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Abstract

To accurately mimic the native tissue environment, tissue engineered scaffolds often need to have 

a highly controlled and varied display of three-dimensional (3D) architecture and geometrical 

cues. Additive manufacturing in tissue engineering has made possible the development of complex 

scaffolds that mimic the native tissue architectures. As such, architectural details that were 

previously unattainable or irreproducible can now be incorporated in an ordered and organized 

approach, further advancing the structural and chemical cues delivered to cells interacting with the 

scaffold. This control over the environment has given engineers the ability to unlock cellular 

machinery that is highly dependent upon the intricate heterogeneous environment of native tissue. 

Recent research into the incorporation of physical and chemical gradients within scaffolds 

indicates that integrating these features improves the function of a tissue engineered construct. 

This review covers recent advances on techniques to incorporate gradients into polymer scaffolds 

through additive manufacturing and evaluate the success of these techniques. As covered here, to 

best replicate different tissue types, one must be cognizant of the vastly different types of 

manufacturing techniques available to create these gradient scaffolds. We review the various types 

of additive manufacturing techniques that can be leveraged to fabricate scaffolds with 

heterogeneous properties and discuss methods to successfully characterize them.
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1. Introduction

Consideration of a tissue-engineered scaffold’s architecture on the macro-, micro- and 

nanoscale is crucial for proper nutrient and waste transport, cellular interactions, mechanical 

stability, and ultimately functional tissue formation [1]. Despite developments in material 

selection and scaffold design, it can still be difficult to achieve tissue biomimicry in these 

scaffolds, which significantly affects the resulting tissue regeneration [2]. As observed by 

Zhang et al., a scaffold carefully designed to mimic the architecture of the extracellular 

matrix (ECM) of native tissue can be expected to induce and direct cells to develop towards 

functional tissue [3]. In addition to the importance of material selection, inclusion of proper 

biochemical or biophysical stimuli could contribute to appropriate development. ECM can 

have specific spatial arrangement or be haphazardly organized depending on the type of 

tissue. Specific properties of the scaffold, if made to carefully mimic the native tissue, 

contribute to functional tissue formation. For example, scaffolds with uniform pore size and 

porosity similar to that of natural bone can lead to bone tissue formation [4]. Similarly, 

electrospun scaffolds with areas of poly(lactic-co-glycolic acid) (PLGA) fibers in an aligned 

or random orientation, designed to mimic collagen type I fibril orientation found in tendons, 

were created and seeded with fibroblasts [5]. Cells on aligned fibers elongated along the 

direction of the fibers and produced collagen type 1 in an organized fashion, as seen in 

native tendon fibroblasts. This approach, biomimicry of a component of the native 

environment, could be improved as research moves past biomaterial scaffolds with 

homogenously distributed composition or structural properties [6]. Native tissue often exists 

as a series of connected and graded transitional zones to build distinct functional regions. 

The lack of heterogeneity within previous scaffolds does not support the diverse populations 

of cells and surrounding environment of the native tissue. Thus, it is critical that the engineer 

incorporates graded properties within scaffolds to properly guide the development of new 

tissue. The advent of 3D printing and additive manufacturing has enabled the design of 

tissue scaffolds with precise designs incorporating graded properties that support the 

heterogeneous population of cells and matrix components that will eventually populate 

them.
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3D printing, also referred to as additive manufacturing, rapid prototyping, or solid-freeform 

technology, emerged in a few fields in the mid 1980s, and today has found industrial 

applications in the automotive, aerospace, construction, and even the cosmetic industry [7]. 

This technology has swept through the commercial world, transforming established practices 

and disrupting manufacturing techniques much like an industrial revolution, and has 

contributed to numerous biomedical applications within the research setting [8]. Specifically 

in the field of tissue engineering, 3D printing has been applied to virtually all tissues in the 

body and has even been utilized to fabricate whole organs [9].

Before the development of additive manufacturing techniques, tissue engineers used 

traditional scaffold fabrication techniques such as particulate leaching, electrospinning, 

phase separation, and gas foaming to achieve architectural variety in fabricated scaffolds 

[10]. While each of these methods have been extensively studied and optimized, they have 

inherent limitations. For example, these conventional methods are incapable of precisely 

controlling pore geometry, interconnectivity, and pore size, and especially of creating 

regions of variance within a single scaffold [11]. In addition, several of these techniques are 

contingent upon using organic solvents with inherent biocompatibility [12]. Additive 

manufacturing techniques allow the tissue engineers to circumvent these limitations through 

precise control over the design of the scaffold. This results in greater reproducibility, higher 

level details, and even patient-specific constructs [13].

This review focuses on additive manufacturing techniques that are being used to fabricate 

polymer-based, gradient scaffolds for tissue engineering. While these technologies are 

already being used to fabricate homogenous and patient-specific scaffolds, the true utility of 

these technologies is the level of architectural engineering they bring to the field of tissue 

engineering.

2. 3D Printing Techniques

There is a vast assortment of 3D printing techniques developed and applied to the field of 

tissue engineering, with different approaches to reproducing a computer generated model. 

Within the constraints of the manufacturing method, the engineer can design the external 

and internal architecture that is to be built utilizing computer-aided design (CAD) software, 

informed through mathematical equations or values derived from clinical data [14]. CAD-

based methods are the most widely used in the field [15]. In these methods, the design of 

complex structures is achieved by combining simple geometries (prisms, cones, cubes, 

spheres or cylinders). As the models become very large and intricate the file size increases 

exponentially leading to difficultly to manipulating them further. In order to reduce these file 

sizes and improve the efficiency of generating models, several groups have developed a 

scaffold library, computer-aided system for tissue scaffolds (CASTS), composed of unit cells 

that can be combined to match anatomical architectures [16, 17]. By changing a few 

structural characteristics, one can easily alter such factors such as porosity or the mechanical 

properties of the design to tailor it to the targeted native tissue. Increased control over shape 

and structure was achieved recently, using implicit surface modeling (ISM) a tool that uses a 

single mathematical equation to easily model cellular structures [15]. While each of these 

design methods allows the engineer to easily introduce physical gradients and location-
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specific materials within the constructs, it is important to consider which fabrication is best 

suited for the design and material parameters.

2.1 Stereolithography

Stereolithography (SLA), offers a high degree of spatial control but is limited by the 

necessity of a photocrosslinkable material. SLA utilizes a single beam laser to scan back and 

forth to spatially control the crosslinking and/or polymerization of a photocurable resin [14]. 

After the 2D cross-section is completed, the base lowers and the laser begins crosslinking 

and/or polymerizing the next layer on top of the previous layer [14]. While SLA 

traditionally generates structures from a bottom-up approach, top-down SLA is gaining 

traction due to a smaller amount of resin needed, decreased oxygen inhibition, and smoother 

final surface finish [18]. Once the structure is fabricated, the uncrosslinked polymer and/or 

unreacted monomer must be removed. The scaffold can then be post-cured in a light box to 

convert any remaining monomer and strengthen the structure. In SLA, the kinetics of the 

curing reaction determines the curing time and thickness of each layer. By altering several 

parameters such as the scanning speed, the power of the laser, and the ratio of monomer to 

photoinitiator, one can fine-tune the reaction kinetics [12]. While there are numerous 

materials that can be utilized with SLA, there are only a few biocompatible biomaterials that 

can be used [14]. Specifically in the field of tissue engineering, poly(propylene fumarate) 

(PPF) has been considerably used with SLA [19, 20]. In recent years, several groups have 

developed new biocompatible resins, such as poly(D,L-lactide) (PDLLA) and poly(ε-

caprolactone) (PCL), that can be used with SLA techniques [21, 22]. In addition to selecting 

a biocompatible polymer, one must consider that the leaching of unreacted monomer and 

photointiator could also result in cytotoxic damage. SLA allows the engineer to create 

scaffolds with a tremendously high resolution (<2 µm) and thus produce a complex internal 

architecture [23]. This specificity, however, can be limited to the z direction, making 

compositional gradients of this magnitude difficult in the horizontal direction [24]. 

Furthermore, the vertical print speed can range between 10–50 mm/h depending on the 

specific crosslink time of the photopolymer [25]. Thus, SLA is a technique that should be 

utilized when fabricating scaffolds that are acellular, contain intricate architectures, and a 

single direction gradient is desired.

2.2 Fused Deposition Modeling

Instead of photocurable properties, the success of fused deposition modeling (FDM) is 

highly dependent upon the rheological properties of the thermoplastic being extruded. FDM 

is the process by which a thermoplastic is melted in a heated head and extruded through a 

small orifice onto a stage layer. The deposited material fuses to the previous laid layer and 

eventually generates a scaffold in a layer-by-layer fashion [26]. The temperature of the 

extrusion head can be adjusted depending upon the properties of the thermoplastic being 

used. Typically, the extrusion head is heated to 100–140°C to achieve proper flow and layer 

fusion [23]. These temperatures are generally too high for the inclusion of cells or bioactive 

molecules [27]. Thus, FDM is not suitable for inclusion of proteins and biological 

molecules, and is best used for structural gradients within scaffolds. For example, pore size, 

morphology, and interconnectivity can be controlled through parameters such as raster 

thickness and angle, the space between rasters, the height of the layer, and the extrusion 
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pressure of the plastic [26]. Despite this level of control, the attainable range of these 

parameters constrain the complexity of the scaffolds that can be generated to relatively 

simple and regular architectures [28]. However, the true benefit of FDM is the ability for the 

engineer to fabricate multidirectional physical gradients within scaffolds. Depending on the 

desired resolution, the print speed can be varied between 10–50 mm/s [25]. Multiple 

extrusion heads can be added to the system in order to generate compositional gradients 

within the scaffolds. Thus, if one is trying to create a scaffold without cells or bioactive 

molecules that contains gradients in the X,Y and/or Z direction FDM is a suitable technique.

2.3 Selective Laser Sintering

Selective laser sintering (SLS) also utilizes the rheological and thermal properties of 

polymers. In this technique, a high power laser, such as CO2 or Nd:YAG, selectively scans 

the surface of polymer particles, raising the local temperature to the powder’s melting point 

and fusing the particles together. This fusion binds the polymer powder into thin layers [29], 

creating a 2D sintered cross-section of the scaffold. After each cross-section is complete, a 

fresh layer of powder is laid across the surface and the process is repeated creating a 3D 

model [30]. It has been shown that the resolution of this 3D construct is dependent upon the 

powder microstructure [23]. For instance, powders with a narrow size distribution around 60 

µm in diameter and few particles below 10 µm minimize inaccuracies by improving 

flowability [31]. While the resolution of SLS is highly dependent upon the spot size of the 

laser and the size of the powder particles, most features should have a minimum size of 400 

µm [25]. One of the major advantages to SLS is the vast range of materials that can be used. 

Specifically within the field of tissue engineering, SLS has been used to fabricate scaffolds 

composed of poly(etheretherketone) (PEEK), poly(vinyl alcohol) (PVA), PDLLA, and 

PLGA [30]. Additionally, while other techniques use organic solvents or risk leaching of 

unreacted monomer, SLS can be processed without any solvents. Compositional gradients in 

the vertical direction can be easily achieved by rolling out different powders between layers; 

however, material gradients in the horizontal direction are more difficult.

2.4 Bioprinting

Despite the advantages to structural control, the additive manufacturing techniques covered 

so far share challenges related to incorporating multiple cell types, bioactive molecules, and 

biomaterials within scaffolds [32]. In response to some of these challenges, 3D bioprinting 

has rapidly become an attractive alternate fabrication approach. In this technique, most 

often, prepolymer solutions loaded with cells or bioactive molecules are laid onto a substrate 

creating 3D structures with a precisely designed physical and chemical architecture [33]. 

This process can be achieved by two basic techniques: inkjet and extrusion.

2.4.1 Inkjet Bioprinting—Similar to inkjet printers, a liquid prepolymer solution is 

deposited in one continuous strand or single dots to generate the desired structure [9]. The 

stage then lowers, building up a 3D scaffold in a layer-by-layer approach [34]. The 

dispersion can be achieved through two main methods that eject the bio-ink from a nozzle. 

Thermal inkjet printers use localized heat within the nozzle to create a vapor bubble. The 

formation of the vapor bubble causes the ejection of a small droplet from the nozzle. While 

studies have shown that this transient increase in temperature does not impact the viability of 
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bioactive molecules or cells, the potential risk of thermal stress has limited the use of these 

printers in the biomedical field [32]. One can circumvent this concern by using a 

piezoelectric actuator to eject small droplets from the nozzle [9]. Overall, inkjet bioprinters 

are inexpensive, create high-resolution patterns in the range of 20–100 µm at speeds in the 

range of 1–10,000 droplets/s and can introduce concentration gradients of cells and/or 

bioactive molecules throughout the 3D construct [9, 25].

2.4.2 Extrusion Bioprinting—In extrusion bioprinting, the biomaterial is extruded onto a 

substrate through a nozzle to generate a pre-designed structure. Rather than droplets being 

ejected from the nozzle (as in inkjet bioprinting), extrusion bioprinting generates a 

continuous strand of material [33]. After which, the layer can be polymerized using a UV 

light source, chemical crosslinking solution, or other method. This method of bioprinting 

can use highly viscous materials, unlike inkjet printers, allowing the engineer to fabricate 

scaffolds out of a wide variety of biomaterials. Though not as fast as inkjet bioprinting, 

extrusion bioprinting can be easier on cells [32]. Based on the similarities of this extrusion 

method to FDM, achievable parameters of layer thickness and strand or fiber diameter limit 

the architectural complexity of scaffolds.

In summary, there is an extensive collection of additive manufacturing techniques each with 

its advantages and disadvantages for the fabrication of gradient scaffolds. Table 1 

summarizes a few selected techniques and materials used for the generation of gradient 

scaffolds. Additionally, in Figure 1, a flow chart depicts a potential decision tree to select a 

3D printing approach based on desired material and gradient characteristics.

3. Incorporation of Gradients

As described, the human body is a complex multiphase system built from a dynamic 

interaction between 1) cells, 2) extracellular matrix, and 3) the resulting tissue architecture. 

In certain tissues, this system creates a microstructure that is highly graded in organization, 

chemical gradients, and mechanical properties [35]. These gradients contribute to critical 

processes such as embryogenesis, chemotaxis of polymorphonuclear leukocytes, and cell 

migration [36–38]. Additionally, physical property gradients are found in interface tissues 

like tendon-to-bone. These interfaces are associated with a gradient of cell phenotypes, and 

ultimately contribute to complex mechanical or physical functionality [39]. Thus, by 

incorporating these natural gradients into the design of biomaterials, tissue engineers could 

unlock cellular machinery, enhancing native tissue response and regeneration, contribute to 

function a healing of complex tissue. The types of gradients present within the body can be 

broken down into two broad categories, physical gradients and biochemical gradients.

3.1 Physical Gradients

3.1.1 Pore Gradients—The success of tissue ingrowth into a scaffold has been shown to 

be highly dependent upon the overall porosity and pore size [40]. Highly porous 

biomaterials aid in de novo tissue regeneration by 1) allowing mass transport of nutrients 

and wastes, 2) providing a large surface area for cellular attachment and growth, 3) 

permitting vascularization of the implant, and 4) facilitating mechanical interlocking with 

the adjacent tissue [41, 42]. While native tissue is naturally porous, it is not homogenously 
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distributed. Rather, it is distributed in such a manner to maximize the overall tissue 

performance [42]. For example, in bone tissue there are four different levels of pore sizes 

that vary in function from topological cues to facilitating bone ingrowth [43]. Therefore a 

scaffold that only possesses a pore size from one of these levels would have functional 

limitations. Furthermore, it has been shown that scaffolds that contain pore gradients 

prolong static culturing by increasing the accessibility to nutrients and oxygen [44, 45]. An 

ideal scaffold should possess a graded porosity capturing pores from each level, maximizing 

the regenerative potential of the scaffold [46].

While solid freeform fabrication techniques are a rather new technology, several methods 

have been developed that allow the fabrication of functional gradient architectures [47–52]. 

Sobral et al. recently investigated the effect of pore size gradients on cell seeding efficiency 

[49]. In this study, scaffolds were fabricated by 3D plotting PCL with an alternating pore 

size of 100 and 750 µm. It was shown that a graded pore structure increased the seeding 

efficiency as compared to an ungraded architecture (30% for homogenous scaffolds vs. 70% 

for heterogeneous scaffolds). The authors hypothesized that this effect was due to more 

tortuous channels inside the heterogeneous scaffolds, thereby increasing the residence time 

of the cells and increasing the probability of contact between scaffold and cell. In addition to 

a higher seeding efficiency, Wendt et al. showed that perfusion through a random pore 

structure results in a better distribution of cells within the scaffold [53].

Although there are not many examples that focus on the creation of gradients, SLA or other 

light- or laser-based printing approaches may have potential to create scaffolds with gradient 

pore sizes and concentrations. The high resolution of this technique, which can achieve 

features as small at 20µm using some materials, could allow for the very specific and 

designed placement of pores within a scaffold construct [54].

3.1.2 Mechanical Gradients—While highly porous scaffolds permit the ingression of 

tissue within a construct, it has been shown that the substrate stiffness directs the 

differentiation and migration of mesenchymal stem cells into different cell types such as 

myoblasts, osteoblast, and neurons [55]. In fact, Lo et al. showed that cells migrate towards 

stiffer surfaces, a phenomenon since then termed durotaxis [56]. Mechanical gradients are 

not only present at boundaries between different tissue types but are also present with in a 

single tissue. For example, the heterogeneous mineral composition present within teeth 

establishes a microenvironment that is highly variable in stiffness [57]. Thus the 

development of tissues scaffolds with heterogeneous mechanical properties would only serve 

to better mimic the native cellular environment. In addition, incorporation of heterogeneous 

mechanical properties allows the engineer to create scaffolds that further support the cellular 

population.

Recently, the field of interface tissue engineering has adopted mechanical gradients to 

facilitate the regeneration at tissue interfaces. Luca et al. investigated the effect of stiffness 

gradients on osteochondral regeneration [58]. Scaffolds were fabricated by bioprinting PLA, 

PCL, and poly(ethylene oxide terephthalate)/poly(butylene terephthalate) (PEOT/PBT) 

copolymers in different ratios to achieve constructs with stiffness gradients. It was shown 

that while cells on gradient scaffolds had a lower alkaline phosphatase (ALP) activity 
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compared to cells on the homogenous scaffolds, microenvironments were established within 

the scaffolds that showed regions of high ALP activity. The authors hypothesized that these 

regions of high activity were due to surface energy gradients established by the different 

materials within the constructs. Though there are a limited number of studies that utilized 

3D printing as a means to investigate the influence of mechanical gradients on tissue 

formation, there is still an appreciation for the role that this variable could play in future 

scaffold fabrication. Other approaches to achieve altered mechanical properties could utilize 

changes to crosslinking density using SLA or other light based approaches, or changes to 

extrusion parameters to alter fiber or layer thickness. In addition, most tissues have some 

level of anisotropy which further complicates the physical demands of scaffolds [59]. 

Previously, producing anisotropic materials was an extremely difficult task with classical 

biomaterial fabrication techniques. However, additive manufacturing allows one to precisely 

control the scaffold design allowing the engineer to reliably fabricate anisotropic materials. 

Recently, Cox et al. fabricated hydroxyapatite-based scaffolds by utilizing powder-fusion 

printing [60]. In this study, it was demonstrated that the anisotropic behavior of the scaffolds 

could be easily controlled by altering the architectural design [60]. While there is a limited 

amount of research into the effects of anisotropic materials on tissue regenerative, it is an 

area that shows great promise to better recapitulate the in vivo tissue environment.

3.2 Biochemical Gradients

In addition to mechanical cues, biochemical cues provided by the ECM or neighboring 

tissues and cells act in vivo to regulate and control cell fate [61–65]. To better recapitulate 

the native cellular environment, it is important to design systems where cells can be exposed 

to an engineered presentation of bioactive molecules in a 3D microenvironment. The 

creation of precise patterns of bioactive molecules can be achieved by several methods such 

as layer-by-layer, prepolymer mixing, or modular assembly [66]. However, this review will 

focus on studies that have used additive manufacturing techniques to create spatial gradients 

of bioactive molecules.

Most regularly, scaffolds that will rely on cell-based remodeling combine biochemical cues 

with degradable polymer carriers or hydrogels [3]. To form the degradable or hydrogel 

platform, the materials most popular are natural proteins such as collagen, gelatin, alginate 

or synthetic polymers such as PLGA, PCL, and poly(glycerol-sebacate). These materials are 

all able to support the functional inclusion of minerals, growth factors, cytokines, and other 

biologically active material that can direct cell response. For example, spatial gradients of 

mineral content along a nanofiber scaffold resulted in correlations to ALP, Runx2, and 

Osteocalcin expression and associated cell phenotypes. The cell phenotypes mimic the 

cellular community of the native enthesis and therefore the graded scaffold shows promise 

for the regeneration of the tendon-to-bone interface [39].

As previously discussed, several of the 3D printing techniques utilize harsh organic solvents 

which hinder the bioactivity of bioactive molecules [66]. However, the development of 

aqueous bioinks has allowed for the successful incorporation of bioactive molecules and 

cells within 3D printed scaffolds. Ilkhanizadeh et al. studied the effect of several bioactive 

factors on the differentiation of rat embryo neural stem cells. In this study, they fabricated 
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hydrogel scaffolds that contained gradients of fibroblast growth factor-2 (FGF) and ciliary 

neurotrophic factor (CNTF) by using inkjet bioprinting [67]. The studies showed that the 

concentration of neural stem cells increased in a manner that correlated to the concentration 

gradient of CNTF [67]. This study was one of the first to underscore the significant impact 

of bioprinting bioactive molecules on scaffold performance.

In a recent proof-of-concept study, Liu et al. describe a groundbreaking design that can be 

used build a hydrogel scaffold with simultaneous spatial control of up to 7 distinct bioinks 

[68]. In this novel design, 7 distinct capillaries are combined into a single point in a print 

head. Each capillary can have independently controlled pressure applied, allowing the user 

to print the bioinks independently or simultaneous in any desired combination. In this study, 

authors demonstrate a cylindrical scaffold with decreasing concentrations of hydroxyapaptite 

as one moves inward through 7 gelatin methacrylate and alginate concentric, circular rings. 

A technique is also shown that allows for various hydrogel concentrations, cell populations, 

or any other variety of bioink to be included in a controlled portion at different positons of a 

continuously printed fiber.

In addition to extrusion based techniques, other studies have utilized SLA as a means to 

incorporate bioactive gradients[67]. However, in order to achieve spatial control of more 

than one bioactive molecule by SLA, multiple resins that have been loaded with different 

bioactive molecules must be used. Incorporating two different resins requires a sequential 

photo-polymerization step, in addition to multiple washings in order to remove 

uncrosslinked monomer. Utilizing this technique, Gbureck et al. were able to fabricate 

calcium phosphate-based scaffolds with vascular endothelial growth factor (VEGF) and 

copper(II) ions. These factors were precisely placed at the end of closed pores within the 

implants to assess angiogenesis. It was shown that, both VEGF and copper enhanced vessel 

formation as compared to the unloaded controls [69]. This work showed that SLA could be 

used to fabricate scaffolds with multiple bioactive molecules in a precise architecture. 

Although SLA has the advantage of excellent resolution potential, it is difficult to print with 

more than one material, which could limit the scope of biochemical gradients achievable.

4. Evaluation of the Achieved Gradients

As described, gradient scaffolds are designed to meet a huge set of applications in tissue 

engineering. Looking collectively at the set described here, there are several analytical tools 

that are commonly used to investigate whether a gradient was achieved. Depending on the 

form of gradient, either biochemical or physical characteristic, different tools can provide 

information.

4.1 Evaluation of Physical Gradients

To first examine the scaffold for bulk geometrical properties, multiple imaging techniques 

provide a comprehensive view. Many studies begin with an overall scan of such scaffolds 

using micro computed tomography (µCT), allowing for visualization of bulk scaffold shape 

as well as describing features down to 1 µm [70]. This non-destructive technique can be used 

to image through whole scaffolds without staining, slicing, or drying out, which is beneficial 

to many biologically built materials [71–73]. Although µCT is broadly used, a more 
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simplistic technique recently described by Rhee et al. could be beneficial in cases where the 

overall scan size is too large and time consuming to acquire on a µCT [74]. In this technique, 

a hydrogel construct was lightly coated with charcoal powder to provide optical contrast 

before being imaged with a high-resolution, digitizing color scanner (3D Cyberware 

scanner) [74]. This technique provides lower resolution and lacks the internal scaffold view 

of a µCT scanner, but allows for a quick measurement of the geometry of a ~10 cm printed 

meniscus model down to 2 mm details. Using this technique, the investigators were able to 

determine the accuracy of print as a function of collagen density as indicated by the 

percentage of scanned positions that were within 2 mm of target height [74].

In order to visualize smaller features, such as pores or fiber structure, we require a technique 

with higher resolution. Scanning electron microscopy (SEM) is another popular option if the 

scaffold can be dried effectively and if the structure can resist vacuum pressure [58, 75–82]. 

Using SEM to image sections from each of the four layers of chitosan/silk fibroin (SF)/

hyaluronic acid (HA) scaffolds, Zhou et al. were able to both see significant differences in 

pore sizes between the four different regions of their composite scaffold (100 µm – 300 µm) 

by measuring the diameter of 100 pores per region in an image analysis software (ImageJ) 

[75].

Perhaps a more easily quantified method to assess porosity is to use specific gravity bottles, 

as described by Zhou et al. [75]. In this study, the porosity of the chitosan/SF/HA scaffolds 

was determined by first taking the dry mass of the scaffold (Ws) and then submerging the 

scaffold in a specific gravity bottle filled with a known amount of ethanol (W2). The 

porosity was calculated using the following equation [75]:

where W1 is the weight of the specific gravity bottle filled with ethanol and W3 is the weight 

of the specific gravity bottle without the ethanol-saturated scaffold from W2. By directly 

calculating a porosity percent for different specimens, sample variation between scaffolds or 

region variation within scaffolds can be accurately quantified and compared.

Ideally, approaches to both visualize and quantify the structural gradients should be applied 

to fully understand the impact of the structural changes. With this in mind, comparisons 

using specific gravity tests may not be informative if total porosity is not the varied factor. 

The existence of such a gradient can be indirectly quantified through functional mechanical 

testing [75, 78, 80, 81, 83]. To evaluate porosity from sodium chloride leaching, Sherwood 

et al. demonstrated decreased elastic modulus, tensile strength, and yield strength with 

increasing porosity in each region of the independently tested construct [83]. In addition to 

proving the existence of significant material differences, the authors were able to justify the 

selection of the lower porosity material for the bone portion of the graft (55% porous), and 

higher porosity for the cartilage region (90%) by matching mechanical properties of the 

scaffold to the tissue [83]. Another study showed that as sample sections move towards the 

“bone end” of the bone-ligament interface scaffold, ultimate stress, ultimate strain, and 

Young’s modulus all increase to match in vivo strength gradients [81]. In recent years, the 
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field of digital image correlation has developed robust tools for full-field kinematic 

measurements [84]. Previously, this technique has been limited to thin tissue samples. 

However, Moerman et al. has shown that digital image correlation can be utilized to non-

invasively determine the bulk material properties [85]. In addition, it can allow one to easily 

quantify local variations in the mechanical properties.

4.2 Evaluation of Biochemical Gradients

Biochemical gradients are achieved either through a designed change to the composition of 

the scaffold, or in an engineered presentation of bioactive components. By nature, these 

changes may not be detectable visually or produce any measurable change structurally. 

However, methods that can visualize as well as quantify the existence of the gradient are still 

of importance. In cases where the chemical composition of a scaffold is varied spatially, 

thermogravimetric analysis (TGA) [77] or Fourier transform infrared spectroscopy (FTIR) 

has been used to successfully compare chemical constituents [75, 76]. TGA was used to 

effectively quantify the gradient of bioactive glass (BG) present in the BG PCL fibers 

incorporated into the single scaffold to support hyaline and mineralized cartilage. Using 

thermogravimetric analysis-differential thermal analysis (TGA–DTA), the percentage of 

weight remaining after complete thermal decomposition of PCL was assigned as the BG 

content. Similarly, in a study by Kim et al., FTIR was used to confirm increasing 

concentration of amide bonds along the extruded PCL fibers, matching the intended gradient 

of surface immobilized adhesion factors [76]. In these applications, where chemical changes 

are perceptible, chemical composition analysis seems to be the most accurate approach to 

determine the biochemical gradient. Although fluorescent tagging, which is described below, 

does provide relevant spatial information, multiple points of error and changes to the system 

are introduced through the incorporation of the dye.

In the situation where biochemical factors may be more difficult to distinguish chemically 

from the bulk scaffold, such as a protein in a protein-based hydrogel, chemical analysis may 

not provide any relevant information. Additionally, if encapsulation or tethering of the 

graded protein is employed, traditional soluble protein quantification assays may not be 

suitable. Many of these gradients therefore must be observed optically, using fluorescent 

tagging or a specific stain for the biochemical components. Utilizing one such optical 

technique to verify the gradient distribution of growth factors, connective tissue growth 

factor (CTGF) and transforming growth factor beta-3 (TGF-β3), infused within fibrin gels, 

Lee et al. replaced the growth factors with fluorescently labeled dextran of similar size 

within the microsphere vehicles (fluorescein-conjugated dextran (40 kD) for CTGF and 

Alexa Fluor 546 dextran (10 kD) for TGFβ3) [86]. A similar technique was used to verify 

that the release of growth factors from the top of the scaffold created a concentration of the 

growth factor within the scaffold [87]. This result was easily verified by conjugating a 

homodimer of platelet-derived growth factor BB (PDGF-BB) with a fluorescent dye (IRDye 

800) before encapsulation into the PLGA sphere vehicle [87]. The PLGA spheres were 

incorporated into the top of the scaffold, which were then implanted subcutaneously. The 

scaffolds were imaged in vivo at multiple time points and a gradient distribution of the 

labeled growth factor was observed at all time points [87].

Bracaglia et al. Page 11

Acta Biomater. Author manuscript; available in PMC 2018 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



As discussed earlier, techniques to quantify in addition to visualize gradients help to most 

accurately describe these scaffolds. Targeted at applications utilizing fluorescently labeled 

molecules or polymer vehicles, Caruso et al. described a rapid particle counting technique 

that could help define particle arrangement in a uniform way [88]. As written, the method 

can be used to quantify particles as they are made by encapsulating a known volume of 

particles in a larger matrix that can immobilize them, such as agarose or acrylate, or within 

an optically transparent scaffold. Using standard microscopic techniques to image a defined 

volume of the solid (confocal laser scanning microscopy or stimulated emission depletion 

microscopy), common particle counting software can be used to determine the count per 

volume or per region of the scaffold. The approach was compared closely to high-sensitivity 

flow cytometry (100–1000 nm particles) and theoretical calculations (~50 nm particles), and 

produced similar particle counts. [88]. It is critical to know the exact particle concentration 

to accurately describe the possible molecular delivery achieved or environment created, and 

the use of this method could provide additional or easier insight into this measurement.

Fluorescent tagging can be a useful technique to visualize or compare the concentration of 

factors not encapsulated as well. To mark the patterns of bone morphogenetic protein 2 

(BMP-2) printed into an osteogenic scaffold, the fluorescently tagged molecule Cy5-BMP-2 

was printed in the same manner, and measured for retention and position over time [89]. In 

another example, to ensure the printing of distinct bioinks of increasing collagen 

concentration, a group was able to encapsulate small fluorescent microbeads of different 

colors (FITC- and rhodamine-labeled 5 µm microbeads (Sigma) 107 particles/mL) within the 

inks [74]. After printing the composite construct, distinct collagen domains between 10–17.5 

mg/mL were visualized using confocal fluorescent imaging, showing very little mixing of 

the inks and describing the interface of the gradient gels [74].

4.3 Functional Testing: Ultimate Evaluation of Gradients

The final test of the gradient appearance for these scaffolds should be through functionalized 

testing with cells and tissues to measure the heterogeneity influenced by the gradient 

scaffold. As pointed out by Lee et al., despite precise and reproducible in vitro testing and 

imaging to determine the gradient achieved, ultimately the cellular and tissue response in 
vivo is what will determine the success or failure of the designed gradient [86]. Depending 

on the intended application, this is best tested through cell migration [76, 90], invasion or 

adherence of cells to the scaffold [83, 87, 91], differentiation or matrix production [58, 76, 

81, 86, 87].

Cell adhesion and matrix production can be the first and easiest indicators of a successful 

gradient surface or volume. In several studies, a comparison of the number and density of 

cells over varied regions of the scaffold is used to demonstrate cell preference for some 

region over another due to engineered differences [76, 89, 91–94].

Cell migration is of particular interest when scaffolds are designed for wound healing, since 

cell migration is critical to wound closure. To encourage migration, scaffolds are built with 

either a biochemical gradient encouraging a chemotactic migration [76], or a stiffness/

substrate gradient directing a mechanotactic migration [90]. In one study, epithelial cells are 

deposited at the low-stiffness end of a hybrid material with a stiffness gradient. The cells are 
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assessed for migration over 720 hours in the direction of increasing stiffness, and migration 

was compared to a non-textured control material [90]. Both migration speed and total 

distance from cells on the gradient scaffold were substantially greater than the flat control 

due to the hypothesized support of traction-mediated mechanotaxis on the gradient scaffold 

compared to the random walk on the flat material [90].

On the other hand, scaffolds developed for tissue development in a critical size defect model 

or in organ development typically have gradients to encourage heterogeneous cell or tissue 

formation. Assays to assess the gradient should measure these specific outcomes in order to 

form conclusions on the added value of the scaffold. For example, one study in 

osteochondral regeneration developed agarose-gelatin hydrogel scaffolds with a gradient 

concentration of chondroitin sulfate (CS) (chondrogenic signal) and BG (bone 

mineralization signal) incorporated into PCL fiber mats [77]. Chondrocytes seeded onto 

these scaffolds secreted a hyaline like matrix with higher amount sulfated 

glycosaminoglycans (sGAG), collagen type II, and aggrecan CS fibers than on BG fibers. 

Conversely, mineralization was observed on BG fibers. The observation of continuous, 

opposing gradients of sGAG enriched (chondrogenic) and mineralized ECM (osteoblastic) 

was observed surrounding each cell clusters on gradient hydrogel after 14 days of culture, in 

response to the physical gradients of raw materials CS and BG [77]. This is an example of 

how cellular response can act as a bioassay to help prove the existence of a biochemical 

gradient. In a similar approach, Di Luca et al. showed enhanced chondrogenic and 

osteogenic differentiation markers from cells seeded on the gradient scaffolds. These 

markers were supported with staining of matrix molecules such as ALP, glycosaminoglycans 

(GAGs), and collagen I and II [58].

A more complex analysis conducted by Brey et al. shows increased tissue invasion into the 

pores of a PDGF-BB enriched scaffold in a subcutaneous implantation. In this scaffold, the 

PDGF-BB concentration existed in a gradient, starting from the top reservoir on the scaffold. 

This gradient increased the depth of tissue invasion and density of blood vessels in a dose-

dependent manner as seen with ex vivo histological staining [87]. Similarly, printed conduit 

scaffolds with either VEGF or copper surface gradients implanted peritoneally in mice 

showed significantly further vessel penetration (7 mm compared to 2 mm in 15 days) into 

the scaffold compared to factor-free scaffolds [95]. This type of result was also seen utilizing 

a different gradient scaffold. In another study, poly(ethylene glycol)/poly(butylene 

terephthalate) (PEG/PBT) scaffolds with a gradient of pore size in the x-y plane showed 

tissue that exhibited cartilage morphology when implanted subcutaneously [82]. These 

scaffolds were stained for tissue formation using immunohistochemistry for specific matrix 

molecules, including collagen I and collagen II [82].

Site-specific observations further increase the accuracy of results of scaffold and cellular 

interaction. In a site-specific study, semicircular patterns of BMP-2 were printed in 

DermaMatrix™ human allograft scaffold constructs [89]. Beginning with in vitro work, 

mouse C2C12 progenitor cells differentiated in a dose-dependent fashion toward an 

osteoblastic fate spatially located along BMP-2 patterns. The printed scaffolds were then 

implanted into a mouse calvarial defect model, and showed comparable bone formation 

patterns to the in vitro results.
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In a large scale animal study, Lee et al, presented regeneration of an inhomogeneous, 

functional knee meniscus using their scaffold printed with a gradient of collagen densities 

and dual delivery of growth factors [86]. This step is significantly closer to an accurate 

biomimetic meniscus scaffold than previous work using a homogenous, uniform fibrous 

tissue [86].

5. Challenges and Perspectives of 3D Printing for Gradient Scaffolds

The advent of additive manufacturing techniques within the field of tissue engineering has 

aided in the development of sophisticated biomaterials that better recapitulate the native 

tissue architecture. The complex heterogeneous microarchitecture of tissue plays a 

significant role in the differentiation and recruitment of diverse populations of cells. Thus, it 

is unsurprising that for successful tissue integration one would need to optimize the scaffold 

architecture to mimic this organized and graded nature. Currently, there are numerous 

techniques that can be used to generate scaffolds that have graded properties. Based on 

achievable resolution and availability of printing inks, different approaches are more suited 

for either biochemical or physical gradient objectives. Spatial resolution appears to be 

maximized using non-hydrogel polymers in either extrusion, SLA or other light projection 

approach [25]. The optimal spatial resolution is an ideal platform for engineering physical 

characteristics, but non-hydrogel-based polymers do not lend themselves easily to 

biochemical gradients. This challenge highlights one of the major limitations facing additive 

manufacturing: the identification of novel biomaterials that can be applied to these 

techniques. Materials and approaches need to be developed that can provide appropriate 

biological signals with the spatial resolution and control of a thermoplastic or synthetic 

polymer. While there is an abundance of newly developed biomaterials that show great 

promise, our understanding of the effect of incorporating graded properties needs further 

refinement. As such, it may be beneficial to continue to develop uniform scaffolds and fully 

understand the cell interaction in the interim.

As described by Zhang et al., an additional area of interest is “false ECM-mimicking” [3]. 

The authors point out that some successful tissue engineering scaffolds do not mimic 

necessarily a component of the ECM, but still provide cues to direct the desired tissue 

response. For example, fiber tracks for nerve cells contribute to or influence the outgrowth 

of nerve cells to close a wound gap, although they are not based on any existing ECM 

structure [96]. Additive manufacturing provides the control and consistency needed to 

evaluate original physical and possibly chemical gradients for positive effects in tissue 

growth. However, one major challenge for tissue engineers is assessing the cellular response 

in these heterogeneous scaffolds. Most cellular techniques discussed in this review provide 

insight in to the overall cellular response. Future techniques that analyses local cellular 

response are critical for further understanding gradient scaffolds.

Previously, tissue engineers were limited by their fabrication techniques. Today, the advent 

of sophisticated fabrication techniques has sparked a revolution that truly gives complete 

control over the scaffold design. Thus, the future of tissue engineering depends on our 

ability to design and fabricate heterogeneous scaffolds of varied compositions that will 

further improve tissue regeneration.
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CNTF ciliary neurotrophic factor

CS chondroitin sulfate

CTGF connective tissue growth factor

FDM fused deposition modeling

FGF fibroblast growth factor-2

GAGs glycosaminoglycans
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PDGF platelet-derived growth factor

PDLLA poly(D,L-lactide)
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PEG poly(ethylene glycol)
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PLGA poly(lactic-co-glycolic acid)

PPF poly(propylene fumarate)

PVA poly(vinyl alcohol)
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SEM scanning electron microscopy

sGAG sulfated glycosaminoglycans

SLA stereolithography

SLS selective laser sintering

TCP tricalcium phosphate

TGA thermogravimetric analysis

TGA-DTA thermogravimetric analysis - differential thermal analysis

TGFβ3 transforming growth factor beta-3

VEGF vascular endothelial growth factor

µCT micro computed tomography
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Additive manufacturing techniques have given tissue engineers the ability to precisely 

recapitulate the native architecture present within tissue. In addition, these techniques can 

be leveraged to create scaffolds with both physical and chemical gradients. This work 

offers insight into several techniques that can be used to generate graded scaffolds, 

depending on the desired gradient. Furthermore, it outlines methods to determine if the 

designed gradient was achieved. This review will help to condense the abundance of 

information that has been published on the creation and characterization of gradient 

scaffolds and to provide a single review discussing both methods for manufacturing 

gradient scaffolds and evaluating the establishment of a gradient.
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Figure 1. 
A flow chart depicting a decision tree to select a 3D printing approach based on desired 

scaffold and gradient characteristics based on literature data. For example, to build a scaffold 

with increasing porosity with depth, that is initially acellular, with less than 10 µm 

resolution, one may choose to use SLA printing with a PPF polymer resin. Images at the end 

of the flow chart represent achievable design parameters using the specified print approach 

and material. More information on PPF, GelMA, PCL, and keratin is available in recently 

published studies [97–99].
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Figure 2. 
A summary of various techniques that can be used to characterize and evaluate the designed 

gradient, including physical visualization (micro–computed tomography (µCT), scanning 

electron microscopy (SEM), and tagging or marking chemical groups), chemical analysis 

(Fourier transform infrared spectroscopy (FTIR) and thermogravimetric analysis (TGA)), 

and finally with functional assays.
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Table 1

Table of additive manufacturing techniques for the fabrication of gradients.

Technique Common
Materials

Cells
(Y/N)

Advantages/disadvantages

Stereolithography (SLA) [9,14,19–25] • PPF

• PCL

• PDLLA

• N + Can print with high resolution (<2 
µm)

+ Can vertically print at a speed of 
10-50mm/h

+ Can create complex internal 
structures

− Can only fabricate compositional 
gradients in the Z-direction

Fused Deposition Modeling (FDM) 
[24,26–29]

• PCL

• TCP

• N + Can easily fabricate compositional 
gradients

− Cannot incorporate cells or bioactive 
molecules

− Can have a linear print speed of 10-50 
mm/s

Selective Laser Sintering (SLS) [24,30–
32]

• PCL

• PEEK

• PVA

• PDLLA

• PLGA

• N + Does not require support structures

+ Can print without use of toxic 
solvents

− Does require use of powders with 
tight particle distributions (<60 µm)

− Cannot achieve horizontal 
compositional gradients

Inkjet Bioprinting [7,33,35] • Low viscosity 
materials (<10 cP)

• Y + Can print droplets at a rate of 1-10K/s

+ Can print with high resolution 
(20-100 µm)

+ Can fabricate both physical and 
compositional gradients

− May affect cells and bioactive 
molecules

Extrusion Bioprinting [33.34] • PCL

• Hydrogels

• HA

• Y + Can print a wide range of materials

+ Utilizes mild conditions allowing for 
printing of cells/bioactive factors

+ Can fabricate physical and 
compositional gradients

+ Prints at a linear speed between 10-50 
mm/s

PPF-poly(propylene fumarate), PCL-poly(ε-caprolactone), PDLLA-poly(D,L-lactic acid), TCP-tricalcium phosphate, PEEK-polyetheretherketone, 
PVA-poly(vinyl alcohol), PLGA-poly(lactic-co-glycolic acid), HA-hyaluronic acid
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