
significantly accelerated wound closure compared to the
conventional gauze and the commercial Tegaderm film.
Notably, the patches capable of codelivering SDF1a and DS
(SDF1a/DS/GF-9 group) achieved the most pronounced
healing effect among all groups. Consistent with these
observations, wound area traces over time revealed that
patches incorporated with both SDF-la and DS exhibited
the most rapid wound closure (Figure 41F), particularly,
during the critical early inflammatory phase. The results
highlight the synergistic therapeutic effect arising from the
topographical guidance of the radially aligned nanofibers,
chemotactic gradient of SDF-1a, and inflammation-responsive
drug release from the hydrogel coating, collectively contribu-
ting to the enhanced wound repair.

Taken together, the rational design and implementation of
gradients in bioactive dressings are advancing wound manage-
ment. The approach requires strategic integration of physical
gradients (e.g., layered porosity or radial fiber alignment) with
biochemical gradients (e.g., chemokine or growth factor
distribution) to recreate a regenerative microenvironment
akin to preparing fertile “soil” for wound repair. When
combined with appropriate stem cell therapies, such
gradient-laid scaffolds are able to orchestrate cellular migration,
modulate inflammatory microenvironments, and accelerate
wound closure, offering a promising strategy for advanced
wound repair.

4.7. Drug Screening

A multitude of new drugs are continually being developed to
address unmet needs in various fields. The process of drug
discovery typically starts with screening, during which
appropriate candidates are selected from an extensive library
of lead compounds against the specific therapeutic target.
High-throughput screening can significantly improve the
efficiency of drug discovery. Current assays, including 2D
cell monolayers, 3D cell culture models, and in vivo animal
models, still face distinct limitations. Despite their accessibility
and affordability, 2D cell models on plastic culture plates
poorly recapitulate the intricate and heterogeneous physio-
logical environment, particularly the spatially varying proper-
ties of the ECM, including its organization, stiffness,”*®
biochemical cues,”*® and cellular components.119 The
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significant simplification greatly limits their predictive validity.
Conversely, in vivo animal models, while offering greater
complexity to replicate the physiological environment, are
hampered by high cost, considerable time investment, and
ethical concerns that restrict throughput. Most importantly,
interspecies differences often undermine the translation of
findings from animal platforms to human clinical out-
comes.”*”**" Functionally graded materials, on the other
hand, enable the creation of advanced 3D in vitro models that
can better mimic physiological complexity through controlled
spatial variations in their properties, bridging the translational
gap in drug screening.

Functionally graded materials offer two significant advan-
tages for drug screening: i) improved recapitulation of the
heterogeneity of the physiological environment of the disease
site, enhancing the clinical relevance of the screening
outcomes, and ii) significant increases in experimental
efficiency and information density, facilitating higher-through-
put screening capabilities. Specifically, graded materials enable
systematic investigations of cellular behavior across a
continuous spectrum of microenvironmental conditions,
including factors such as matrix elasticity, ligand presentation,
and nutrient availability, all integrated within a single
experimental platform. In one study, Yang and co-workers
developed a graded hydrogel system for screening the effect of
matrix stiffness on glioblastoma multiforme, one of the most
common forms of brain cancer.”>” To generate the graded
material, a graded generator was used to mix two solutions
containing 3 and 7 wt % PEG hydrogel precursors,
respectively, with the proportion of 7 wt % PEG precursor
solution gradually increased as the experiment proceeded. The
resultant solution, with increasing PEG precursor concen-
tration, was then pumped into a mold and polymerized under
UV light. To improve the physiological relevance of the
screening platform, the range of stiffness of the hydrogel was
designed to match that of the brain, varying from 40 to 1300
Pa. Compared with conventional studies that employed
multiple discrete hydrogels with varied formulations to study
brain cancer cell behavior, the graded hydrogel matrix enabled
efficient screening across a continuous range. Brain cancer cells
were incorporated into the hydrogel matrix by suspending
them in the initial PEG precursor solutions. Immunostaining
and matrix metalloproteinase expression results showed that
the brain cancer cells preferentially attached to softer matrices,
as the less-dense matrices facilitated easier infiltration and
remodeling. Notably, cells in stiffer regions showed an
increased resistance to treatment, suggesting that matrix
stiffness could directly modulate cellular behavior and
influence treatment outcomes. Without graded materials,
such crucial insights of context-dependent therapeutic effects
would be masked or averaged out in traditional, homogeneous
culture systems.

Graded materials can also be engineered to model other
niche biological gradients. For example, many drug screening
platforms have been developed using microfluidics to study the
cellular effects of steep physicochemical gradients at tumor-
host interfaces.”>® A good example is the construction of
structures equivalent to in vivo skin for toxicity, cosmetic, and
pharmaceutical testing.”>**>* The organotypic model replicates
the three compositional layers of skin: a hypodermis, an
artificial dermis with fibroblasts and plasma, and a stratified
keratinocyte-containing epidermis. After seeding with stem
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approaches based on functionally graded materials also offer
significant benefits in terms of experimental efficiency and the
density of information obtained. By integrating a range of
stimuli—for instance, a continuous gradient in drug concen-
tration or systematically varying substrate topographies—into
a single platform, the graded materials are particularly well-
suited for multiplexed assays.”””>*® The simultaneous testing
of multiple conditions within the same culture environment
significantly reduces well-to-well or sample-to-sample variation
when comparing discrete experimental conditions. Such a
platform also streamlines workflows, minimizing reagent usage,
manual handling, and overall experimental time. Using a
combinatorial hydrogel with multiple biochemical gradients,
for example, Burdick and co-workers achieved high-throughput
screening of cellular microenvironments.” Specifically, they
modified HA hydrogels with a norbornene group (NorHA),
enabling the formation of linkages with monothiolated
peptides through light-mediated reactions (Figure 42A). By
controlling the UV light exposure with a movable opaque
mask, graded peptide concentrations (0—S mM) were achieved
on the surface of the NorHA hydrogel (Figure 42B).
Particularly, to replicate cell—cell and cell-matrix interactions,
single and orthogonal gradients of Arg-Gly-Asp (RGD)
sequences and His-Ala-Val (HAV) motifs were incorporated
into the hydrogel. The gradients could be visualized using
fluorescent tags, as shown in Figure 42C. With MSCs
photoencapsulated in the hydrogel, the authors investigated
how the levels of these interactions synergistically influenced
MSC chondrogenesis, using Sox9 and Aggrecan as chondro-
genic markers (Figure 42D,E). The hydrogel platform
featuring spatially varying biochemical formulations allowed
for the derivation of optimal RGD and HAV combinatorial
concentrations for promoting chondrogenesis, which were
further validated on discrete hydrogels. This approach allows
one to readily alter the graded steepness and/or map different
biochemical components, and it is also adaptable to
combinations of other factors.

4.8. Soft Actuators

Inspired by the eflicient, intricate movements found in
biological systems, soft actuators are emerging as an active
area of research. Notably, the remarkable working of nature,
from the powerful contractions of cephalopod tentacles to the
subtle seismonastic movements of Mimosa pudica leaves, is
enabled by the functional gradients within their structures.
Mimicking these gradients holds the key to developing next-
generation soft actuators for applications ranging from delicate
robotic grippinﬁg to fluid-based switches, soft electronics, and
bionic robots.”*"**!

Achieving the nature-equivalent complexity presents a
significant challenge. Conventional actuators, typically fab-
ricated from single, uniform materials, face fundamental
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Figure 42. Combinatorial hydrogels with biochemical gradients for
screening 3D cellular microenvironments. (A) Schematic showing the
fabrication of the hydrogel with a single peptide gradient. (B)
Fabrication of a dual-graded hydrogel: i) preparation of the hydrogels
in a mold via a thiol-norbornene UV light-mediated reaction between
NorHA and dithiol cross-linker; ii) incubation with a S mM
monothiolated HAV peptide solution and generation of the HAV
gradient with a horizontally sliding opaque mask to control the extent
of light-mediated reaction between HAV peptides and norbornenes in
the hydrogel; and iii) incubation with a S mM monothiolated RGD
peptide solution and generation of the secondary HAV gradient with a
sliding opaque mask in the orthogonal direction. (C) Fluorescence
micrographs of rhodamine-labeled RGD and fluorescein-labeled HAV
orthogonal gradients, including intensity profiles on each side. (D)
Effect of the orthogonal HAV and RGD gradients on transcription
factor Sox9 expression. (E) Effects of the orthogonal HAV and RGD
gradients on Aggrecan synthesis. Reproduced with permission from
ref 259. Copyright 2018 the Author(s) (CC BY 4.0).

limitations in both performance and versatility. They are
often limited by a trade-off between force output and response
speed and tend to produce only simple, predictable motions
like uniform bending or twisting. Creating more complex and/
or programmable motions with these materials requires
cumbersome external control systems or complex graded
stimuli that are challenging to implement and maintain,
thereby reducing the efficiency and autonomy of the soft
actuators. While multilayered actuators have been explored to
overcome some of the limitations, they often suffer from stress
concentrations at the sharp interfaces between dissimilar
materials, leading to delamination and unsatisfactory perform-
ance. Functionally graded materials, on the other hand, provide
an efficient way to resolve these issues. By programming spatial
variations in chemical composition, mechanical properties, and
macro/microscopic structures directly into a single actuator
body, it is possible to achieve complex, preprogrammed
motions in response to one global stimulus.

Soft actuators driven by gradients in their mechanical
properties serve as a good example of how functionally graded
materials are applied to actuation. For instance, Menges and
co-workers fabricated a cellulose-based soft actuator with a
continuous, multidirectional gradient in mechanical properties
by 3D printing.262 The gradient was created by modulating the
composition of the extruded fibers. A higher concentration of
lignin, a natural reinforcing agent derived from plant cell walls,
resulted in increased stiffness and tensile strength of the
printed material. In contrast, the incorporation of citric acid

https://doi.org/10.1021/acs.chemrev.5c00732
Chem. Rev. XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/10.1021/acs.chemrev.5c00732?fig=fig42&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.5c00732?fig=fig42&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.5c00732?fig=fig42&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.5c00732?fig=fig42&ref=pdf
pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.5c00732?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemical Reviews

pubs.acs.org/CR

REVIEY

diminished both mechanical characteristics. The stiffness of the
material was also controlled geometrically by varying the
thickness of the extruded fibers, with thicker fibers creating
regions of higher stiffness. The gradient in stiffness effectively
guided the deformation of the printed material, enabling
complex behaviors and redistribution of forces in response to
the actuation force.

In addition to mechanical properties, gradients in chemical
composition provide another route to complex, autonomous
actuation. Hydrogel-based systems, for instance, can be
synthesized with a preprogrammed gradient in their swelling
ratio.”*®> When exposed to a global stimulus like water, different
regions of the hydrogel swell to varying degrees, generating
internal stresses that drive a 2D-to-3D shape transformation.
As a result, a simple, flat material can execute sophisticated
actuation, autonomously morphing into a 3D functional
structure like a delicate flower petal or a gripping claw. As a
key challenge, many of these passive systems are plagued by
their slow response speed. To accelerate actuation, researchers
have embedded a graded distribution of magnetically,
photonically, or electrically responsive components within
the material matrix. The components include magnetic
nanoparticles (e.g, SPIONs or MnFe,0,),”*"** light-
responsive metallic nanorods,*®® and metal ions.”®” This
approach creates a gradient of responsiveness to an external
magnetic or electric fleld, enabling a tight control over the final
actuated shape. For example, Podstawczyk and co-workers
fabricated soft actuators that morphed into different
preprogrammed shapes under a uniform magnetic field by
varying the concentration of magnetic fillers in their 3D
printing ink.**®

Alternatively, the internal architecture of an actuator can be
engineered with structural gradients to create anisotropic
motion. For example, Chen and co-workers fabricated a
hydrogel with a well-controlled gradient in porosity to achieve
rapid, programmable locomotion.”® The gradient was created
by polymerizing NIPAM with a heterobifunctional cross-linker
(4-hydroxybutyl acrylate) under hydrothermal conditions,
which caused PNIPAM—OH to precipitate out and form a
gradient from top to bottom (Figure 43A). Subsequent
intermolecular dihydroxylation yielded a hydrogel with a
continuous gradient in porosity (Figure 43B). After loading the
porous network with polypyrrole-based photothermal trans-
ducers, the material could execute a variety of complex
motions, including bending, twisting, and octopus-like
swimming under NIR laser irradiation. A swelling/deswelling
gradient was generated in response to porosity changes,
enabling rapid thermal responses and directional locomotion.
As shown in Figure 43C, under constant laser irradiation at a
fixed spot, the graded hydrogel strip could lift a mass of 700
mg, demonstrating its potential as a photomechanical
converter for artificial muscles and soft robotics.

Ultimately, the rational design and fabrication of functionally
graded materials are critical for advancing soft actuators from
simple, single-motion devices to sophisticated, functional
systems capable of complex tasks. The continued development
of graded materials holds promise for creating the next-
generation smart actuators, which will, in turn, enable
revolutionary advances in diverse fields such as adaptive
robotics, biomedical devices, artificial muscles, and dynamic
materials that can autonomously reconfigure their shape and
function.
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Figure 43. Hydrogels with a gradient in porosity for soft actuation.
(A) Schematic showing the fabrication of a graded porous hydrogel.
(B) Cross-sectional SEM images of the hydrogel with a gradient in
porosity. (C) Schematic and photographs showing the use of the
hydrogel to lift weights upon laser irradiation. Reproduced with
permission from ref 269. Copyright 2015 Wiley-VCH.

Taken together, while both functionally graded surfaces and
materials utilize gradients for advanced functionality, their
primary biomedical applications are fundamentally distinct,
rooted in their dimensionality and intended functions.
Specifically, the functionally graded surfaces are typically
applied as coatings or modifications to existing substrates.
Their primary role is to control and guide events at the surface
by presenting spatially varying cues, such as gradients in
proteins, minerals, or stiffness, to modulate specific cellular
responses like adhesion, migration, and differentiation. As
these applications often involve modifying existing medical
devices or creating platforms for in vitro assays, functionally
graded surfaces are generally closer to direct clinical or
diagnostic use. In contrast, functionally graded materials are
primarily developed as bulk, three-dimensional scaffolds
intended to replace or regenerate entire tissue sections.
These materials feature gradients in composition, porosity,
and mechanical properties throughout their volume to recreate
the complex, hierarchical architecture of native tissues. Their
fundamental applications are in regenerative medicine,
including the creation of scaffolds for tendon-to-bone
regeneration, the engineering of triphasic plugs for osteochon-
dral defects, and the fabrication of biomimetic structures for
bone engineering. These ambitious goals position functionally
graded materials predominantly in the preclinical research and
development stage, where the focus is on achieving long-term,
functional tissue integration. For clarity, the major biomedical
applications, strengths, limitations, technology readiness/
clinical status, and translational barriers of functionally graded
surfaces and materials are outlined in Table 3.

5. CONCLUSIONS AND PERSPECTIVES

This review focuses on the fabrication and biomedical
applications of functionally graded surfaces and materials that
feature spatial variations in terms of composition, structure,
and other properties. For each method, we discuss the
principle of fabrication while highlighting its capability to
enable functionalities that are difficult to achieve with
conventional homogeneous surfaces or materials. Despite
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significant progress in recent years, this field still faces a set of
challenges. For example, prior to clinical translation, it is
essential to ensure the repeatability and reproducibility of the
fabrication method, as well as to scale up the production
volume without compromising quality control. It is also worth
exploring the rational integration of hierarchical structures
across multiple scales while leveraging the powers of modeling
and artificial intelligence (AI). Here we briefly discuss each of
these subjects, aiming to inspire new research efforts in this

field.
5.1. Repeatability and Reproducibility

Repeatability and reproducibility are vital parameters for
assessing whether the fabrication method holds promise for
clinical applications.””® While closely related, repeatability and
reproducibility refer to different aspects of experimental
reliability. As shown in Figure 44A, repeatability reflects the
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Figure 44. Repeatability and reproducibility issues of a fabrication
method. (A) Schematic illustrating the differences between
repeatability and reproducibility. (B) Comparison of academic and
clinical/industrial practices in terms of repeatability and reproduci-
bility. Text colors indicate the implementation levels: red (poor) and
green (full). Reproduced with permission from ref 271. Copyright
2023 American Chemical Society.

consistency of results within a single laboratory, including how
reliable the results are when the same investigator performs the
experiment multiple times and how robust the results are over
time. In contrast, reproducibility refers to the ability to obtain
consistent results when an experiment is independently
replicated by different teams using the same protocol and
instrumentation. In essence, reproducibility ensures that
similar results can be reliably obtained across laboratories. It
is important to note that repeatability and reproducibility are
not exclusive to functionally graded surfaces and materials but
are widely encountered across the broader field of materials
research.

Despite recent progress, the lack of repeatability and
reproducibility still presents a significant barrier to the

AP

translation of functionally graded surfaces and materials.””!

As shown in Figure 44B, the barrier often arises from several
key factors. For instance, lack of rigorous control over raw
material sourcing, caused by frequent changes in vendors or
unverified certificates of analysis, can directly compromise the
consistency of a fabrication method. Moreover, the custom-
built laboratory equipment often lacks standardized calibration,
validation, and routine maintenance that should be regularly
performed in industrial settings. The discrepancies are further
amplified by differences in oversight: academic research
generally relies on peer review, and it does not include the
rigorous process-level audits and quality assurance systems
standard in clinical and industrial settings.

Achieving both high repeatability and reproducibility for the
fabrication methods requires a two-pronged strategy. First, it is
essential to standardize technolo_gy and systematically docu-
ment the fabrication protocols.””” The strategy will enable
efficient knowledge transfer across different laboratories and
facilities. Second, the development of open-access data sets and
the promotion of collaborative benchmarking initiatives will be
pivotal for establishing reproducible and clinically translatable
graded systems. Both steps will help bridge the gap between
laboratory innovation and commercial deployment.

5.2. Precision and Spatial Resolution

Precision in the fabrication of functionally graded surfaces and
materials refers to the ability to define, control, and execute the
desired spatial variations of material properties with high
accuracy and fine resolution.””” It ensures that the actual
gradient profile closely matches the intended design while
allowing for high spatial resolution in implementing the
variations. For instance, if we aim for a 1D gradient in a
property that ranges from 0% to 100% across a certain
distance, the precision ensures that the fabricated gradient
closely matches the desired profile, without any unintended
fluctuations or deviations. Such a control is particularly
important in specific biomedical contexts, where spatially
defined gradients must be tailored to meet specific demands,
such as replication of the features of a native tissue interface
that depends on the graded transitions in structure and
composition.

As we discussed in Sections 2 and 3, essentially all
fabrication methods have experienced significant progress in
generating gradients with appreciable spatial resolution by
modulating experimental parameters such as concentration,
light exposure, or deposition rate. However, they still face
considerable inherent limitations. For methods such as
progressive immersion, they offer a facile and scalable approach
to generating continuous gradients that often exhibit low
spatial precision and poor reproducibility. The deficiencies are
particularly evident near the regions where the substrate moves
into or out of the solution. The uncontrolled fluid dynamics in
these regions tend to cause edge effects and abrupt
discontinuities in the gradient profile. Moreover, the above
approaches still struggle to generate multidimensional
gradients with nanoscale resolution—an increasingly important
requirement for designing biomimetic interfaces.

In contrast, 3D printing has emerged as a promising strategy
for achieving greater design flexibility and enhanced spatial
control in the fabrication of gradients. By leveraging techniques
such as graded extrusion and voxel-by-voxel control, 3D
printing allows for the precise and localized deposition of
materials with tunable compositions. Such a control enables
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the fabrication of customized gradients tailored for specific
biomedical applications. However, 3D printing still falls short
of the precision and stability required for widespread clinical
translation or industrial application. The limitations arise not
only from hardware constraints or nonoptimized parameters
but also from difficulties in accurately delivering raw materials.
For example, Li and co-workers reported a substantial
discrepancy in composition between premixed feedstock and
the deposited material (Figure 45A), and they attributed it to
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Figure 45. Challenges in and strategies for improving the precision of
a fabrication method. (A) Schematic showing the fabrication of
graded materials via laser melting deposition. (B) Schematic showing
a commercial platform that integrates spectral-domain OCT for in situ
monitoring. The system consists of a low-coherence superluminescent
diode, a high-speed scanning spectrometer, and a fiber-based
Michelson interferometer. (A) Reproduced with permission from
ref 274. Copyright 2018 Elsevier. (B) Reproduced with permission
from ref 275. Copyright 2018 Elsevier.

variations in particle size and density, where smaller, lighter
particles flowed faster than their larger, heavier counterparts.”’*
Such an inconsistency in particle transport compromises the
accuracy of gradient formation, ultimately undermining the
precision required for constructing well-defined architectures.
To achieve a tight control over the gradients, integration of
high-precision, in situ, and real-time monitoring techniques
into the fabrication process has proven essential. Specifically,
advanced tools such as laser-induced breakdown spectroscopy,
optical coherence tomography (OCT), and infrared thermog-
raphy provide immediate feedback on critical parameters,
including composition, temperature, microstructure, and
interface integrity, throughout the fabrication process. The
real-time data is crucial for quickly identifying deviations from
the target gradient profiles. As shown in Figure 45B, Matthews
and co-workers successfully employed large-area spectral-
domain OCT to achieve real-time monitoring of surface
roughness.275 In the future, when integrated with Al-based
image recognition, such monitoring systems can facilitate the
implementation of closed-loop feedback control, enabling
unprecedented precision in the fabrication of gradients. While
these advances improve the precision and resolution of
fabricated gradients toward maximal controllability, it is
important to note that the gradients in nature feature intrinsic
variability. For instance, the tendon-to-bone interface varies
across individuals in both structural dimension and molecular
organization, suggesting the personalized nature of biological
systems. Therefore, beyond the pursuit of superior precision
and resolution, an emerging direction lies in integrating
controlled variability or adaptive features to emulate the
stochastic yet functional characteristics of natural gradients.

5.3. Scalability for Mass Production

Although significant progress has been made in the laboratory-
scale fabrication of graded surfaces and materials, moving these
innovations to mass production or w1despread clinical
applications remains a substantial challenge.”’® Most of the
current fabrication methods operate at relatively slow
throughputs, making them unsuitable to meet the speed and
volume demands for industrial manufacturing. For example,
mask-assisted fabrication requires several steps, including
design of masks, preparation of photosensitive substrates,
and selective UV exposure. Fabricating a sample often requires
an extended period, making it challenging to maintain
consistency between batches. While the methods may work
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well in a research setting, they are impractical for mass
production, where thousands or even millions of units are
involved.

Beyond throughput limitations, the scale-up from laboratory
to mass production faces two major challenges: i) whether the
fabrication methodology still works at a large scale and ii)
whether the production can operate safely, continuously, and
economically. Specifically, the first challenge is to reproduce
the same gradient as in the lab at a large volume. As the system
increases in size, the physical environment becomes more
difficult to control, particularly in terms of heat transfer, mass
transfer, and reagent mixing. In diffusion- or reaction-driven
systems, such factors often lead to nonuniform gradients and
uncontrolled cross-linking or curing behavior at large scales.
When scaling up, even minor fluctuations in temperature, flow
rate, or composition can be amplified, compromising precision.
The second issue involves economic, safety, and logistical
considerations inherent to industrial-scale operations. Large-
volume handling of reactive or volatile chemicals necessitates
the use of industrial-grade equipment, such as stainless-steel
reactors, capable of withstanding high temperatures, pressures,
and corrosion. Moreover, a reaction that is technically viable in
the lab may be economically impractical at the large scale due
to reliance on high-purity, expensive reagents. Thus, the
fabrication method must be optimized for low-purity,
industrial-grade raw materials that can be reliably and
affordably sourced in bulk when developing effective strategies
for mass production.

To achieve actual mass production, future efforts should
focus on several key aspects. First, developing novel high-
throughput fabrication strategies, such as continuous lithog-
raphy, roll-to-roll patterning, and advanced multimaterial 3D
printing, will be instrumental in bridging the gap between
precision and productivity.””’~>”” A promising platform is
automated, reconfigurable microfluidics (Figure 46), which
allows users to digitally design the desired configurations on a
computer and implement them on reprogrammable chips with
a precise control.”*” Such systems could dynamically switch
between multiple operational states, offering a versatile route
to large-scale yet finely tuned gradient fabrication. Second,
strategies for cost reduction, such as optimizing raw material
sourcing, implementing solvent recycling, and improving
energy efficiency, are crucial to ensure economic feasibility at
all scales. Finally, establishing standardized protocols and
robust quality assurance frameworks is vital for ensuring
reproducibility, regulatory compliance, and consistent perform-
ance across production batches. Taken together, these
advancements will be pivotal for transforming functionally
graded materials from niche, lab-scale prototypes into scalable
and deployable platforms for commercial applications.

5.4. Hierarchical Structures across Length Scales

In the context of functionally graded materials, hierarchical
structures refer to the systematic and multilevel organization of
material elements across different length scales ranging from
nanoscale to macroscale.”®’ The use of such hierarchical
designs is increasingly recognized as essential for replicating
the complexity of natural tissues and advancing clinical
translation. Nature offers a rich source of inspiration for
fabricating structural motifs that seamlessly integrate gradients
at different length scales through a bottom-up approach
(Figure 47A).”*> Representative hierarchical patterns include
lamellar, columnar, coaxial, Bouligand, and array-based
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Figure 47. Representative hierarchical structures in nature and their
classification. (A) Examples of natural materials that exhibit graded
architectures across multiple length scales. (B) Major structural motifs
observed in biological hierarchical systems. (C) Hierarchical

structures of the lobster claw. Reproduced with permission from ref
283. Copyright 2023 The Author(s) (CC BY 4.0).

structures (Figure 47B).283 Each type of structure offers
distinct advantages in terms of mechanical reinforcement or
directional transportation. For instance, lamellar structures can
enhance the strength and fracture resistance of ceramic-like
tissues. In comparison, coaxial arrangements found in wood
and bone provide both mechanical stiffness and efficient mass
transport. An illustrative example is the Bouligand structure
found in the claw of the American lobster (Figure 47C), which
exhibits a continuous transition in mechanical and structural
properties from nanoscale fibril orientation to macroscale
geometry.”® By following the designs in nature, hierarchical
structures have been fabricated with gradients for guiding cell
migration, promoting osteochondral interface regeneration, or
enhancing vascular integration. Admittedly, the manmade
hierarchical structures often fail to replicate the intricate detail
and multifunctionality typically found in nature.

Regarding bioinspired hierarchical structures, it is essential
to address two fundamental questions: where do they come
from and which direction will they take? In other words, we
need to learn from nature and thoroughly understand the
chemical or structural determinants that contribute to
hierarchical organization. Moreover, to guide their develop-
ment, it is crucial to uncover the relationships among
composition, structure, and properties, and how these
parameters dictate function, thereby enabling the derivation
of transferable design principles. Taking the royal water lily
inspired patch for wound healing as an example (Figure 41),
we need to understand how the hierarchical structures are
designed and what specific benefits the structures offer for
wound repair. Such insights lay the groundwork for the rational
design of next-generation surfaces and materials featuring
gradations. Moreover, multiscale computational modeling and
Al-assisted optimization can provide powerful tools for
tailoring hierarchical architectures that meet the criteria of
biological relevance, mechanical robustness, and scalable
manufacturability.”** Future efforts should also explore
dynamic, self-adaptive hierarchical materials capable of
remodeling in response to environmental or biological cues,
further narrowing the gap between engineered and natural
systems.
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5.5. Modeling and Al-Aided Fabrication

Alongside advances in fabrication precision, modeling and Al-
assisted fabrication have become essential in developing
functionally graded surfaces and materials. The computational
algorithms provide a deeper insight into how complex
geometries and material formulations perform under varying
conditions, enabling rational design, predictive optimization,
and real-time process control.”*’

Modeling, particularly physics-based methods such as finite
element analysis, is vital in simulating how processing
parameters influence stress distribution, heat transfer, or
structural deformation across graded regions.”****” In one
report, Studart and co-workers employed multimaterial 3D
printing to fabricate a biomimetic intervertebral disc (IVD)
with a tailored gradient in stiffness (Figure 48A).”*" By
leveraging finite element modeling (Figure 48B), they
identified local density of strain energy as a key parameter in
governing failure localization. The study not only demonstrates
the functional advantages of stiffness gradient in load-bearing
but also provides a quantitative design guideline for optimizing
mechanical performance. Moreover, the consistency between
simulated and experimental results further validates the
essential role of modeling in accelerating the design and
qualification of functionally graded surfaces and materials.

In recent years, Al has emerged as a powerful complement
to conventional modeling in materials research. Unlike physics-
based methods, Al-driven techniques, particularly those
utilizing machine learning, leverage extensive data sets to
forecast outcomes, identify defects, and optimize the design
and fabrication of graded surfaces and materials.”*® By enabling
rapid and reliable adjustments of parameters (Figure 48C),
machine learning facilitates the attainment of desired material
properties with greater efficiency.”®* Furthermore, the
integration of standardized AI frameworks reduces reliance
on trial-and-error experimentation, minimizes production
variability, and improves the overall consistency of complex,
graded architectures. As Al technologies continue to evolve,
their synergy with conventional modeling is poised to unlock

AS

unprecedented levels of precision, scalability, and functionality
in the development of functionally graded surfaces and
materials.

In conclusion, functionally graded surfaces and materials
present a transformative paradigm in biomedical engineering,
offering unparalleled opportunities to bridge the gap between
synthetic constructs and biological systems. As our under-
standing of the design principles are deepened, encompassing
reproducibility, precision, scalability, hierarchical integration,
and computational strategies, we are poised to overcome
existing barriers to clinical translation. By advancing from
laboratory-scale innovations to standardized, high-throughput
fabrication, the tailored material systems will unlock new
frontiers in biomedical engineering. We envision this review
not only as a comprehensive overview of current advances but
also as a strategic roadmap that inspires researchers to
integrate multiscale gradients with bioinspired thinking and
emerging fabrication technologies. Ultimately, the convergence
of materials innovation, advanced manufacturing, and Al-
driven design will elevate graded systems from experimental
models to transformative clinical solutions, fulfilling their
promise as next-generation tools in biomedicine and beyond.
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