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Abstract

The heterogeneity of native tissues requires complex materials to provide suitable substitutes for 

model systems and replacement tissues. Functionally graded materials have the potential to 

address this challenge by mimicking the gradients in heterogeneous tissues such as porosity, 

mineralization, and fiber alignment to influence strength, ductility, and cell signaling. 

Advancements in microfluidics, electrospinning, and 3D printing enable the creation of 

increasingly complex gradient materials that further our understanding of physiological gradients. 

The combination of these methods enables rapid prototyping of constructs with high spatial 

resolution. However, successful translation of these gradients requires both spatial and temporal 

presentation of cues to model the complexity of native tissues that few materials have 

demonstrated. This review highlights recent strategies to engineer functionally graded materials 

for the modeling and repair of heterogeneous tissues, together with a description of how cells 

interact with various gradients.
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The heterogeneity of native tissues requires complex materials to provide suitable substitutes for 

model systems and replacement tissues. Advancements in microfluidics, electrospinning, and 3D 

printing enable the creation of functionally graded materials that have the potential to address this 

challenge by mimicking the gradients in tissues such as porosity, mineralization, and fiber 

alignment to influence strength, ductility, and cell signaling.
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1. Introduction

Gradient-based biomaterials are an exciting advancement in the field of materials science 

and tissue engineering that are designed to mimic naturally occurring gradients in 

composition, signaling cues, and other constituents found in vivo. The advancement of 

technologies such as dynamic biomaterials, 3D bioprinters, and stem cell programming has 

fueled the growth of the tissue engineering field. Functionally graded materials (FGMs) 

represent one such advancement where biomaterials are designed to imitate the natural 

heterogeneity found in tissues throughout the body. In their simplest form, FGMs are 

composed of two constituent materials or phases which spatially change from one to the 

other. FGMs were first investigated in the 1980s for the design of heat-resistant materials for 

spacecraft that could withstand high temperature gradients (temperatures up to 2000 K with 

a gradient of 1000 K).[1] Thereafter, the benefits of non-homogeneous materials have been 

exploited to design materials with specific structural, chemical, and morphological 

characteristics to influence mechanical properties and cell signaling.

Mechanical and biochemical gradients are found throughout the body and provide structural 

integrity at transitional interfaces of tissues (Figure 1). Bone is one example of a natural 

gradient in both radial and longitudinal directions. In the radial direction, bone consists of a 

dense outer structure (cortical bone) that changes to a softer and more porous internal 

material (cancellous bone).[2] Longitudinally, bone is composed of collagen fibers aligned to 

bear the necessary compressive and torsional forces to enable locomotion, resist mechanical 

stresses, and provide protection for internal organs. By varying its structural properties, bone 

can withstand external loading while enabling the transportation of nutrients and waste. 

Tendon-to-bone integration exhibits spatial variations in mineral concentration and collagen 

fiber orientation that enables efficient force transmission while minimizing stress.[3] 

Articular cartilage is yet another highly graded tissue interface where collagen fibers are 

aligned parallel to the articular surface and are increasingly perpendicular as they approach 

subchondral bone.[4] Gradients are evident in cell signaling as well, with cells migrating in 

response to gradients of soluble chemoattractants, surface-attached molecules, and stiffness.
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[5] Thus, gradients in stimuli, whether derived from composition, mechanical forces, or 

soluble cues, have an important effect on tissue development, regeneration, and homeostasis.

The design of FGMs have the potential to recreate the biological function of these 

heterogeneous tissues and increase our understanding of how to integrate biomaterials in 
vivo. The variety of techniques employed to form FGMs often utilize homopolymers, 

copolymers, or composite materials to create FGMs with a wide range of properties. This 

review will describe recent advances in the field of FGMs and how they are applicable for 

new models of tissue development, repair, and for replacement tissues.

2. Methods for the fabrication of functionally graded materials

Gradients of composition, porosity, stiffness, and biochemical concentration are among the 

most frequently studied due to their known effects on cell behavior. Gradients may be 

continuous or discrete and extend in a linear or non-linear fashion. Scaffolds for softer 

tissues will often use more compliant biomaterials such as hydrogels, while harder tissue 

substitutes make increased use of stiff, slowly resorbing polymers and ceramics due to their 

ability to withstand higher mechanical load. With the increased use of FGMs in tissue 

engineering, several methods have been developed for incorporating gradients into 

biomaterials including light-based methods, 3D printing, microfluidics, electrospinning, 

freeze-drying, and solvent casting/particulate leaching (Table 1). The following section will 

discuss the fabrication of FGMs using these common methods.

2.1 Light-based methods

Light-based methods for the synthesis of materials and gradients rely on the incorporation of 

a photosensitive component, whereupon exposure to a designated wavelength initiates a 

chemical reaction that results in the formation or disintegration of crosslinking bonds. 

Hydrogels, highly tailorable polymeric networks capable of absorbing high amounts of 

water (70–99%),[6] are widely used as photoresponsive substrates.[7] Hydrogels are 

appealing due to their capacity to mimic the fibrous and viscoelastic characteristics of the 

native extracellular matrix (ECM), as well as their hydrated nature and biocompatibility. 

Hydrogels are derived from natural proteins or polysaccharides such as collagen, fibrin, or 

alginate, or synthetic polymers such as polyethylene glycol (PEG), polyacrylamide (PA), 

and polyvinyl alcohol (PVA) to name a few. These polymers can be functionalized to 

respond to light, chemicals, pH, ionic concentration, temperature, and magnetic and 

electrical fields.[8] Furthermore, these materials may be engineered to be hydrolysable or 

degradable over time and have tunable biophysical properties through manipulation of 

crosslinker concentration, applied wavelength, and duration of irradiation.

Photolithography is useful for creating gradients by regulating the light that reaches a 

photolabile material. A photomask controls the distribution of light based on regions of 

translucency, providing the opportunity to dictate crosslinking down the axis (Figure 2A).[9] 

PA gels were formed with opposing gradients of stiffness and protein concentration using 

photolithography.[10] Gradient photomasks were designed with translucent regions to allow 

light penetration and opaque regions to attenuate light transmission. Polymerization was 

initiated by Irgacure 2959 and exposure to 254 nm UV light. Gel crosslinking correlated 
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with the design of the photomask and resulted in soft and stiff regions ranging from 46.7 kPa 

to 126.7 kPa. When fibroblasts were seeded on gradient gels, cells preferentially migrated 

towards the stiffer end of the gel. Immobilized collagen gradients were then created by 

conjugating type 1 collagen to the PA gels using N-hydroxyl succinimide (NHS) and sulfo-

succinimidyl-diazirine (SDA) chemistry. The collagen was exposed to 365 nm UV light, 

which superimposed an opposing collagen gradient on top of the rigidity gradient. When 

combining opposing mechanical and biochemical gradients, fibroblast migration was 

reversed toward the softer elastic modulus and higher collagen concentration. Human 

mesenchymal stromal cells (MSCs) followed a similar trend of migrating up a stiffness 

gradient when seeded on collagen-coated PA gels.[11] Adipose derived stromal cells (ASCs) 

were entrapped within a gelatin methacryloyl (GelMA) hydrogel with a continuous stiffness 

gradient.[12] ASCs seeded in low stiffness regions (~8 kPa) exhibited increased cellular and 

nuclear volume and enhanced mechanosensitive protein localization in the nucleus, while 

the reverse was seen high stiffness regions (~30 kPa). Conversely, when ASCs were seeded 

on top of a gradient PA hydrogel, ASCs exhibited more cell spreading and nuclear 

localization of Lamin A and YAP at higher stiffnesses (Figure 2C).[13]

As an alternative to photomasks that are fixed to control light transmission, the mask can be 

pulled across the biomaterial to create a spatiotemporal gradient of UV exposure time 

(Figure 2A).[14] Methacrylated hyaluronic acid (HA) hydrogels with stiffness ranging from 3 

to 100 kPa were produced and seeded with human MSCs.[15] Cells exhibited increased 

spreading and proliferation on the stiffer regions compared to MSCs on softer portions of the 

gels. Stiffness gradients were produced in PA gels from 1–240 kPa using a similar technique.
[16] Beyond manipulating hydrogel mechanical properties alone, polymers such as 

polyethylene glycol monoacrylate (PEGMA) have been used to create hydrogels with 

accelerated degradation that correspond to increased UV exposure time.[17] Surface charge 

has also been controlled with photomask-generated gradients. Sulfhydryl-to-sulfonate 

surface gradients were created by sliding a mask over a surface functionalized with 3-

mercaptopropyltrimethoxysilane (MTS), which oxidized an increasing amount of thiol 

groups with longer exposure time.[18] Solutions of platelet free plasma (PFP), fibrinogen, 

and albumin were then washed over the surface to observe the combined effect of surface 

charge and the nature of the adsorbed protein on platelet adhesion. Surface charge gradients 

adsorbed with PFP promoted adhesion that was inversely related to the negative surface 

charge density, gradients with fibrinogen showed maximum adhesion in the center, and 

gradients with albumin resulted in low overall adhesion.

As an alternative to traditional photomasks, maskless photolithography is achievable with 

projection photolithography. A UV light source illuminates a digital micromirror device that 

uses an array of fluctuating mirrors to regulate the output intensity of light of the desired 

image to be projected.[19] Compared to mask-based photolithography, this method only 

requires an 8-bit image grayscale image and is not limited to the resolution or movement of 

a photomask. This system can be used with both photocrosslinkable and photodegradable 

hydrogels to create stiffness gradients with submicron resolution or pattern distinct regions 

of hydrogels for functionalization.[19–20]
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Photon irradiation has been increasingly employed to generate light-based gradients since 

the discovery of two-photon irradiation in 1990.[21] Two-photon photolithography uses a 

highly focused laser beam that raster scans material and may be used to efficiently cleave 

coumarin-derived photocages.[22] 6-bromo-7-hydroxy coumarin (Bhc) is a common 

photocaging molecule used to protect amines and thiols. Upon activation, Bhc can 

immobilize gradients of molecules such as maleimide-functionalized growth factors (e.g., 

vascular endothelial growth factor, VEGF).[22–23] As a model of angiogenesis, endothelial 

cells migrated into gels with VEGF gradients, but no migration was observed with gels 

lacking immobilized VEGF or without a gradient (i.e., homogeneously immobilized VEGF).
[22]

Photolabile crosslinkers are often used when mixing two distinct hydrogel precursor 

solutions to create a continuous gradient between two solutions. These solutions may be 

mixed at different rates using a syringe or peristaltic pump, pumped into a glass mold, and 

the resultant graded solution is crosslinked by exposure to light.[24] Flow rates vary from 0–

50 mL/h with flow rates on the lower end (~100 μL/min) used to prevent mixing of the 

gradient before crosslinking. Constructs typically range from 50–500 mm3 but can vary 

widely depending on application.[25] Gradients of stiffness within a copolymer hydrogel 

have been created by loading polymers of different molecular weight into each syringe, 

while hydrogels presenting gradients in peptide presentation (i.e., HAVDI, which mimics N-

cadherin) were created in a similar fashion.[26] Methacrylated alginate hydrogels possessing 

gradients of stiffness and adhesive peptide (RGD, Arg-Gly-Asp) concentration were seeded 

with MSCs to test the role of multiple interactions on cell differentiation and proliferation.
[25b] More MSCs were observed in regions of lower stiffness and higher RGD concentration. 

Gradients of short interfering RNA (siRNA) have also been formed to spatially control gene 

expression, showcasing the versatility of biological processes applicable to this platform.
[25a] In particular, human embryonic kidney (HEK293) cells transfected with destabilized 

green fluorescent protein (deGFP) displayed a gradient of fluorescence intensity upon spatial 

presentation of deGFP siRNA.

While homopolymers may be mixed at different rates, interpenetrating network (IPN) 

hydrogels can be formed by mixing two monomers that polymerize independently when 

exposed to different light sources. Acrylate and epoxy monomers were mixed with radical 

and cationic photoinitiators to create functionally graded IPNs by spatial exposure to 

different wavelengths of light.[27] Scaffolds with porosity gradients have also been created 

by combining organic (polyethylene glycol diacrylate, PEGDA) and inorganic 

(methacrylated star polydimethylsiloxane, PDMSstar-MA) macromers and suspending them 

in aqueous or organic solvents after crosslinking.[28] These gradient scaffolds exhibited 

swelling values from 5.5 to 12, stiffnesses of 40 to 405 kPa, and the ability to spatially 

control PDMSstar-MA distribution, pore size, and bioactivity, which could be utilized for 

rapid screening of cell-material interactions.

Photocrosslinking may be used to use fuse independent hydrogel solutions and form a 

discrete gradient by stacking crosslinked layers (Figure 2B). A prehydrogel solution of 

PEGDA or GelMA was deposited inside a PDMS well and crosslinked by exposure to UV 

light. The next layer was deposited on top and crosslinked in the same manner. Each layer 
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can be composed of different concentrations of biomolecules or hydrogels to effectively 

create a gradient across the finished construct.[29] Fibroblasts migrated and exhibited distinct 

morphologies on these materials possessing a stiffness gradient, with cells on more 

compliant areas remaining round while cells on stiffer regions becoming more spindle-like.
[29]

Light-based gradient fabrication utilizes methods with high resolution and facilitates high 

throughput formation. The light-responsive photoinitiator functions through the generation 

of free radicals that crosslink macromers, yet this approach may impair cell or DNA damage 

due to UV light.[30] Common photoinitiators include Irgacure 2959 and Irgacure 1173. 

Irgacure 2959 is most common due to its high free radical generation efficiency and higher 

water solubility.[31] Careful modulation of UV and photoinitiator exposure must be 

maintained to prevent cell damage.

2.2 3D Printing

3D printing is an exciting approach to create complex structures with more biocompatible, 

and even cell-loaded, materials that were previously required to be formed by 

micromachining or with sacrificial polymers. 3D printing can generate FGMs by precisely 

depositing materials based on predesigned models.[32] There are multiple types of 

bioprinters including inkjet printers which use air pressure or mechanical pulses to eject 

droplets of polymer or bioink and microextrusion printers which employ pneumatic, piston, 

and screw-based mechanisms to produce flow of bioink.[33] Continuous Liquid Interface 

Production (CLIP) printers utilize carefully controlled oxygen inhibition and UV curable 

resin to rapidly extrude constructs from a resin vessel[34], while freeform reversible 

embedding of suspended hydrogels (FRESH) printers use a thermoreversible support bath to 

print hydrogels in complex, 3D structures.[35] Bioprinters can be used with a variety of 

materials including hydrogels, synthetic polymers that can be readily extruded, and ceramics 

(Table 2).

Poly(ε-caprolactone) (PCL) is a synthetic polymer commonly used for printing due to its 

biocompatibility, processability, and ease in forming gradients.[36] For example, PCL fibers 

were photochemically decorated with propargyl benzophenone using a gradient photomask 

and an azide-modified IKVAV peptide to guide neuronal cell growth.[37] Unlike PCL fibers 

lacking a gradient, neuronal cells exhibited increased alignment and migration up the 

peptide gradient of IKVAV-gradient PCL fibers. Polylactic acid (PLA) and 

poly(ethyleneoxide terephthalate)/ poly(butylene terephthalate) (PEOT/PBT) copolymers are 

also popular due to their physico-chemical properties, safety profile, and regulatory approval 

for orthopedic applications.[38] These polymers were sequentially deposited to create surface 

energy and stiffness gradients for osteochondral regeneration.[38] As surface energy 

increased, more proteins were adsorbed, forming more anchor points for cells and 

instructing their final shape and degree of spreading. PCL scaffolds were printed in the 

shape of sheep menisci and loaded with connective tissue growth factor (CTGF) and 

transforming growth factor-β3 (TGFβ3) to induce recruitment and fibrochondrocytic 

differentiation of endogenous cells.[39] Compared to non-loaded scaffolds, the treatment 

group resulted in superior meniscus regeneration with zonal properties. PCL has also been 
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used in combination with collagen for interfacial tissue engineering to resemble the 

transition between tissues.[40] PCL fibers were printed to form scaffolds with a pore size of 

200 μm, followed by controlled immersion of the scaffolds in a 1,6 hexanediamine/ 

isopropanol solution in order to create an amine (NH2)-density gradient along the length of 

the substrate. The scaffolds were subsequently covered with collagen via carbodiimide 

chemistry, which promoted adhesion of cells on the scaffolds and induced increases in 

metabolic activity up the collagen gradient.

Collagen is a common choice for cartilage tissue engineering due to its prevalence in native 

cartilage, as well as its high biocompatibility and ability to support cell adhesion. Collagen 

was printed at different concentrations to alter the compressive modulus from <1 kPa to 30 

kPa without affecting cell viability.[50] In an effort to replicate the zonal distribution of 

cartilage that is present in vivo, collagen type II was sequentially printed with increasing 

chondrocyte density.[51] Alginate is another common hydrogel used in biofabrication due to 

its biocompatibility, low cost, and gelation under mild conditions.[52] Gradients in pore size 

within alginate were formed for spatiotemporal gene delivery by modulating the ratio of 

methylcellulose to alginate and washing the methylcellulose out post-fabrication.[45] By 

controlling porosity, the investigators achieved both rapid and transient transfection of 

osteogenic and chondrogenic genes to induce complex tissue formation such as the bone-

soft tissue interface. Porosity gradients were also created in an IPN of alginate and gelatin 

with pore sizes ranging from 80–2125 μm, demonstrating the potential of 3D printing in 

developing bio-based scaffolds with controlled pore size.[53]

Ceramics are commonly used to form engineered tissues such as bone, as these carbonated 

phosphates can withstand high temperatures, abrasion, and mechanical stresses.[54] 

Functionally-graded ceramics are promising for use in the transition zone between the 

chondral and osseous phases at the bone-cartilage interface. Gradients of β-tricalcium 

phosphate (β-TCP) were printed with a potent, chondroinductive growth factor 

(transforming growth factor beta 1, TGF-β1) in a poly(N-acryloyl glycinamide) (PNAGA) 

gel to promote osteogenic and chondrogenic differentiation of human MSCs.[46] 

Hydroxyapatite (HAp) is another calcium phosphate (CaP)-based ceramic that has been 3D 

printed for use at the osteochondral interface. HAp was combined with PCL to fabricate 

constructs with gradients in composition and porosity.[44] These scaffolds demonstrated an 

inverse relationship between porosity and compressive modulus that was independent of 

ceramic concentration. By inclusion of the ceramic phase, these scaffolds had an average 

compressive modulus between 86 – 220 MPa, which is within the physiological range of 

trabecular bone. GelMA is a photo-crosslinking bioink that can be combined with ceramics 

to create gradient constructs. A GelMA/HAp tri-layered scaffold was fabricated with 

increasing concentrations of GelMA and HAp in each layer and implanted in a rabbit 

osteochondral defect.[55] Compared to a monophasic scaffold, the tri-layered scaffold 

resulted in faster cartilage regeneration. Bioactive glass (BG) is a ceramic that releases ions 

which promote cell adhesion, proliferation, and differentiation.[56] A gradient scaffold 

consisting of a top layer of poly(N‐acryloyl 2‐glycine) (PACG)-GelMA-Mn2+ and bottom 

layer of PACG-GelMA-BG was 3D printed for osteochondral repair.[57] After implantation 

in a rat osteochondral defect, subchondral bone formation in the gradient scaffold was 

significantly greater compared to scaffolds without Mn2+ and BG. These findings 
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demonstrate the promise of producing gradient materials that may have utility in modeling 

or replacing damaged interfacial connective tissues.

Inkjet printing can create functionally graded ceramic structures in a more continuous 

fashion compared to additive manufacturing. Complex 3D geometries of alumina and 

zirconia powder-based inks were inkjet printed in an effort to provide better control over 

material combinations.[58] This experiment illustrated the potential to create a smooth 

transition between multiple ceramics with high accuracy with regard to drop positioning. 

Inkjet printing can also be used to create gradients of growth factors on substrates.[59] 

Gradients of basic fibroblast growth factor (FGF-2) and bone morphogenetic protein-2 

(BMP-2) were printed on coverslips to test the capacity of growth factor combinations to 

promote osteogenic differentiation of the murine multipotent C2C12 cell line.[60] FGF-2 had 

an inhibitory effect on osteogenic differentiation, while ALP expression was highest in 

BMP-2 only conditions that increased up the concentration gradient. Growth factor gradients 

have also been generated by creating a gradient of heparin-binding domains to attract 

heparin-binding growth factors (HBGFs) such as FGF-2. Gradients in heparin-binding 

domains were created in hyaluronate-based hydrogels with heparin sulfate proteoglycan-

derived perlecan/HSPG2 domain I (Figure 3B).[61] MC3T3 pre-osteoblasts and MDA-

MB-231 breast cancer cells migrated up a FGF-2 gradient formulated using 3D printing.

Bioprinting facilitates rapid, on-demand prototyping of constructs possessing complex 

architectural and chemical cues. Printing in three dimensions enables formation of 

increasingly complex gradients, with the ability to integrate multiple materials by employing 

multiple print heads. However, materials utilized in 3D printing must be viscous enough to 

maintain structure post-printing but be shear-thinning to enable extrusion from the print 

head.[62] Post-processing may also be necessary to remove support material or facilitate 

crosslinking.

2.3 Microfluidics

Microfluidic platforms capitalize on their precise control of fluid flow to generate gradients 

of bioactive factors and shear stress, which provide the opportunity to study model systems 

in vitro on a miniaturized scale. Such platforms can be combined with other technologies 

such as 3D printing and electrospinning to produce highly tailored gradient scaffolds. Their 

small scale facilitates high-throughput analysis at the single cell level, significantly reduces 

reagent cost, and provides highly responsive dynamic gradients by modulating flow rates.[63] 

A large portion of microfluidic devices are fabricated through soft lithography techniques 

and utilize polydimethylsiloxane (PDMS) as their substrate.[64]

Microfluidic systems are under development to model biochemical gradients that are 

observed in vivo and study their effect on cell behavior. Microfluidic gradients can be 

generated using tree-shape devices, Y-shape devices, membrane-based devices, pressure 

balance, droplet generation, and others.[63] Embryonic stem cells (ESCs) were exposed to 

orthogonal gradients of morphogens to promote localized differentiation of motor neurons in 

the neural tube, while a rotating gradient was applied to highly metastatic fibrosarcoma 

HT1080 cells to influence migration.[65] Microfluidic devices facilitate the application of 

non-linear concentration gradients that are involved in cell migration, differentiation, and 

Lowen and Leach Page 8

Adv Funct Mater. Author manuscript; available in PMC 2021 October 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



growth.[66] Asymmetrical grids of channels promoted nonlinear diffusion that creates 

exponential and sigmoidal gradients.[66] The applicability of this design was demonstrated 

by assessing fibroblast cell viability in response to non-linear hydrogen peroxide (H2O2) 

concentrations.

Bilayered microfluidic devices have been used to guide the differentiation of stem and 

progenitor cells in vitro. Within a bilayered microfluidic device, MSCs were suspended in 

agarose in the bottom compartment, which was separated by a microporous membrane from 

the top layer that contained 3 media channels for growth, osteogenic, and chondrogenic 

media.[67] This design exposed the cells to a gradient of soluble cues due to the mixing of 

the three media channels after diffusion through the membrane. Osteogenesis was achieved 

in cells exposed primarily to osteogenic media, while those cells stimulated by chondrogenic 

media primarily underwent chondrogenesis. Cells exposed to the middle of the device 

exhibited a gradient of differentiation between the two lineages. A similar bilayered device 

was created with the addition of decellularized omentum ECM to the bottom of the device to 

serve as a scaffold.[68] The addition of natural ECM further recapitulates the complexity of 

the natural 3D microenvironment, providing an opportunity to use microfluidics to better 

model native tissues.

Biochemical gradients can be combined with mechanical gradients to interrogate the 

additive and synergistic effects of stimuli on cell behavior and function. Fibroblasts seeded 

on nanofibers of different spacings in a microfluidic device were sensitive to platelet-derived 

growth factor (PDGF-BB) dose.[69] Fibroblasts underwent maximal chemotaxis at lower 

PDGF doses and closer nanofiber spacing, which enabled cells to spread over two fibers and 

have punctate sites of adhesion. Gradients of substrate stiffness may also be formed within 

microfluidic devices to explore the synergistic influence of chemical concentration and ECM 

compliance on cell function. Orthogonal chemical and rigidity gradients were obtained by 

mixing PA solutions with different chemical concentrations in a microfluidic device. The 

solutions were blended at a Y-junction and subsequently irradiated while sliding a 

photomask over the device.[70] The liquid pressure of cell-laden hydrogels resulted in 

convex PDMS deformations in the center of a microfluidic device, and UV patterning was 

applied to create a height gradient under the PDMS.[71] When excess fluid was removed, the 

PDMS membrane flattened, applying increasing force towards the center of the device and 

generating a compressive force gradient. Porosity gradients are yet another form of stimuli 

attainable with microfluidics. The pore size in alginate nanogels was regulated by altering 

flow rates in the channel containing the monomer and the channel containing the CaCl2 

crosslinker.[72] Nanogel diameter varied from 68–138 nm and pore size ranged from 11–24 

nm. This technology could be utilized to tailor release rates of polypeptides or other 

compounds from the hydrogel. PEG microgels were fabricated and annealed to form a 

gradient in stiffness. Human MSCs seeded on the microgel scaffold exhibited increased 

proliferation and spreading up the stiffness gradient (Figure 3A).[73]

Gradients created within microfluidic devices are useful to mimic native physiology on a 

small scale. For example, an oxygen gradient ranging from 2% to 21% was created to 

investigate the influence of oxygen tension on gene expression and metabolism on human 

ESC-derived hepatocytes.[74] One side of a microfluidic device was exposed to a channel of 

Lowen and Leach Page 9

Adv Funct Mater. Author manuscript; available in PMC 2021 October 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



a continuously flowing 95% N2/5% CO2 gas mixture to generate the oxygen gradient. 

Oxygen gradients were also created by infusing sodium sulfite, an oxygen scavenger, 

through a microfluidic device.[75] When the device was loaded with endothelial cells and 

fibroblasts, biased vessel growth toward the scavenger channel was observed in both chronic 

and intermittent hypoxia conditions. Thus, precise spatiotemporal gradients of oxygen are 

created by leveraging the minimal diffusion distance oxygen must travel in microfluidic 

devices and regulating fluid flow through the microdevices.

Microfluidic gradients are valuable to test the effect of chemical concentrations on cells in a 

high-throughput manner. Microfluidic chambers were created by overlapping PDMS layers 

to form grid-like channels used to test antimicrobial susceptibility.[76] E. coli was seeded in 

the device and exposed to a unique concentration of ampicillin and gentamicin at each 

intersection, thereby enabling efficient testing of antibiotic doses with minimal reagents. The 

bacterial burden was minimized at intersections containing high doses of both antibiotics, 

demonstrating the synergistic effect of the drugs. In another example, microfluidic systems 

were used to study the efficacy of a colorectal cancer treatment, demonstrating increasing 

cell death up the concentration gradient.[77] This is a valuable tool for determining both 

effective dose and diffusive properties of drugs. Alternatively, microfluidic devices can 

model gradients of cytotoxic chemicals and their dose-dependent effect on cells. 

Microfluidic devices were used to mimic environmental pollution by applying a gradient of 

benzopyrene to bronchial epithelial cells in a model of lung pathophysiology.[78] The 

benzopyrene directionally induced cell shrinkage, cytoskeleton disintegration, reactive 

oxygen species (ROS), and inflammatory cytokines in the bronchial epithelium.

Cell migration, a process dependent on adhesivity, cell density, and chemotactic signals, can 

be studied utilizing gradients created in microfluidic devices. A gradient of laminin 

oligopeptide concentration was generated in an H-shaped microfluidic network between 

channels containing peptide-grafted collagen or untreated collagen.[79] The migration of 

chick dorsal root ganglion neurons was observed between the channels and in response to 

laminin peptides. Similarly, growth factor gradients were created in a 3D microfluidic device 

to interrogate osteoblast chemotaxis in bone regeneration.[80] A microfluidic chip was 

developed for studying the responsiveness of lung cancer cells to phototaxis, the migration 

of cells or organisms toward or away from light.[81] A light-gradient chip was laser inscribed 

and placed on top of a cell-culture chip with blue light illuminating the top. Lung cancer 

cells migrated to the darker side of the chip due potentially to the production of intracellular 

ROS proportional to the intensity of blue light.

Microfluidic chips can be combined with other technology to produce complex gradient 

scaffolds. A microfluidic device was designed with a valve-based flow-focusing junction 

(vFF), in which the size of the orifice was adjusted in real time by thin pressurized PDMS 

walls.[82] This device was then connected to an extrusion printer to manufacture 3D 

scaffolds with varying porosity achieved by adjusting the valve diameter of the microfluidic 

device. In another example, a Y-junction microfluidic device was combined with 

electrospinning to produce nanofibers with a gradient of nanoparticles and biomolecules.[83] 

Microfluidic platforms provide a technique to create highly reproducible gradients with 

small reagent volumes. These devices are useful to study single cell responses to functional 
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gradients or to create precise gradients on a larger scale when combined with other 

technologies. However, microfluidics introduce non-standard cell culture techniques that 

require familiarization and limit experiments to relatively small volumes compared to 

conventional cell culture. Therefore, microfluidics represent an excellent platform to 

investigate specific cell-cell or cell-environment interactions but may not be appropriate for 

large scale studies.

2.4 Electrospinning

Electrospinning exploits the electrostatic repulsion between surface charges to continuously 

draw nanofibers from a viscoelastic fluid.[84] Importantly, the fibers produced with 

polymers, ceramics, and small molecules possess dimensions on the nanometer scale, 

similar to the native ECM.[85] The resulting fibers can be functionalized and aligned, making 

electrospinning an appealing choice for producing FGMs.[86]

Electrospinning can create a substrate with gradients in various morphological and 

mechanical properties simply by dispersing one layer, changing the syringe to one 

containing a different material, and then depositing the next layer on top. Bilayer scaffolds 

were created by consecutively spinning polyhydroxybutyrate-co-hydroxyvalerate (PHBV) to 

generate nanofibers, followed by PLA or PCL to produce microfibers.[87] The scaffold was 

inverted and another layer of microfibers was deposited, resulting in a trilayered scaffold 

with a nanofibrous middle structure. The PHBV nanofibers acted as a barrier membrane 

permeable to nutrients but blocking cell migration, while the microfibers supported cell 

proliferation. A PLA-PCL-collagen trilayered scaffold was synthesized in a similar fashion 

for use as a dural substitute.[43] The inner layer of PLA was incorporated to prevent tissue 

adhesion, the midlayer with PCL to provide a watertight seal, and the outer layer of collagen 

to promote cell attachment and proliferation. This gradient polymeric substrate exhibited 

significantly less water absorption compared to a collagen matrix control. When implanted 

in a rabbit dural defect model, the trilayer substrate exhibited greater cell proliferation and 

similar biocompatibility as the autologous fascial tissue control.

Electrospun scaffolds have been utilized as drug delivery vehicles to promote recruitment of 

endogenous cells via chemoattractant gradients. A tri-component scaffold consisting of 

rapidly degrading poly(ethylene oxide) (PEO) with collagenase, slower-degrading 

hyaluronic acid (HA) with platelet-derived growth factor-AB (PDGF-AB), and PCL was 

designed to enable direct cell migration for connective tissue repair.[88] Upon implantation 

into rat meniscus defects, tri-component scaffolds achieved significantly higher cellularity 

compared to scaffolds without collagenase or PDGF-AB. An electrospun PCL scaffold 

functionalized with hydroxyapatite via polydopamine particles (PCL-PDA-HA) was 

combined with substance P (SP) to promote endogenous stem cell mobilization toward bone 

defects.[89] The combination of PCL-PDA-HA and SP enhanced in situ bone formation 

compared to control groups lacking either compound.

Electrospun fibers of varying composition can be collected independently and stacked to 

create scaffolds with gradients in composition. For example, agarose-gelatin based scaffolds 

were fabricated with mid-layers of functionalized PCL fibers.[41] PCL fibers contained a 

dual gradient of chondroitin sulfate and bioactive glass to engineer GAG-enriched and 
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mineralized cartilage. Gradients in both structure and material can be created by changing 

the material in the syringe and the distance between the syringe needle and collector. 

Composition and fiber alignment gradients were created by harvesting fibers of HAp and 

poly(lactic-co-glycolic) acid (PLGA) on a collector with reciprocating rotation within 30°.
[90] A fiber alignment gradient was also created by depositing fibers between two parallel 

aluminum disks. As the layer with aligned fibers became thicker, the electric field weakened, 

resulting in a more random alignment.[91] Furthermore, gradient scaffolds have been created 

by coating electrospun fibers after fabrication. Scaffolds possessing a gradient in 

mineralization were formed by linearly exposing regions of a scaffold to simulated body 

fluid (SBF) for increasing durations.[48] Mechanical testing of the scaffold revealed that the 

mechanical properties, namely the resulting gradient in stiffness, were adequate for tendon-

to-bone models.[48a] When seeded with adipose stromal cells (ASCs), osteogenic markers 

were positively correlated with mineral content.[48b]

Bidirectional gradient electrospinning offers an alternative to simple stacking of materials to 

create gradient scaffolds. In this system, two solutions are simultaneously electrospun onto a 

collector at inversely proportional flow rates.[92] Syringe pumps can also be employed to 

mix together two solutions at inverse rates before being spun, resulting in the deposition of a 

single fiber that varies in composition over time.[93] Electrospinning has also been combined 

with methods such as braiding and thermally induced phase separation (TIPS) to prepare 

scaffolds with widely varying properties. For example, a triple-layered vascular scaffold was 

created by first electrospinning an inner layer composed of thermoplastic polyurethane (PU), 

followed by braiding a layer of silk, and then freeze drying a layer of PU for a porous outer 

layer.[94] The lumen diameter of the scaffold was 3.18 mm with an average thickness of 1.05 

mm, and the burst pressure was ~23,000 mmHg, which is sufficient for vascular graft 

applications. Human umbilical vein endothelial cells formed a confluent layer on the inner 

surface of the scaffold with high cell viability. Therefore, electrospinning can produce FGMs 

in numerous ways and is highly compatible with other fabrication methods. It is inexpensive 

and scalable, enabling production of large quantities of scaffold with versatile gradients. 

However, the process is damaging to cells due to the use of cytotoxic solvents and possible 

shear-forces upon extrusion. Furthermore, extensive optimization is required for consistent 

production.

2.5 Freeze-drying

Freeze-drying, in which materials are frozen and ice crystals subsequently removed by 

sublimation, can yield several kinds of gradient materials.[95] Freeze-drying is an effective 

method to create a porous architecture in materials, in which the resulting pores are inverse 

images of the frozen solvent crystals.[96] Freeze-drying offers the ability to tailor a 

material’s physical properties based on the solvents and solutes used.[96]

Iterative freeze-drying is an effective approach to bind multiple layers and create a gradient 

scaffold through interfacial adhesion, with scaffolds often used at the bone-cartilage or bone-

tendon interface. For example, collagen-chitosan–polycaprolactone (CH–PCL) copolymer 

and chondroitin sulfate (CS) were mixed at various ratios to create a stratified scaffold for 

articular repair.[42] After each layer was created, the scaffold was freeze-dried to generate 
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both a porosity and composition gradient between layers. This technique has been used with 

multiple biomaterials for osteochondral defects including collagen,[97] alginate-chitosan β-

TCP,[98] HAp/PVA,[99] and glycosaminoglycan-porous titanium[100]. Porosity gradients have 

been created in collagen via freeze-drying to test the effect of pore size on fibroblasts.[101] 

By varying collagen concentration from 0.26% to 0.13% prior to freeze-drying, pores were 

created ranging from ~87 μm to ~166 μm, demonstrating the relationship between protein 

concentration and resultant pore size as a design tool for fabricating gradient scaffolds.

Freeze-casting is a related process wherein a material is frozen to induce anisotropic 

formation of ice crystals that are then sublimated to create a porosity gradient. This process 

is commonly applied to ceramics such as biomimetic titanium alloys for dental and 

orthopaedic implants.[102] After freeze-casting, ceramics can be fired where they are 

exposed to high temperature and pressure, resulting in a material with a flexural strength in 

the hundreds of megapascals.[103] The resulting structure is dense at one end to support 

loading and becomes increasingly porous to promote bone growth. For example, HAp 

particles were freeze-casted around a frozen copper rod, resulting in expulsion of the HA 

particles and assembly into a lamellar structure oriented parallel to the freezing direction.
[104] Due to the radial gradient of ice formation, the lamellar spacing becomes wider towards 

the outside and enables self-seeding of cells due to capillary action. Freeze-casting is 

amenable for combination with other techniques such as electrospinning[105] or solvent-

casting to generate FGMs. It is a low-cost method for generation of porosity gradients. 

However, it is not amenable for concurrent seeding of cells.

2.6 Solvent casting and particulate leaching

Solvent casting and particulate leaching is a coordinated process used primarily for forming 

macroporous scaffolds that include randomly oriented pores.[106] This technique is also 

useful to form porosity or compositional gradients. Porogen particles (e.g., salt, sugar, 

gelatin, etc.) are dispersed in a solvent which is allowed to evaporate, and the composite 

material is then placed in a bath to leach out the porogen (Figure 4A).[107] The simplest 

porosity gradient can be observed in bilayer scaffolds such as those used for osteochondral 

defects. Macroporous PLGA scaffolds were formed via particulate leaching with pore sizes 

ranging from 50 to 450 μm.[108] A mixture of PLGA and sodium chloride particulates was 

dissolved in dichloromethane and pressed into a mold, followed by porogen leaching in 

water. Multiple types of porogens can be used to create a gradient in pore size while 

preserving continuity between layers of a multilayered scaffold. A monolithic scaffold was 

created by first layering sucrose crystals and HA followed by mannitol crystals and PCL.
[109] The sucrose and mannitol were removed by rinsing with water, resulting in a 

monolithic graft with varying pore size and composition.

Melt mixing and particulate leaching have been combined to make PCL,[110] PLA,[111] and 

PCL/PLA[112] gradient scaffolds. PCL and PLA were mixed at known ratios with PEG and 

NaCl and compressed, and PEG and NaCl were removed by particulate leaching in water. 

The PLA layer had pores ranging from 90 to 110 μm, while the PCL layer had pores ranging 

from 5 μm to 40 μm based on the size of NaCl used as the porogen. Solvent leaching was 

combined with TIPS to create a graded composite membrane.[113] PLGA solutions were 
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mixed with non-stoichiometric nanosized HAp (nano-HAp) and lauric acid (LA) in DMSO. 

Tri-layer scaffolds were then created by layering solutions with a graded composition of 

nano-HAp and LA and freezing the scaffold before the application of each subsequent layer. 

The frozen scaffold was submerged in water to remove the DMSO and create a composite 

graded scaffold. In another example, PLLA scaffolds possessing a porosity gradient were 

formed through TIPS by mixing sugar particles of decreasing diameter while applying heat. 

Scaffolds underwent phase separation overnight at −20°C with subsequent freeze-drying and 

particulate leaching.[114] The resulting scaffolds had a gradient in pore size from 300 to 600 

μm, demonstrating the promise of this method to create scaffolds useful for tissue 

engineering (Figure 4B). Solvent casting and particulate leaching is an inexpensive method 

to form complex pore size and density gradients. Compared to freeze-casting, gradient 

formation is more precisely controlled, however the use of additional reagents is required for 

pore formation.

3. Application of functionally graded materials in model systems and 

engineered tissues

Native graded tissues are anisotropic in multiple properties including stiffness, composition, 

structure, and chemical concentration. When developing model systems, it is necessary to 

consider these factors to accurately recreate the stimuli to which cells are exposed. In light 

of the failure of uniform substrates lacking the presence of gradients, it is essential to 

engineer graded materials for producing more accurate model systems. The following 

section describes recent examples of model systems based on FGMs.

3.1 Musculoskeletal and connective tissues

The musculoskeletal system is a key target for the development of FGMs due to the number 

of native heterogeneous tissue interfaces. Bone, articular cartilage, tendon-to-bone, tendon-

to-muscle, and ligament-to-bone interfaces exhibit complex architectural and compositional 

organization. Furthermore, many of these tissues are susceptible to injury at the interface due 

to the biomechanical differences between hard and soft tissues.[115] Therefore, the creation 

of FGMs to mimic these interfaces holds great potential for understanding and treating these 

injuries.

3.1.1 Enthesis models—The tendon- and ligament-to-bone interface (enthesis) is a 

common site of repair in patients of all ages with injuries such as tennis or golfer’s elbow, 

jumper’s knee, and Achilles insertional tendinopathies.[116] Depending on the severity of the 

injury, current treatment methods range from rest and steroid injections to surgical 

interventions and tissue grafts.[117] However, allogeneic grafts face several major 

shortcomings including host tissue reaction and risk of disease transmission, while 

autologous tissue grafting is limited by tissue availability and donor site morbidity.[118] 

Furthermore, grafts are associated with high injury recurrence rates due to formation of 

neofibrovascular tissue that compromises graft integrity.[118a, 119] The enthesis is divided 

into four distinct zones composed of varying cell types, matricellular proteins and 

proteoglycans, resulting in a tissue with a gradient in mechanical properties.[120] In light of 

the complexity of this tissue, there is a significant need to develop improved model systems 
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to understand the biophysical requirements of the enthesis and realize the goal of generating 

replacement tissue for these injuries.

Multi-layered scaffolds have been created as FGMs to mimic the structural, mechanical, and 

topographical properties of the bone-soft tissue interface. Synthetic polymers are often used 

including PCL, a common polymer used for bone tissue engineering due to its slow 

degradation, and PLGA for its application in modeling soft tissues and its absorbable nature.
[121] Scaffolds for the bone-ligament interface possessing a gradient of physical and 

mechanical properties were fabricated by 3D printing a layer of PCL and then 

electrospinning PLGA on top. MSCs seeded on this gradient scaffold exhibited increased 

alkaline phosphatase activity and glycosaminoglycan production compared to MSCs on the 

individual scaffold components.[121] The instructive potential of fiber alignment within 

FGMs is under development to model and replace bone-patellar tendon-bone grafts, which 

are considered the gold standard for anterior cruciate ligament (ACL) ruptures.[122] Tissue 

engineered enthesis models were formulated with randomly aligned PLGA fibers that 

transitioned to aligned PCL and then back to randomly aligned PLGA to mimic the 

structural properties of bone-patellar tendon-bone grafts. A random-to-aligned scaffold of 

PCL for hard-soft tissue interfaces was seeded with osteosarcoma cells in the random region 

and fibroblasts in the aligned region.[123] Fibroblasts grew aligned along the fibers, while 

osteosarcoma cells maintained a random orientation. Both cell types migrated into the 

transition zone, providing a potential model for mimicking the transitional interface between 

bone and soft tissue. To complement the effect of gradients in fiber alignment, regions of 

PCL and PLGA scaffolds were soaked in SBF, resulting in a mineralized gradient that 

mimics the bone-ligament connection.[48b, 124] Hybrid scaffolds composed of ceramics and 

polymers such as β-TCP and poly(glycerol sebacate) (PGS) are also under investigation to 

model the bone-soft tissue interface.[125] PGS served as a barrier membrane when seeded 

with fibroblasts to combat scar formation with inferior mechanical properties.

While some FGMs seek to model the entire enthesis structure using synthetic polymers, 

others aim to recreate the collagen gradient present at the enthesis. Four-layered scaffolds 

were formed with a tendon layer composed of collagen, an uncalcified fibrocartilage layer of 

collagen and chondroitin sulfate, a calcified cartilage layer of collagen and low 

concentration apatite, and a bony layer composed of collagen and high concentration apatite.
[97c] The scaffold supported the adhesion and proliferation of fibroblasts, chondrocytes, and 

osteoblasts toward each corresponding matrix. Salt leaching and freeze drying was used to 

create gradients in pore alignment from anisotropic to isotropic pore structure in order to 

mimic collagen alignment at the tendon/ligament-to-bone interface.[126] MSCs exhibited 

gradients in gene expression of tendon/ligament and cartilaginous markers along the scaffold 

in the absence of soluble factors, confirming the instructive potential of the substrate on cell 

differentiation. Collagen-GAG scaffolds incorporated both structural and biochemical cues 

consisting of coincident gradients of mineralization and geometric anisotropy present in 

native bone-tendon junctions.[49] The spatially graded contact and mineralization cues 

encouraged 3D alignment of tenocytes and selective pro-tenogenic and osteogenic MSC 

differentiation within a single scaffold. While these approaches expand our current 

understanding of enthesis function, the field currently lacks a standardized set of parameters 

for evaluation and use in the clinic. As a result, the results of mechanical and biochemical 
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tests are challenging to compare across studies or to native tissue. Furthermore, there is a 

lack of large animal studies to propel these technologies along the developmental timeline.

3.1.2 Osteochondral models—The ECM of articular cartilage varies from 

predominantly collagen type II in the superficial zone to increasing amounts of collage type 

X, proteoglycans, and sulfated glycosaminoglycans (sGAGs) in the deep zone with 

increasing mineralization.[7b, 115] Collagen fiber alignment is similar to that found in the 

enthesis, where collagen alignment is parallel at the articular surface and becomes 

increasingly perpendicular towards the subchondral surface.[127] Chondrocyte morphology 

also varies from thin and elliptical at the articular surface to more spherical chondrocytes 

oriented in stacks perpendicular to the articular surface.[127] This graded structure provides a 

smooth, lubricated surface for articulation and facilitates the transmission of loads with low 

friction.[128] In light of these gradients, FGMs are promising candidates to model the zonal 

structure found in articular cartilage.

The bone-cartilage interface is modeled with FGMs using similar approaches as used in 

models of the enthesis. Gradients in inductive cues (i.e., growth factors) are under 

investigation to recapitulate osteochondral tissue. A chitosan-gelatin hydrogel/PLGA 

scaffold with dual-delivery of TGF-β1 and BMP-2 was designed to promote the 

differentiation of MSCs to chondrocytes and osteoblasts.[129] In vitro culture of MSCs 

confirmed that the hydrogel and PLGA phases promoted chondrogenic and osteogenic 

differentiation, respectively. This strategy also leverages the contributions of substrate 

stiffness to guide cell fate, with stiffer materials effectively inducing cells toward the 

osteogenic phenotype. When tested in rabbit osteochondral defects, the construct achieved 

successful integration of hyaline-like cartilage and mineralized tissue with native tissues at 2 

months. Microfluidic platforms can be used to deliver gradients of osteogenic and 

chondrogenic inductive media to designated parts of a scaffold to create a similar gradient.
[130] Microfluidics were combined with a bioreactor system to deliver various inductive 

media to form osteochondral constructs for studying osteoarthritis.[131] However, this 

method is ultimately limited to smaller constructs and lacks the native complexities 

associated with the development of osteoarthritis in vivo.

Osteochondral tissues can be modeled by the presentation of mineral gradients. Improved 

osteochondral tissue regeneration was observed with a bilayer scaffold of chitosan and HA 

as the cartilage layer and chitosan-alginate and HAp as the bone layer.[132] The cartilage 

region was defined by lower stiffness and the presence of HA, as found in native cartilage, 

while the bone layer was optimized for higher stiffness and osteoconductive HAp. 

Osteochondral tissue was modeled with an injectable, semi-interpenetrating network 

hydrogel construct containing chondroitin sulfate nanoparticles and nano-HAp in chondral 

and subchondral hydrogel zones, respectively.[133] The composite scaffold demonstrated 

accelerated osteochondral tissue generation in a rabbit osteochondral defect compared to 

monophasic and untreated controls (Figure 3C). Bilayer scaffolds consisting of a silk fibroin 

layer and a silk-CaP layer were implanted in a rabbit critically-sized osteochondral defect.
[47] Developing tissues were positive for collagen type II and GAG within the silk layer, 

while de novo bone growth and capillary invasion were observed in the silk-CaP layer. Other 
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ceramics such as β-TCP are effective to introduce mineralization to osteochondral scaffolds 

and increase mechanical strength.[134]

Spatial gradients are also under examination to address damage to cartilage with healthy 

underlying bone. Anisotropic pore geometries were formed by unidirectional freeze-drying 

of alginate scaffolds that were further functionalized with collagen type I and II.[135] This 

strategy resulted in improved scaffold mechanical properties and promoted greater sGAG 

and collagen deposition compared to an isotropic pore geometry when seeded with human 

infrapatellar fat pad (IFP)-derived stromal cells. Freeze-drying was combined with 

centrifugation to create a porosity gradient in silk fibroin-chitosan-nano-HAp scaffolds.[136] 

Scaffolds with porosities ranging from 82–91% supported proliferation of MSCs. These 

studies suggest the promise of using porosity gradients to match the progressive 

osteochondral porosity structure observed in vivo. As discussed previously, stiffness is 

another key parameter that can be manipulated in model gradient systems. For example, 

gradients in stiffness ranging from 5–60 kPa were achieved by varying the concentration of 

PEG from 2–20% (w/v).[26b] Both chondrocytes and MSCs encapsulated in these gels with 

gradients in stiffness exhibited zonal specific responses and extracellular deposition that was 

abolished by blebbistatin, confirming the importance of mechanotransduction in the cell 

response to the stiffness gradient. FGMs are a promising advancement for the repair of 

osteochondral tissue due to its heterogeneous nature. Gradient scaffolds consistently 

outperform monophasic scaffolds in osteochondral defect models, illustrating the importance 

of recapitulating in vivo gradients for successful osteochondral repair.

3.2 Models of cancer

FGMs are widely applicable to cancer models given the array of signaling that occurs in the 

tumor microenvironment. Tumor cells are constantly remodeling surrounding tissues and 

changing the native physiological environment, resulting in gradients in soluble cues and 

stiffness that signal surrounding cells. In vitro models can improve the collective 

understanding of how biological gradients drive tumorigenesis and metastasis to assist in the 

development of improved treatments.

Haptotaxis, the migration of cells in response to a gradient of surface-bound molecules, is a 

predominant mechanism of signaling in cancer in which fibronectin (FN) concentration 

varies substantially throughout tumors.[137] Gradients of FN were formed in a microfluidic 

device to study the role of matricellular proteins on the migration of MDA-MB-231 breast 

adenocarcinoma cells. The results of this study identified a new haptotaxis mechanism, 

which is driven by the actin regulatory protein Mena that promotes ECM remodeling along 

FN gradients. Cells can also migrate in response to the alignment of ECM fibers. 

Specifically, MDA-MB-231 cells migrated faster on aligned collagen fibers compared to 

random, unaligned fibers.[138] The spacing of ECM fibers is yet another important 

consideration for cancer cell migration. FN-coated nanoscale posts were fabricated with a 

gradient in spacing from 0.3 to 4.2 μm.[139] When posts were coated with 10 μg mL−1 of 

FN, invasive 1205Lu melanoma cells accumulated in areas of sparser spacing, while cells 

accumulated in denser arrays at 50 μg mL−1 FN due to the balance of ECM-triggered 

signaling pathways PI(3)K–Akt and ROCK–MLCK. Breast cancer (MDA-MB-231), 
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fibrosarcoma (HT1080), and glioblastoma (T98G) cells on a PA gel with a gradient in 

stiffness from 2 to 20 kPa underwent durotaxis, exhibiting biased migration towards the 

stiffer regions.[140] Human cancer cells of varying tissue origins also exhibit durotaxis from 

soft to stiff regions of a substrate.[140]

Some cancer models include an oxygen gradient to mimic hypoxia, which is a critical factor 

in the progression and metastasis of many cancers. Primary mouse sarcoma cells were 

encapsulated in oxygen (O2)-controllable hydrogels which recreated pathophysiological O2 

levels in vitro.[141] Compared to control gels, cell invasion was faster and extended over 

longer distances in the direction of increasing O2 tension in gels with oxygen gradients. 

Overall, FGMs can further elucidate mechanisms behind cancer cell migration and 

metastasis. The precise control of microfluidics makes them a common choice for modeling 

the cancer cell environment and examining cell response to individual parameters such as 

protein concentration or oxygen tension.

3.3 Drug screening platforms

FGMs are useful in diagnostic devices due to their ability to subject cells to a wide range of 

conditions, identify effective and cytotoxic concentrations of drugs, or determine how cells 

interact with ECM conditions. A high throughput drug system was developed using 

combinatorial concentrations of drugs generated by two microfluidic mixers, resulting in 64 

unique combinations.[142] The efficacy of chemotherapeutics on prostate cancer was then 

investigated by applying these combinations to human PC3 prostate cells while minimizing 

the volume of required reagents. Microfluidic devices can also be constructed to replicate in 
vivo environments of tumor cells to more accurately assess the dose-response effect of cells 

exposed to drugs. The chemotherapeutic effect of various drugs was studied in a colorectal 

tumor-on-a-chip system consisting of a central chamber surrounded by a pair of perfusable 

channels. By generating a gradient of chemotherapeutic drug, the platform established a 

dose-dependent response of exposed cells and enabled analysis of gene expression to 

identify new druggable targets. The hypoxia-dependent cytotoxicity of anticancer drugs has 

been investigated using microfluidic systems that enable the generation of reproducible 

oxygen gradients.[143] Adenocarcinoma (A549) cells cultured in this device were treated 

with tirapazamine (TPZ) under various oxygen tensions. These studies revealed the 

improved potency of TPZ under hypoxia compared to established chemotherapeutic agents 

such as cisplatin.[144] Gradients of ECM can be utilized to examine cell response in vitro. A 

three-dimensional array of ECM gradients was bioprinted by controlling the ratio of a 

GelMA hydrogel, which contains native adhesion ligands, to a PEGDA hydrogel, which is 

bioinert and lacks endogenous adhesion motifs.[145] The resulting array was used to screen 

the response of human periodontal ligament stem cells to the varying ECM content, with cell 

viability and spreading decreasing with increasing ratios of PEG. These platforms have the 

potential to advance personalized medicine, identify new potent drugs, and reduce healthcare 

expenses.
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4. Conclusion and Future Outlook

FGMs are designed to replicate the heterogeneity of native tissues. If properly fabricated, 

FGMs could mimic the function of biological gradients such as mechanical support, 

presentation of instructive stimuli, application of physiologically relevant forces, and cell 

signaling. FGMs are created using a variety of techniques including light-based methods, 3D 

printing, microfluidics, and electrospinning. As discussed in this review, functional gradients 

have been utilized to create model systems such as bone-soft tissue interfaces that advance 

our understanding of physiology and pathology occurring at these interfacial tissues. 

Continued development of FGMs will expand their use to additional tissues such as nervous, 

cardiac, and dermal tissue that exhibit gradients in cell type, electroconductivity, and 

structure. Currently, many FGMs are engineered with linear gradients, yet gradients in vivo 
are often discontinuous or nonlinear. Cell differentiation, migration, and growth depend on 

nonlinear gradients that should be implemented in scaffolds to better mimic native 

conditions.[66] Upon implantation in vivo, FGMs may be subjected to external stimuli such 

as gradients in load. Many models of interfacial tissue do not presently consider the role of 

gradients in mechanical loading despite studies confirming cellular mechanosensitivity to 

loading.[146] The inclusion of nonlinear gradients will increase the efficacy of FGMs.

At this time, the majority of studies using functional gradients focus on spatial distribution 

of some characteristic including composition, stiffness, inductive factor, among others. 

These parameters are often established a priori, providing limited opportunities for the 

gradients to evolve in response to cells. It is imperative to incorporate more dynamic, 

temporally dependent aspects into FGMs to mimic native processes such as gene expression 

and evolving biochemical signals during cell differentiation. Technologies such as slow-

releasing nanoparticle delivery systems and cell-responsive hydrogels could regulate the 

evolution of gradients in a more natural, temporal manner.[147]

The efficacy of FGMs as model systems is dependent upon ease of fabrication, simplicity of 

use, and reproducibility in resulting data. For these FGMs to be widely available, the 

methods employed must be simple and should be high throughput in nature to ensure 

translation to the clinic. Microfluidic platforms meet these requirements due to their 

consistent fabrication methods and minimal required reagent volume. However, in order to 

maintain their ease-of-use, microfluidics sacrifice the complexity present in many native 

tissues. While they are appropriate for studying basic cell interactions such as durotaxis or 

haptotaxis, more complex models are needed to accurately model native gradients in vitro.

The successful translation of FGMs to the clinic must overcome several challenges. 

Standardized manufacturing approaches are required to improve reproducibility and enable 

broad adoption. In accordance with standardization techniques, improved strategies for 

quality assurance will ensure consistent gradient formation. Compared to homogeneous 

materials that exhibit predictable changes in biophysical properties, heterogeneous 

constructs have a range of values that must be verified, necessitating the development of 

improved technologies to characterize FGMs directly. The scale-up of constructs for large 

injuries that occur in the body represents another major challenge in the translation of FGMs 

to human patients. Large constructs require sufficient nutrient transport to enable survival of 
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transplanted or invading cells. The combination of technologies such as 3D printing and 

electrospinning may facilitate the scaling up of constructs with graded components such as 

porosity and peptide concentration to promote vascularization. Tissue substitutes must also 

be customized to fit the defect sites of patients. The advancement of 3D printing combined 

with imaging modalities such as computed tomography (CT) may enable rapid prototyping 

of customized FGMs and increase their use in the clinic. By addressing these challenges, 

FGMs will provide a valuable tool for understanding and repairing heterogeneous tissues 

found in the body.
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Figure 1. Native functional gradients enable tissues to withstand compressive and torsional 
forces and facilitate nutrient transport.
(A) Mineralization gradient as ligament inserts into bone at the enthesis. Blue circles depict 

fibroblasts while white rhombuses depict hydroxyapatite. (B) Gradient of collagen fiber 

alignment in articular cartilage illustrates parallel collagen fibers in the superficial zone that 

become perpendicularly aligned toward the subchondral bone. (C) Porosity gradient from 

cortical to trabecular bone facilitates a transition from high strength and toughness that 

provides protection from the external environment to a more porous network that is home to 

stem and progenitor cells and increased cell exchange and nutrient transport.
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Figure 2. 
(A) UV generation of continuous gradients with photomasks. (i) UV light penetrates a 

photomask with a gradient in translucency to create a linear gradient on the substrate below. 

(ii) A photomask is pulled across a substrate to create a spatiotemporal gradient of UV 

exposure time. (B) Cross-sectional view of gradient patterns. (i) Discrete linear gradient 

which is often a result of combining individually fabricated materials. (ii) Continuous linear 

gradient used to interrogate the relationship of continuous stiffness changes on cell adhesion 

or differentiation. (iii) Radial gradient. An example of a non-linear gradient such as oxygen 

tension within and surrounding a cell spheroid. (C) ASCs exhibit more spreading and 

nuclear localization of Lamin A and YAP as substrate stiffness increases from low (2 kPa) to 

high (40 kPa); scale bar = 50 μm. Panel C reprinted from Reference 13 with permission from 

the National Academy of Sciences.
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Figure 3. Cellular response to FGMs.
(A) ASCs exhibit increased spreading and proliferation as stiffness of annealed microgels 

increases from Layer 1 to Layer 5. Image reproduced from Reference 73 with permission 

from John Wiley and Sons. (B) MDA-MB-231 breast cancer cells exhibit increased 

migration by day 7 towards the region of interest (white box) on a perlecan domain I 

gradient compared to uniform perlecan distribution and a day 1 control, scale bar = 1mm. 

Reprinted from Reference 61 with permission from Elsevier. (C) Biphasic HAp and CS 

scaffolds (D2) outperformed monophasic CS (C2), HA (B2), and sham (A2) groups in a 

rabbit osteochondral defect model. Reprinted from Reference 133 with permission from 

Elsevier.
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Figure 4. 
(A) Porogens such as salt or sugar can be distributed in a scaffold by size and subsequently 

leached out to create a porosity gradient. This construct can model the porosity gradient in 

bone. Porogen is denoted as yellow spheres, while resulting pores are white with imperfect 

boundaries. (B) Sugar particles leached out of a PLLA scaffold created a gradient in pore 

size from 300 to 600 μm. Sugar particle gradient can be seen in part a, with the resultant 

porosity after leaching in part b. Parts c-f are higher magnification. Reprinted from 

Reference 114 with permission from Elsevier.

Lowen and Leach Page 29

Adv Funct Mater. Author manuscript; available in PMC 2021 October 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Lowen and Leach Page 30

Table 1.

Methods for generating functional gradients in biomaterials.

Method Advantages Disadvantages

Light-based

• High resolution

• Rapid manufacturing

• Inexpensive

• Cytotoxicity

• DNA damage

3D printing

• Rapid prototyping

• Freedom of design

• Limited to “printable” material

• Post-processing

Microfluidics

• Single cell handling

• Reduced reagent consumption

• Inexpensive

• Non-standard cell culture

• Small volumes

Electrospinning

• Scalable

• Inexpensive

• Versatile

• Toxicity (solvents)

• Extensive optimization required

• Acellular
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Table 2.

Applications of functionally graded materials.

Application Composition Gradient Type Reference

Angiogenesis • 6-bromo-7-hydroxy coumarin

• VEGF

• Biochemical [22]

Cartilage • Poly(ε-caprolactone)

• Chondroitin sulfate

• Bioactive glass

• Mineralization

• Adhesive

[41]

Cartilage • Poly(ε-caprolactone)

• Chitosan

• Collagen

• Porosity

• Biochemical

[42]

Dural • Poly(ε-caprolactone)

• Collagen

• Polylactic acid

• Stiffness

• Biochemical

[43]

Neural growth • Poly(ε-caprolactone)

• IKVAV peptide

• Biochemical [37]

Osteochondral • Hydroxyapatite

• Poly(ε-caprolactone)

• Mineralization

• Porosity

[44]

Osteochondral • Alginate

• Methylcellulose

• Porosity [45]

Osteochondral • β-tricalcium phosphate

• TGF-β1

• Poly(N-acryloyl glycinamide)

• Stiffness

• Biochemical

[46]

Osteochondral • Silk fibroin

• Silk-CaP

• Mineralization [47]

Tendon-to-bone • Poly(lactic co-glycolic acid)

• Simulated body fluid

• Stiffness

• Mineralization

[48]

Tendon-to-bone • Collagen

• Glycosaminoglycans

• Alignment

• Biochemical

[49]
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