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Abstract

Since the advent of additive manufacturing, known commonly as 3D printing, this technology has 

revolutionized the biofabrication landscape and driven numerous pivotal advancements in tissue 

engineering and regenerative medicine. Many 3D printing methods were developed in short course 

after Charles Hull first introduced the power of stereolithography to the world. However, materials 

development was not met with the same enthusiasm and remained the bottleneck in the field for 

some time. Only in the past decade has there been deliberate development to expand the materials 

toolbox for 3D printing applications to meet the true potential of 3D printing technologies. Herein, 

we review the development of biomaterials suited for light-based 3D printing modalities with an 

emphasis on bioprinting applications. We discuss the chemical mechanisms that govern 

photopolymerization and highlight the application of natural, synthetic, and composite 

biomaterials as 3D printed hydrogels. Because the quality of a 3D printed construct is highly 

dependent on both the material properties and processing technique, we included a final section on 

the theoretical and practical aspects behind light-based 3D printing as well as ways to employ that 

knowledge to troubleshoot and standardize the optimization of printing parameters.

Graphical Abstract

1. INTRODUCTION

The emergence of 3D printing technologies in tissue engineering has caused a paradigm 

shift in traditional biofabrication strategies by enabling precise spatiotemporal control over 

the placement of cells and biomaterials to form complex constructs. These advanced 3D 

printing platforms have become increasingly important as we move toward the adoption of 
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3D cell culture systems due to the inadequacies of conventional 2D cell culture. Specifically, 

it has been well documented now that rigid monolayer culture systems do not appropriately 

recapitulate the inherent complexities within the native tissue microenvironment. Thus, cells 

grown under these 2D conditions poorly reflect the in vivo functionality, phenotype, 

morphology, and differentiation potential.1–3 The reason for this disparity is because cells 

residing in their natural milieu are highly influenced by their surroundings known as the 

extracellular matrix (ECM) and maintaining this dynamic reciprocity within a 3D 

microenvironment is crucial to restoring appropriate biological behaviors in vitro.4 As such, 

3D cell culture systems have gained wide attraction in the fields of tissue engineering and 

regenerative medicine. To properly mimic the 3D ECM environment, a fabrication method is 

needed that can precisely control the mechanical, physical, and viscoelastic properties of a 

material in a 3D space. Recent advances in 3D printing techniques have shown their promise 

at addressing these requirements. The level of control offered by 3D printers has led to many 

noteworthy advancements in the production of physiologically relevant biomimetic tissue 

and organ substitutes for drug testing, elucidation of biological mechanisms, disease models, 

translational medicine, and surgical implants.5–8

Over the years, the evolution of 3D printing technologies has seen significant advancements 

since the early stereolithography (SLA) fabrication systems first introduced in the 1980s by 

Charles Hull.9 Today, a wide range of 3D printing modalities have been developed, with the 

most common being traditional nozzle-based printers in the form of inkjet and extrusion 

platforms. These printing platforms operate in a rasterized direct-write format by building a 

structure layer-by-layer and have been used extensively in bioprinting applications to 

fabricate various tissue models including perfusable kidneys, vascularized cardiac tissues, 

and cellularized neural grafts for repair of the damaged central nervous system.10–12 

Complementing these traditional platforms, light-based 3D printing technologies have 

recently gained popularity by offering improved spatial resolution, pattern fidelity, and 

fabrication speeds. Most current light-based 3D printers operate using digital light 

processing (DLP) technology controlled by a digital micromirror device (DMD) invented by 

Larry J. Hornbeck at Texas Instruments in 1987.13 Notably, the introduction of the DMD 

chip has revolutionized projection display by offering excellent image stability, fidelity, and 

reliability while serving as a crucial element in DLP-based 3D printers. The device is 

comprised of an array of millions of micromirrors that each correspond to a pixel in the 

image being displayed, which can be individually rotated to create an “on” or “off” state to 

control the reflection of the projected light. By modulating these “on” or “off” states 

digitally, different light patterns can be rapidly projected onto a photocurable reservoir to 

enable selective solidification. Moreover, the contactless nature of these printers permits the 

fabrication of complex structures with micrometer-level resolution and overhanging or 

hollow geometries that can be completed rapidly on the order of seconds via plane-by-plane 

or volumetric projection rather than dot-by-dot or line-by-line as in SLA, inkjet, and 

extrusion printing formats.14 Because of these features, the application of light-based 3D 

printers in tissue fabrication has led to the creation of highly elaborate cellularized 

constructs possessing tissue-scale features that can be produced in a continuous fashion with 

smooth topographies not attainable in layer-by-layer processes.14 Several prominent 

examples showcasing the development of elaborate physiologically relevant tissues using 
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DLP-based 3D printing technology include a multicomponent human liver triculture model 

for drug testing, biomimetic implant containing multiple microchannels to guide nerve 

regeneration for spinal cord repair, and anatomically correct trabecular bone models 

embedded with angiogenic sprouts and meniscal grafts.15–17

Given the promising use of light-based 3D printing in tissue engineering, the success of 

these platforms is also dependent on the development of compatible biomaterials available 

for these systems to suit various biomedical applications. Owing to the light-based nature of 

these printing platforms, a key factor in bioink development is to incorporate photoreactive 

moieties (e.g., methacrylate, acrylate, or thiol–ene groups) to enable fast and selective 

solidification of the prepolymer. Photopolymerization occurs when UV or visible light 

interacts with light-sensitive compounds known as photoinitiators to produce free radicals 

that initiate the polymerization process to form a covalently cross-linked hydrogel.18 

Compared to conventional polymerization methods, photopolymerization reactions present 

several advantages, including rapid curing rates under low light intensity, short exposure 

times with minimal heat production, and potential for spatiotemporal control.19 

Furthermore, these reactions can be performed under physiological conditions in aqueous 

solutions without harsh cytotoxic reagents that make it favorable for cell-based bioprinting 

applications.19 To date, a number of synthetic and naturally derived photopolymerizable 

biomaterials for biocompatible and biodegradable hydrogels have been investigated that 

were addressed in several excellent reviews.19–21 Among the many types of photoreactive 

biomaterials, there are several criteria that must be considered upon selection for 

compatibility with light-based 3D printing setups and their utility in tissue engineering 

applications as summarized in Figure 1. In general, the key evaluation criteria include: (1) 

biodegradative properties to ensure appropriate tissue remodeling without deleterious 

byproducts, (2) biocompatibility in the presence of cells with minimal immunogenicity, (3) 

mechanical properties attainable with the selected biomaterial formulation, (4) structural 

stability of the final printed construct, (5) appropriate polymerization mechanism to achieve 

the desired hydrogel properties for the intended biological application, and (6) optical 

properties of the biomaterial composition and 3D printer settings to ensure optimal printing 

conditions can be reached.

The scope of this paper is to provide a comprehensive review on photopolymerizable 

biomaterials and current state-of-the-art on 3D light-based printing technologies, with a 

focus on biomedical applications. While there are several exceptional reviews on 3D 

printing, including works by Murphy et al.6 and Mandrycky et al.,22 they primarily cover 

methods and applications of traditional nozzle-based 3D printers. Our aim is to present a 

detailed overview that spans the development of photoreactive bioinks to light-based 3D 

printing strategies as a guide to address the growing adoption and development of light-

based additive manufacturing. We begin by introducing fundamental principles and 

mechanisms of photopolymerization reactions employed in photocurable biomaterials 

followed by a summary of commonly used photoinhibiting and photolabile chemistries to 

control polymerization kinetics. Next, we provide a discussion on the current literature for 

photo-cross-linkable natural, synthetic, and composite biomaterials used in light-based 

printing as well as their application in tissue engineering and regenerative medicine. Finally, 

we review the progress and evolution of recent light-based 3D printing modalities ranging 
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from serial to planar to volumetric build platforms and discuss strategies to improve control 

over print resolution and quality to serve as a framework to standardize future printing 

optimization methodologies. Overall, we envision that the expansion and development of 

novel photocurable biomaterial libraries will help facilitate and broaden the utility of light-

based 3D printing systems such that we can further exploit their fabrication potential for the 

advancement of next-generation scaffolds and biomimetic tissues.

2. PHOTOPOLYMERIZATION MECHANISMS

2.1. Free-Radical Chain Growth Polymerization

The majority of photoreactive biomaterial systems primarily undergo free-radical chain-

growth polymerization upon light irradiation to form a cross-linked hydrogel. Specifically, 

photoinitiators decompose upon light exposure at 263 a specific wavelength (i.e., commonly 

365 nm) into radicals, which serve as kinetic-chain carriers by attacking free monomers to 

initiate a chain reaction of attacking nearby monomers and adding them to the growing 

polymer chain.

2.1.1. Mechanism.—Chain-growth polymerization is defined by three distinct stages: 

(1) initiation, (2) propagation, and (3) termination. In initiation, monomers typically have the 

structure CH2=CR1R2, where the carbon–carbon double bond (“active center”) is rearranged 

by free radical initiators. R2 is commonly either a hydrogen or methyl group, and for 

simplicity we will write it as an H group in the following schemes.23,24 Upon light exposure, 

the photoinitiator molecule decomposes homolytically into two free radicals (Scheme 1A) 

via bond cleavage at sites such as C–C, C–Cl, C–O, or C–S bonds.23,24 The free radicals are 

then able to initiate polymer chain growth by reacting with a monomer as depicted in 

Scheme 1B. The newly radicalized monomer is able to react with another monomer and this 

continues to propagate in a chain-like fashion (Scheme 1C,D).23

The propagation of the polymer chain continues until a termination reaction occurs. There 

are four different ways a reaction can be terminated: (1) combination of two propagating 

chains (Scheme 1E), (2) a propagating chain reacts with an initiator radical, (3) chain 

transfer occurs (i.e., the free radical is transferred to another molecule), or (4) an interaction 

with impurities or inhibitors. However, chain ends can also react with each other via 

hydrogen abstraction, also known as disproportionation, which results in two separate 

terminated polymer chains. Whether the two chains react via combination or 

disproportionation depends on the monomer type as well as the reaction temperature.23,24

Impurities and inhibitors are also a major consideration during photopolymerization in DLP-

based 3D printing. In particular, oxygen impurities can react with free radicals, thus 

impeding their propagation within the prepolymer system. As oxygen can diffuse into a 

material overtime, this means that a material may exhibit different printing properties (i.e., 

lower resolution and requiring higher exposure times) as the material is used over a period of 

time. Sometimes free radical inhibitors are used in a controlled manner to improve printing 

resolution. Since free radicals are very active and can diffuse quickly from an activated area, 

inhibitors can capture the free radicals to mitigate propagation.23,24
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2.1.2. Kinetics.—The rate of photopolymerization can be described by the following 

equation:

vpp = kpp(ϕεI0/kt)1/2[M]3/2 (1)

where vpp is the rate of photopolymerization, kpp is the photopropagation rate constant, ϕ is 

quantum yield, ε is extinction coefficient, I0 is the incident light intensity, kt is the 

termination rate constant, and M is the monomer concentration. From eq 1, a few 

observations can be noted. First, the rate of polymerization is dependent on the initial 

monomer concentration by a power of 1.5, indicating that an increase in monomer 

concentration will lead to a nonlinear increase in polymerization rate. Moreover, the 

efficiency of the photoinitiator is related to the polymerization rate by its square root, which 

is discussed further in section 2.1.5.23

2.1.3. RAFT and ATRP.—Because of the multiple termination reactions in free-radical 

polymerization, the polymer chain lengths are highly dispersed within a solution. To reduce 

the polydispersion, “living” radical polymerizations that moderate the termination reactions 

were developed. Generally, the free radical is reversibly “trapped” in a secondary chain 

transfer agent, rendering it dormant and reducing the overall concentration of free radicals in 

the prepolymer solution. This results in a controlled linear growth in polymer length. Two of 

the “living” or controlled radical polymerizations are reversible addition/fragmentation chain 

transfer (RAFT) and atom transfer radical polymerization (ATRP).

In ATRP, an alkyl halide (R–X) and a transition metal halide catalyst (MtzY/ligand) are used 

to reversibly trap the free radical (Scheme 2, top). The kinetics for the deactivation rate (kd) 

compared to activation rate (ka) are much higher, meaning that the radical is mostly kept 

dormant. This in turn means that the termination reaction will have less probability to occur 

and will therefore be suppressed. ATRP methods are used with styrenes, (meth)acrylates, 

(meth)acrylamides, and acrylonitrile. Moreover, ATRP can be used with free radical 

initiation in a method termed reverse ATRP. Free radicals are rendered dormant by an alkyl 

halide complex in a higher oxidation state, where one alkyl molecule can reversibly react 

with the radicalized polymer chain (Scheme 2, bottom).23

RAFT is another common living polymerization technique, where a molecule can reversibly 

cap one or two growing polymer chains at once. This molecule contains dithiol compounds 

which will be bonded to the central carbon atom by single or double bonds. The Z 

compound is typically an aryl, alkyl, SR, OR, or NR2 group. Lastly, a good leaving group 

with respect to the polymer chain, Pm or Pn, is initially bonded to one of the sulfur atoms 

and supplanted by a free radical upon initiation. Scheme 3 describes the equilibrium reaction 

and showcases how the growing polymer chains spend most of their time dormant and 

thereby suppressing termination reactions and allowing for a controlled growth of the 

polymer chains.23

Capping agents such as 2,2,6,6-tetramethyl-1-piperidinyloxy (TEMPO) have also been used 

to help prevent free radical diffusion within a solution and can be added to a prepolymer 

solution before printing.25 Although less widely applicable, TEMPO is used in nitroxide-
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mediated polymerization and can reversibly cap the growing polymer chain, suppressing 

termination reactions.23

2.1.4. Functional Groups.—Because not all monomers contain the desired reactive 

alkene for free-radical polymerization, functional groups can be modified onto a synthetic 

monomer or onto the backbone of a natural polymer. In the case of free radical 

polymerization, acrylates and methacryloyls have been commonly used with prepolymer 

materials. For example, poly(ethylene glycol) diacrylate (PEGDA) is a popular synthetic 

polymer for biomedical applications containing two acrylate groups. Moreover, natural 

polymers such as gelatin and hyaluronic acid have been functionalized with methacryloyl 

groups, sometimes commonly referred to as methacrylate groups.26

2.1.5. Photoinitiators.—In DLP printing, photoinitiator choice is very important as it 

can determine the efficiency of polymerization, which in turn will impact the printing time, 

power, and resolution as covered in greater detail in section 9. Type I photoinitiators, 

commonly used in light-based 3D printing, generate two free radicals upon exposure to light 

of a specific wavelength.19,27,28 The kinetics of a photoinitiator can be described by the 

following equation, where Ri is the initiation rate:

Ri = 2ϕεIfCi
NAℎv (2)

Here, I is the incident light intensity (units of power/area), Ci is the photoinitiator 

concentration, ε is the extinction coefficient, ϕ is the quantum yield, and f is the 

photoinitiator efficiency. In the denominator are Avogadro’s number (NA), Planck’s constant 

(h), and the frequency of initiating light (v). By examining the equation, one can see that 

increasing incident light intensity (I) will increase the rate of initiation, as more energy will 

be transferred to breaking bonds in the photoinitiator. As well, initiator concentration (Ci) 

has a direct impact on the initiation rate.23

The initiation rate in turn has an indirect relationship with polymerization rate (eq 3), which 

can be derived using the steady-state approximation. The polymerization rate (Rp) is directly 

related to the square root of the initiation rate (Ri). In eq 3, kp is the rate constant for chain 

propagation, M is the monomer concentration, and kt is the rate constant for termination.

Rp = kp[M] Ri
2kt

1/2
(3)

More specifically, the polymerization rate will have a square root dependence on the 

photoinitiator concentration and light intensity. However, these equations describe local 

relationships, and depending on the spatial position, the rates will change due to local 

incident light variation that is caused by light-path distance and diffraction as well as by 

monomer concentration. As such, more complex equations can be used to describe these 

circumstances.24
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To determine the appropriate photoinitiator choice, one must first consider the wavelength of 

the light source used. Three of the most common photoinitiators used in bioprinting are 

Irgacure-2959, lithium phenyl-2,4,6-trimethylbenzoylphosphi-nate (LAP), and eosin Y.26 

Both Igracure-2959 and LAP are commonly used with a near-UV (i.e., 365 nm) light source. 

Consequently, there is some concern about using near-UV light on prepolymer solutions 

containing cells due to the known cell damage caused by prolonged UV irradiation. To 

address this concern, Ruskowitz et al. recently tested the impact of low-dose near-UV 

exposure on the apoptosis and proliferation of mouse fibroblasts (i.e., NIH/3T3) as well as 

human mesenchymal stem cells (hMSCs) and found no significant effects.29 However, 

further experiments on more cell types are needed to fully conclude the impact of near-UV 

wavelengths on cells, although their findings point to the concentration of free radicals 

present as what may directly impact cell viability.29 Irgacure-2959 has low cytotoxicity, 

minimal immunogenicity, and is often used with solely synthetic polymer systems due to its 

low water solubility (<0.5 wt %). Moreover, due to its low molar absorptivity at 365 nm (ε < 

10 m−1 cm−1), high concentrations must be added to the prepolymer solution. On the other 

hand, LAP is a highly water-soluble photoinitiator and is a good choice for prepolymer 

systems incorporating natural polymers. LAP also has a very high molar absorptivity (ε ≈ 
200 M−1 cm−1), which makes it much more efficient than Irgacure-2959 and can be used at 

much lower concentrations. To illustrate, Fairbanks et al. compared the time to gelation with 

equal concentrations of LAP and Irgacure-2959 in a PEGDA solution and demonstrated that 

the samples containing LAP gelled almost a magnitude faster than those containing 

Irgacure-2959.26,28,30 Although less common, visible light photoinitiators have also been 

reported as an alternative to circumvent potential cytotoxic effects with near-UV light 

photoinitiators. For example, LAP can also be used with a 405 nm light source, although its 

molar absorptivity is lower at this wavelength. In the same experiment as discussed earlier, 

Fairbanks et al. found that the time to gelation was five times longer with LAP when a 405 

nm light source was used compared to a 365 nm light source.26,28 Another common and 

cytocompatible visible light photoinitiator is the xanthene dye, eosin Y, commonly used in 

histological staining. Unlike the other photoinitiators discussed, eosin Y is a type II 

photoinitiator that generates a secondary free radical from a co-initiator via hydrogen 

abstraction. When excited by light at wavelengths between 490 and 650 nm, it requires both 

a co-initiator (i.e., triethanolamine (TEOA)) as well as a comonomer (i.e., 1-vinyl-2 

pyrrolidinone (NVP)) to generate free radicals.30,31

2.2. Orthogonal Step Growth Polymerization

2.2.1. Click Chemistry for Hydrogel Formation.—One undesired aspect of free-

radical chain-growth polymerization is that it produces inhomogeneous networks which 

correspond to inconsistent mechanical and physical properties within a polymerized matrix.
32 An inhomogeneous network structure will lead to a mismatch between bulk and local 

(microscale) properties, which is not ideal for controlled 3D cell culture. For example, the 

bulk properties could be consistent from sample to sample, however, the directionality of the 

local properties could vary and may lead to observed differences in cell responses due to 

cells’ natural sensitivity toward mechanical cues or physical gradients.33 Many click 

chemistry reactions have been developed and exploited for tuned facile hydrogel formation.
34–38
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2.2.2. Photoinduced Thiol–Ene Click Chemistry.—Most click reactions occur 

either spontaneously or via catalysis, although few can be controlled with light.34,39–42 One 

that has been exploited recently, although its mechanism has been known for some time,43 is 

the photoinduced thiol–ene reaction.34,36,44–50 For context, the thiol–ene reaction is 

historically differentiated from the Michael addition reaction based upon the reaction 

condition. Specifically, the thiol–ene reaction requires a free-radical initiator, whereas the 

thiol-Michael addition requires a chemical catalyst, although some consider the 

photoinduced mechanism to be a type of thiol-Michael addition pathway.34,37 The 

orthogonal nature of the thiol–ene mechanism allows for the formation of homogeneous 

hydrogel networks of consistent properties. Free-radical chain growth primarily produces 

spatially inhomogeneous networks, especially in acrylate-based photopolymerization 

common to 3D printing and bioprinting.32,45

2.2.3. Mechanism.—Alhough the thiol–ene reaction is similar to the photoinduced 

chain-growth mechanism in that both are initiated via free radicals, it follows a free radical-

mediated step-growth mechanism which achieves a higher rate of conversion in a shorter 

period of time, especially as compared to the textbook step-growth polymerization kinetics.
51 Due to the photoclickable nature of thiol–ene reactions, it is orthogonal, such that each 

available thiol group only reacts once with each available double bond. There have been 

multiple publications taking advantage of this selective behavior by using off-stoichiometric 

ratios of thiol to alkene in the fabrication of cross-linked networks that have available 

functional groups for post functionalization.39,52–58 The nature of interaction between thiol 

groups and oxygen also renders thiol–ene reactions less susceptible to oxygen inhibition 

compared to traditional free radical chain growth mechanisms. In this case, oxygen tends to 

abstract the hydrogen from a thiol group to regenerate the thiyl radical and thus permits 

continued polymerization.59 The step-growth thiol–ene polymerization mechanism is 

detailed in Figure 2.60

A dosage of light is used to generate a free radical either by cleaving an initiator which 

abstracts the thiol hydrogen or by cleaving the hydrogen directly from the thiol. The 

resultant thiyl radical reacts with the alkene double bond. This reaction proceeds in a step-

growth manner due to a chain transfer reaction predominantly occurring (Figure 2, 

mechanism II), where the free radical on the propagating chain is transferred to an available 

thiol group, thus regenerating the thiyl radical. As such, these reactions theoretically require 

a lower initiator concentration to proceed.

2.2.4. Reaction Kinetics.—Bowman and his coauthors have extensively studied the 

thiol–ene reaction and its kinetics.37,61–66 They have found that the rate order is determined 

by kp/kCT, where kp is the rate of propagation and kCT is the rate of chain transfer.62,67,68 

When kp dominates, the rate is first-order with respect to the thiol concentration, when kCT 

dominates, the rate is first-order with respect to the alkene concentration, and when kp ≈ 
kCT, the rate is half-order with respect to both the thiol and alkene concentrations.67 The 

specific values of kp and kCT depend on the reaction conditions such as the alkene group 

used.67 Thus, the kinetics of the thiol–ene reaction is dependent on the chosen alkene 

reactivity. The reactivity of the alkene group decreases as the electron density of the double 
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bond decreases.69 Northrop and Coffey have modeled the kinetics of the radical-initiated 

thiol–ene reaction between a methyl mercaptan (H3C–SH) and a series of different alkenes.
67 As can be seen in Figure 3, the kinetics of the thiol–ene reaction is highly dependent on 

the reactivity of the chosen alkene, with norbornene proving to have the highest reactivity. 

The inherent ring strain of norbornene causes its double bond to be highly reactive for a thiyl 

radical attack as well as a radical intermediate for abstracting the thiol hydrogen to generate 

the thiyl radical.45,69 As such, thiol–norbornene chemistry has been a popular choice in the 

literature for light-based 3D printing.52,70–77

2.2.5. Orthogonal Cross-linking and Off-Stoichiometry Thiol–Ene.—One of the 

benefits of implementing photoinduced thiol–ene chemistry is its orthogonal behavior, such 

that one thiol group will react only once with one alkene double bond (i.e., no intrinsic 

reaction propagation). Additionally, if the appropriate alkene is chosen, an alkene will 

specifically only react with a thiol and vice versa. This specificity allows for greater control 

of the network formation as shown in Figure 4C, where an end-functional multiarm PEG is 

used to produce a regular and homogeneous network.78

When one reacts a 1:1 stoichiometric ratio of thiol to alkene groups, theoretically each group 

should be fully consumed under the assumption that a sufficient concentration of free 

radicals is present to take the reaction to full conversion. However, if an excess of either thiol 

or alkene groups is present, the excess components will remain after complete photo-cross-

linking due to the orthogonal nature of the thiol–ene reaction. The remaining free thiol or 

alkene groups can then be readily used for postfunctionalization of the thiol–ene hydrogel, 

as has been reported in several works under the term off-stoichiometry thiol–ene (OSTE).
39,55,79–82 Typically, the thiol is preferred as the excess reagent as it is widely used in click 

chemistry, especially for bioconjugation,48,83 and the free thiol groups can undergo 

reversible disulfide bond formation to drive dynamic hydrogel behavior.84

3. PHOTOINHIBITING CHEMISTRY AND MECHANISMS

Controlling polymerization of various biomaterials is necessary to ensure high resolution 

and appropriate shape fidelity in light-based 3D printing. This is particularly important in 

DLP-based printing systems, where the x−y resolution of the construct is determined by the 

projected light path, meanwhile the resolution in the z direction is dependent on additives to 

provide photoinhibiting or light attenuating properties to eliminate out-of-focus light to 

achieve the desired layered thickness. This section provides a review of general strategies to 

control free-radical chain growth polymerization in (meth)-acrylate-based biomaterial 

systems for improving photopatterning conformity and feature resolution. Furthermore, a 

summary of commonly used photoinhibitors and photoabsorbers is provided in Table 1.

3.1. Photoinhibitor Additives

Photoinhibition strategies involve the addition of light-activated molecules to mediate free-

radical polymerization by producing radicals that function to terminate chain growth. As 

such, these molecules can offer improved photocontrolled reactions by employing dual 

wavelengths of activation that are sufficiently far apart to give independent control over 

photoinitiation and photoinhibition in a localized manner. This was first demonstrated by 
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Scott et al. by using two-color irradiation single-photon absorption of the camphorquinone 

(CQ)/ethyl 4-(dimethylamino)benzoate (EDAB) visible-light (i.e., 469 nm) photoinitiator in 

combination with the near UV-active (i.e., 365 nm) tetraethylthiuram disulfide (TETD) 

photoinhibitor to permit controlled direct-write photolithography of triethylene glycol 

dimethacrylate (TEGDMA).85 In this system, UV irradiation leads to cleavage of TETD to 

form a sulfur-centered dithiocarbamyl radical that terminates polymerization by end-capping 

the growing polymer chain to slow the rapid polymerization rates upon visible light 

irradiation.85 This photoinitiation and photoinhibition system allows for submicrometer 

resolutions as small as 65 nm that are comparable to length scales in two-photon 

photopolymerization systems.85 Moreover, by using a single-photon approach to 

nanolithography, they were able to achieve higher fabrication velocities with the use of less 

expensive continuous wave diode lasers relative to conventional two-photon polymerization 

techniques.85 Similarly, Lovell et al. evaluated the effects of controlled polymerization 

kinetics of TEGDMA as a function of wavelength by incorporating varying ratios of 2,2-

dimethoxy-2-phenylacetophenone (DMPA) as the photoinitiator and TED as the 

photoinhibitor.86 In this case, both photoinitiator and photoinhibitor species were activated 

at wavelengths ranging between 290 and 365 nm to control the degree of iniferter or “living” 

radical polymerization.86 It was found that the influence of wavelength was greater on 

polymerization rate compared to the ratio of DMPA to TED because the rates of sulfur–

carbon chain breaking was directly correlated as a function of wavelength, which could then 

be used as another factor to control resolution and thus pattern fidelity.86 In another study, 

van der Laan et al. explored the use of butyl nitrite as an UV activated photoinhibitor of blue 

light induced photopolymerization reactions coupled with CQ/EDAB as the visible light 

photoinitiator.87 Butyl nitrite functions as a photoinhibitor via the formation of nitric oxide 

upon photolysis which then efficiently terminates free-radical polymerization as well as 

generates alkoxide radicals to yield a net of two termination events.87,88 Here, two 

perpendicular irradiation light paths, one at near-UV wavelengths and the other at blue 

visible wavelength, were utilized to achieve independent control over initiation and 

inhibition for volumetric 3D printing.87 It was found that polymerization inhibition with 

butyl nitrite terminates immediately upon cessation of near-UV irradiation such that 

photopolymerization can continue without delay.87 This is contrary to other near-UV 

photoinhibitors, such as bis[2-(o-chlorophenyl)-4,5-diphenyl imidazole] (o-Cl-HABI), 

where inhibition persists for several seconds after irradiation.89 As a result, highly selective 

polymerization of methacrylate resins can be achieved to form complex 3D geometries in a 

single exposure. For instance, concurrent perpendicular photoinhibition and 

photopolymerization enabled confinement of depth during fabrication by illuminating both 

near-UV and visible light through a circular and triangular photomask, respectively. The 

resulting structure produced a triangular prism with hollow circular regions throughout the 

depth of the construct, which cannot be fabricated using a single exposure with traditional 

photolithography techniques.87

Photoinhibitor species can also be used in light-based 3D printing to achieve rapid and 

continuous stereolithographic additive manufacturing. Using two-color irradiation, de Beer 

et al. demonstrated that the incorporation of o-Cl-HABI near-UV photoinhibitor in 

combination with CQ/EDAB blue visible light photoinitiator into trimethylolpropane 
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triacrylate could be used to provide controlled photopolymerization confinement at the 

polymerization window.89 In the absence of co-initiators, photolysis of o-Cl-HABI produces 

lophyl radicals that rapidly combine with propagating carbon-centered radicals to terminate 

polymerization.89 As such, upon concurrent irradiation of near-UV and blue visible light, a 

layer of no polymerization occurs at the fabrication window, meanwhile above this region 

polymerization occurs such that continuous 3D printing can be achieved without adhesion of 

the object.89 The thickness of the inhibited layer is dependent on the incident radiation and 

concentration of the UV absorber.89 Typical inhibition methods require oxygen inhibition at 

the window that is tens of micrometers in thickness,90 whereas this technique allows for 

variable control to achieve thickness in the hundreds of micrometers to accommodate for 

viscous biomaterials or geometries with large surface areas.89

Stable radicals such as TEMPO and its derivatives are also ideal candidates as 

photoinhibiting species to mediate well-controlled free-radical polymerization. The stable 

free-radical property of TEMPO is attributed to steric bulk of the substituent groups that 

function to impede the reaction of other free radicals to continue polymerization. 

Specifically, in free-radical polymerization, TEMPO acts as a free radical quencher by 

adding to the end of a growing polymer chain to terminate polymerization and thus provide 

control over the polymerization kinetics.91 For instance, the addition of TEMPO at low 

concentrations into methacrylate prepolymers (e.g., GelMA) have been reported to improve 

printing resolution in dynamic optical projection stereolithography (DOPsL) for the 

fabrication of micrometer scale topographies with overhanging structures as 3D extracellular 

microenvironments.92

3.2. Photoabsorber Additives

An alternate strategy to control for polymerization is the addition of photoabsorbing species, 

which function as light-attenuating additives to absorb excess light and therefore improve 

pattern fidelity by prompting a dose-dependent delay in the initiation of 

photopolymerization. Commonly used photoabsorbers include natural or synthetic food dyes 

that absorb in the visible light range and are compatible with aqueous prepolymer 

formulations. A yellow food dye, tartrazine (absorbance peak at ~405 nm), is a candidate 

photoabsorber for 3D bioprinting due to its biocompatibility, low toxicity, wide use in the 

food industry, and hydrophilic nature that allows for sufficient elution to yield transparent 

hydrogels post fabrication.93 Grigoryan et al. demonstrated the addition of tartrazine in 

PEGDA hydrogels to enable visible light 3D printing via continuous liquid interface 

production (CLIP) of complex multivascular networks.94 In particular, this group was able to 

fabricate an alveolar model topology with voxel resolutions of 5 pl with perfusable open 

channels measuring as small as 300 μm in diameter.94 Other food additives that can function 

as photoabsorbers include curcumin (absorbance peak at ~425 nm) derived from turmeric 

that is lipophilic in nature which can cause staining of the hydrogel, while anthocyanin 

(absorbance peak ~510 nm) derived from blueberries will require high concentrations to 

provide suitable light attenuation under visible light due to the offset in peak absorbance.
94–97 Reactive orange 16 is another water-soluble anionic azo dye that can be used to 

achieve DLP-based 3D printed features as small as 200 μm with PEGDA with a peak 

absorbance of 493 nm.98,99 The addition of nanoparticles is also a viable strategy to 
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attenuate light with the use of inorganic gold nanoparticles that are biocompatible for tissue 

engineering applications.100 Depending on the diameter of the gold nanoparticles, peak 

absorbance can be achieved in the range of ~520–530 nm.100 Lastly, 2-hydroxy-4-

methoxybenzophenone-5-sulfonic acid (HMBS) has been used as an additive that is 

biocompatible at low concentrations and is a commonly used FDA approved chemical used 

in sunscreen and cosmetic products.92

4. PHOTOLABILE CHEMISTRY AND MECHANISMS

Photolabile molecules refer to chemical compounds that react under the presence of light to 

cleave a specific covalent bond, effectively separating the compound into two moieties. They 

have been widely used both in organic synthesis as removable protection groups as well as 

in biochemistry as caged compounds.104 In biology, caged compounds are biomolecules 

temporarily deactivated by photosensitive functional groups. Upon photoirradiation, the 

photosensitive groups (i.e., photolabile groups) are separated from the molecular structure, 

thus reactivating the biomolecule. This section illustrates the structural basis of photolabile 

molecules and strategies for incorporating these molecules into biological systems. 

Biological applications of representative cases are also discussed to demonstrate their 

important roles in dynamic biological studies.

4.1. o-Nitrobenzyl and Related Groups

Light-induced and electronically excited 2-nitrobenzol compounds have demonstrated fast 

reaction rates (<1 ns) as well as high reversibility in aqueous solutions.105 In particular, 

tautomerization of 2-nitrotoluene into quinonoid aci-nitro tautomer aci-1 has served as a 

benchmark for widely used nitrobenzyl flash photolysis as shown in Figure 5.106 The 

primary photochemical process involved is intramolecular H-abstraction by the excited nitro 

group, which is followed by the formation of the aci-nitro form and the rearrangement to the 

nitroso derivatives. The quantum yield for this simple hydrogen shift varied from less than 

1% for 2-nitrotoluene, 0.6% for 1-(2-nitrophenyl)ethyl derivatives, and 0.3% for α,α,α-

trideuterated 2-nitrotoluene. The benzylic position in 2-nitrotulene could be triggered by 

laser with λmax ≈ 400 nm after functionalization with a leaving group. In particular, o-

nitrobenzyloxycarbonyl caged compounds undergo photolysis and release −COOH, which 

will further decarboxylate to give −H as the final uncaged product. The reaction rates are 

dependent on the functional group, pH of aqueous solution, and the type of solvent used.

To expand the application to biological systems, structural modifications have been applied 

on the leaving groups of o-nitrobenzyl molecules such as adding substitution groups on the 

phenyl ring. For example, the two substitutions on the phenyl ring in 3,5-dimethoxy-o-

nitrobenzyl reduced the triggering wavelength to 365 nm.107 Substitution on the benzylic 

carbon of o-nitrobenzyl molecules is also common. For example, monosubstitution at the α-

position increases the photorelease rates. Furthermore, the addition of a carboxylic group on 

the benzylic carbon has demonstrated even higher release rate for the glutamate-caged 

system.108 Replacing the phenyl group with other aromatic groups, such as naphthalene or 

dibenzofuran, has also demonstrated a shift in triggering the wavelength to 350–400 nm. In 

particular, a nitrodibenzofuran caged calcium chelator demonstrated a large two-photon 
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excitation and fast photorelease with high efficiency of photolysis.109 More research efforts 

should be applied to develop nitrodibenzofuran-based photorelease systems for both one- 

and two-photon triggered release in situ.

4.2. Coumarin-4-yl Esters and Related Groups

Coumarin-4-yl methylate photolabile caging groups can typically cage carboxylic acids and 

phosphate groups by 7-methyoxycoumarin-4-ylmethyl (MCM) groups through an ester 

bond. The photolysis process of coumarin-4-ylmethyl groups is initiated by heterolysis of 

the C–O ester bond from photo-excitation to form coumarinylmethyl carbocation and 

anions.110 The ion pair is then separated and isolated by a polar solvent to give 4-

hydroxylmethyl coumarin and released payloads. The addition of a carbonyl group on MCM 

could expand the caging units to amino and hydroxyl groups by decarboxylation after the 

aforementioned photolysis step. One of the notable applications of MCM is the study of 

cyclic nucleotide-dependent cellular activity by caging secondary messengers adenosine 

3′,5′-cyclic monophosphate (cAMP).111

4.3. p-Hydroxyphenacyl Groups

The p-hydroxyphenacyl (pHP) photolysis is a promising alternative to nitrobenzyl-based 

photolysis for biomedical applications. It is typically used in caging carboxylates and 

phosphate groups with remarkably fast release rates.112 The mechanism often results in high 

quantum yields, fast reaction rates, good solubility, stability, and biocompatibility under 

physiological conditions although some of the detailed kinetics have yet to be elucidated. In 

aqueous solutions, the photorelease of pHP yields p-hydroxy-phenylacetic acid and then an 

uncaged molecule.

4.4. Other Photolabile Groups

There are some photoliable reactions that have just been recently discovered and yet to have 

been fully elucidated. Notably, 4-methoxyl-nitroindolinyl caged glutamate has been 

synthesized and demonstrated as an excellent potential neurotransmitter. The byproduct of 

photolysis was found to be 7-nitroxoindole instead of nitroindoline, thus the mechanism is 

different from common deprotonation processes and has yet to be determined.113

5. NATURAL BIOMATERIALS

5.1. Gelatin Methacrylate (GelMA)

Gelatin is a biodegradable polypeptide derived from the partial hydrolysis of collagen and 

has been widely investigated for cell-based studies in tissue engineering due to its excellent 

biocompatibility, tunability, as well as bioactive and cell adhesive properties (e.g., arginine–

glycine–aspartic acid (RGD) motifs).114 Moreover, the thermogelling properties of gelatin 

through its conversion from a liquid to gel state in response to a change in temperature 

permits its use for various applications such as a 2D coating or 3D hydrogel matrix.114 In the 

case of nozzle-based 3D printing processes, little chemical modification of gelatin is needed 

as most strategies rely on thermogelation to increase viscosity to stabilize 3D patterns of 

gelatin-based matrices (Table 2).114 However, for light-based 3D printing systems, gelatin 

must be made photo-cross-linkable to enable rapid and selective solidification to form a 
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covalently cross-linked hydrogel. The most commonly used method of functionalizing 

gelatin with a photo-cross-linkable moiety is the synthesis of gelatin methacrylate (GelMA), 

which Van de Bulcke et al. first reported in 2000.115 The general process involves reacting 

gelatin with methacrylic anhydride via one-pot synthesis to conjugate methacryloyl groups, 

commonly referred to as methacrylate groups in literature, to predominantly amine groups 

and less so to the hydroxyl groups present along the gelatin backbone.116,117 Recently, a 

group of researchers have systematically optimized the reaction conditions of GelMA to 

achieve: (a) consistent batch-to-batch degree of substitution (DS), (b) a linear relationship of 

methacrylic anhydride concentration to DS to controllably tune the DS, and (c) an increased 

reaction efficiency of near-complete amine substitution.118–120 Upon light exposure from the 

relevant wavelength in the presence of a photoinitiator, the GelMA prepolymer is 

permanently cross-linked into a hydrogel through free radical chain growth 

photopolymerization.

By employing a light-based approach to GelMA hydrogel fabrication, this enables high 

tunability of mechanical properties by varying factors such as light exposure time, 

irradiation, intensity, and concentration. This is critically important in the fabrication of 

biomimetic tissues because cell fate is influenced by biomechanical cues from the 

surrounding extracellular matrix, thus recapitulating the modulus of native tissues is 

necessary to ensure desired behavioral outcomes in vitro. GelMA hydrogel stiffness can be 

tuned by varying the DS, the GelMA concentration, and the exposure time and intensity to 

cover a wide-range of biomimetic stiffnesses ranging from brain tissue to cardiac tissue to 

cartilage.121,122 For instance, Ma et al. demonstrated that DLP-based 3D printing can be 

used to modulate the stiffness of GelMA-based bioinks to mimic moduli corresponding to 

different stages of liver cirrhosis by simply changing the exposure time regionally.123 Upon 

fabricating a tissue model to monitor the progression of hepatocellular carcinoma 

progression, it was found that embedded HepG2 matrices of liver cancer cells favored 

cirrhotic stiffness by exhibiting more migratory and invasive phenotype.123 The main 

disadvantage of GelMA is its mechanical robustness; as a protein biopolymer, it is 

susceptible to hydrolytic and enzymatic degradation and it has a relatively narrow stiffness 

range. To overcome this, GelMA is commonly implemented in composite biomaterials (see 

section 7). Overall, since the introduction of GelMA, it has been demonstrated extensively to 

support a range of engineered 3D tissue constructs including liver, cardiac, and nerve tissues.
15,117,123–125

5.2. Thiol–Ene Gelatin

Currently, the functionalization of gelatin with methacrylate groups remains the most widely 

adopted approach with reactions proceeding via free-radical chain growth 

photopolymerization. However, there are several critical drawbacks regarding classical free-

radical photopolymerization mechanisms including the formation of heterogeneous polymer 

networks, oxygen inhibition, and complex polymerization kinetics.64 An alternate strategy to 

overcome many of these challenges is by employing light-mediated radical thiol–ene click 

chemistry as the photopolymerization mechanism. Thiol–ene radical reactions combine the 

advantages of photoinitiated processes and the orthogonality of click-based reactions. Such 

reactions proceed under mild conditions via a highly efficient step-growth manner to form 
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homogeneous polymer networks, produce high yields, rapid reaction rate, possess inherent 

regiospecificity and stereospecificity, and is insensitive to oxygen inhibition.64 Together, 

these characteristics make thiol–ene radical photopolymerization ideal for the formation of 

hydrogels in tissue engineering applications and is suitable for some cell types that are 

sensitive to radical-mediated damage.74

While using thiol–ene photoclick chemistry has been investigated in functionalized synthetic 

biomaterials such as PEG-norbornene,63,126 there are current efforts to translate these 

methods toward the functionalization of natural biomaterials. The general thiol–ene 

photopolymerization mechanism involves the reaction between thiols with an inactivated 

alkene group in the presence of a radical photoinitiator. Among the possible alkene groups 

available for thiol–ene click reactions, norbornene is a favored alkene moiety due to its 

exceptionally rapid reaction with thiols via free-radical addition compared to electron 

deficient alkenes due to a combination of significant ring strain relief and low 

homopolymerization.64 As such, synthesis methods have been developed by Munoz et al. for 

the functionalization of gelatin with norbornene groups to form GelNB that can be stably 

cross-linked in the presence of thiol-containing linkers for 3D cell encapsulation.74 

Preparation of GelNB involves reacting gelatin with carbic anhydride at 50 °C in aqueous 

buffer solutions under basic conditions (pH 8) to yield moderate degrees of substitution (i.e., 

~44%).74 Munoz et al. demonstrated the formation of hydrogels by cross-linking GelNB 

with the bifunctional cross-linker dithiothreitol (DTT) at varied concentrations upon UV 

irradiation and demonstrated that higher cytocompatibility of encapsulated hMSCs than 

GelMA hydrogels.74 In the same study, GelNB was cross-linked with the tetra-functional 

thiol cross-linker PEG4SH compared to DTT and determined that changes in cross-linker 

functionality directly affected the step-growth efficiency and thus the resulting physical 

properties of the hydrogel. For instance, by keeping the concentration of the GelNB 

component constant as well as stoichiometric ratio between the alkene and thiol groups, it 

was found that reacting with PEGSH yielded an increase in equilibrium shear modulus to 5 

kPa compared to 0.4 kPa when reacted with DTT while inversely affecting swelling 

equilibrium.74 Unlike conventional chain growth polymerization such as with GelMA where 

increasing stiffness is directly associated with increased bioink concentrations, thiol–ene 

step-growth systems enable changes in mechanical properties independently of the 

concentration by employing cross-linkers of different functionality and modulating the ratio 

between thiol and alkene groups.127 Recently, thiol–ene photoclickable gelatin bioinks have 

been developed for both DLP-based and extrusion-based 3D printing modalities. Here, 

Bertlein et al. synthesized allylated gelatin (GelAGE) that was cross-linked with DTT in the 

presence of either Irgacure 2959 as the UV-photoinitiator or tris(2,2′-bipyridyl)dichloro-

ruthenium(II) hexahydrate with sodium persulfate (Ru/SPS) as the visible light 

photoinitiator.128 Similar to other work, mechanical properties of the printed hydrogels were 

tunable by varying the ratio of GelAGE to DTT composition. GelAGE as a bioink for DLP-

based 3D printing was advantageous in that it lacked physical gelation and remained at low 

viscosities at high concentration solutions (i.e., 10–20% w/v) at room temperature, which 

enabled fabrication of porous lattice structures with 250 μm struts with high shape fidelity.
128 For extrusion-based printing applications, a less degraded GelAGE bioink formulation at 

high concentration (i.e., 30% w/v) retained its thermal gelation properties necessary for 
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shear thinning behavior at low temperatures (i.e., 4–7 °C). Extrusion printing of GelAGE 

produced constructs with resolutions of 500 μm and supported high cytocompatibility of 

encapsulated porcine chondrocytes.128

5.3. Collagen

Collagen is the most abundant extracellular matrix protein found in tissues within the body 

and has been extensively studied as a bioscaffold material due to its innate biocompatibility, 

biodegradability, bioactive adhesion sites, and supportive properties for regulating various 

cellular behaviors such as proliferation and differentiation as well as its critical role in 

wound healing processes.129 Altogether, a total of 29 distinct collagen types have been 

identified, and among them, collagen type I, classified as fibrillar collagen, is the most 

utilized for scaffold development in tissue engineering applications.130,131 At the molecular 

level, collagen is arranged in a triple-helical structure consisting of the repeating amino acids 

glycine−X−Y, where X and Y are typically proline or hydroxyproline.132 These helical 

strands join via lateral interactions to form fibrils with diameters ranging between 50 to 200 

nm and are arranged in a periodic array to produce the characteristic straited morphology of 

collagen fibrils.132 This arrangement of collagen fibrils thus provides the high tensile 

strength, and when packed in parallel bundles they form the collagen fibers present in dense 

connective tissues including tendons, bone, and muscle.132 Furthermore, the inherent ability 

of collagen type I to self-assemble via fibrillogenesis at physiological pH and temperature 

has been exploited for the production of soft hydrogels. However, these hydrogels are 

mechanically weak, therefore various cross-linking methods have been developed to 

improve control over material properties, physical stability, and resistance to enzymatic 

degradation.

Common techniques to cross-link collagen involve chemical and enzymatic methods such as 

using glutaraldehyde, genipin, and transglutaminase, but these approaches come with several 

drawbacks concerning long cross-linking times, lack of localized control over mechanical 

properties, and cytotoxicity of the cross-linking agents.133–135 In the context of 3D printing, 

pure collagen bioinks have been mostly used in nozzle-based systems by relying on 

fibrillogenesis to complete in a timely manner such that the structure will not collapse. For 

instance, using a method called free-form reversible embedding of suspended hydrogels 

(FRESH), Hinton et al. demonstrated the deposition of collagen type I into a HEPES and 

gelatin slurry bath to maintain structural suspension during the print and ensure proper pH 

and temperature control for collagen self-assembly to occur.136 Moreover, Lee et al. further 

demonstrated the potential of the FRESH method to build porous collagen scaffolds 

resembling patient-specific anatomical structures of the human heart.137 While this 

technique is capable of achieving 200 μm spatial resolution, inherent issues such as clogging 

in nozzle-based printing systems are especially challenging for higher concentration bioinks 

needed to match tissue-specific properties. As a result, several groups have developed 

strategies to modify collagen type I for light-based 3D printing modalities to take advantage 

of the rapid printing speeds, ability to produce complex geometrical designs, and improve 

control over material properties. In one example, Drzewiecki et al. produced collagen 

methacrylamide (CMA) bioinks by first reacting 1-ethyl-3-[3-(dimethylamino)propyl] 

carbodiimide (EDC) and N-hydroxysuccinimide (NHS) in MES buffer with methacrylic acid 
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for 10 min, followed by the addition of collagen in 0.02 M acetic acid to react for total of 24 

h.138 This synthesis method preserves the spontaneous fibrillar self-assembly and 

thermoreversible properties of native collagen while also enabling photo-cross-linking 

capability upon UV irradiation at 365 nm.139 Using a free-form fabrication approach, the 

CMA material is first self-assembled at 37 °C to create a hydrogel, followed by UV light 

exposure with a photomask to solidify the desired geometry. Next, the entire construct was 

cooled to 4 °C to cold-melt the nonphotopolymerized regions to yield a stable construct with 

a 5-fold increase in storage modulus compared to thermally gelled CMA controls with 

fabrication resolutions around 350 μm.138,139 To achieve greater printing resolution, 

multiphoton 3D printing techniques were applied by Bell et al. on collagen bioinks to attain 

micrometer-scale resolutions with greater precision over producing complex 

microarchitectures.140 The bioink consisted of unmodified collagen type I that has been acid 

solubilized and mixed with 5′-phosphorylated flavin mononucleotide (FMN), which is a 

biocompatible photosensitizer compatible in low pH solutions.140 Using a titanium–sapphire 

femtosecond laser, complex geometric shapes were produced, including multilayered 

woodpile structures with struts measuring ~12.5 μm and pore sizes as small as 12 μm.140 

This work demonstrates the capability of printing unmodified collagen type I with 

micrometer scale resolution and extends the utility of collagen biomaterials for 3D free-form 

fabrication techniques.

5.4. Hyaluronic Acid (HA) and Derivatives

Hyaluronic acid (HA) is a nonsulfated glycosaminoglycan present in the extracellular matrix 

and can be found in many tissues within the body including epithelial, connective, and 

neural tissues.141 In vivo, HA has several important functions such as tissue hydrodynamics, 

joint lubrication, providing a network onto which cells are able to migrate, involvement in 

regulating wound healing, and promoting endothelial cell growth and angiogenesis.142,143 

Like gelatin and collagen, HA can be cross-linked into a hydrogel without chemical 

modifications. For example, previous studies have shown that HA can been cross-linked 

under alkaline conditions such as using bisepoxide and under acidic conditions by chemicals 

like glutaraldehyde and multifunctional hydrazides.144 Compared to the native HA, the 

cross-linked hydrogels demonstrated more robust mechanical properties and stability and 

can be utilized in various 3D printing processes like in extrusion-based 3D printing 

modalities.144

When applied to light-based 3D printing systems, HA can be chemically modified by the 

addition of (meth)acrylate groups to impart photo-cross-linkable properties. This can be 

achieved by reacting HA with chemicals such as glycidyl methacrylate to form glycidyl 

methacrylate-HA (GM-HA).15,144 The resultant HA derivatives can be covalently cross-

linked into permanent hydrogels via free radical polymerization using light in the presence 

of a photoinitiator. The cross-linking density and thus mechanical property of GM-HA 

hydrogel can then be further controlled using various factors like light exposure time and 

photoinitiator concentration.144
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5.5. Decellularized Extracellular Matrix (dECM)

The extracellular matrix (ECM) present in tissues within the body serves as structural 

support containing fibrous proteins as well as glycosaminoglycans (GAGs) that help 

modulate various cellular behaviors including proliferation, differentiation, and migration.
145,146 More specifically, the constituents of the ECM are unique to each individual tissue or 

organ system to form “tissue-specific” microenvironments tailored to support distinct cell 

populations in vivo. Tissue specificity in the context of biomaterials development is 

critically important as well-designed biomaterials aimed to recapitulate the complex 

biochemical makeup specific to the native ECM microenvironment of the tissue of interest to 

improve cell functionality, phenotype, and maturation.145 One top-down approach to 

biomaterials development is the production of naturally derived decellularized extracellular 

matrices (dECM), which involves processing native tissues to yield an ECM scaffold 

material. This can be accomplished by treating the native tissue using a combination of 

mechanical disruption, enzymatic digestion, and chemical washes to produce an ECM 

material void of cells while retaining the ECM constituents unique to the original tissue. For 

instance, physical methods include snap freezing to form ice crystals for cell disruption, 

washes in hypertonic and/or hypotonic solutions, and agitation can be employed to improve 

diffusion and wash efficiency in facilitating the removal of cell debris. Furthermore, 

chemical and enzymatic approaches include washing in acidic and/or alkaline solutions, 

ionic and/or nonionic detergent solutions, and treatment with trypsin or nucleases to remove 

residual DNA and RNA within the tissues. It is important that the protocols employed ensure 

that the ECM is completely free of cellular remnants to prevent immunogenicity. To date, 

many protocols have been established in literature for the processing of various dECM 

including heart, lung, liver, adipose, brain, muscle, and intestine.145,147 These dECM 

scaffolding materials can be processed into a variety of forms including whole intact 

decellularized organs, porous dECM foam scaffolds, thermally gelled dECM hydrogels, or 

powdered dECM to meet the requirements of different tissue engineering applications.

A common approach to process dECM into suitable bioinks for 3D printing is by pepsin 

digesting the dECM to yield a solubilized form of the product. Because of the thermal 

gelling properties of dECM, it can be readily deposited using conventional extrusion-based 

3D printers and solidified at 37 °C post printing.148 However, dECM hydrogels are 

inherently weak and lack structural integrity with little control over modulation of the 

physical properties, which impedes its utility as a scaffolding material. As such, additional 

stiffer biomaterials such as polycaprolactone (PCL) supports are typically required during 

extrusion 3D printing of dECM bioinks to prevent collapse and maintain structural fidelity 

of the entire construct.148 In a different approach, the viscosity of the dECM bioink can also 

be increased to improve extrudability and avoid the need for nondegradable support 

structures. For instance, Skardel et al. developed a multicomponent liver dECM bioink 

capable of two-stage polymerization that facilitates proper extrusion and enables control 

over the final mechanical properties of the printed construct.149 Here, solubilized liver 

dECM was mixed with a combination of thiolated gelatin and hyaluronic acid as well as 

PEG acrylate and PEG alkyl components.149 Primary spontaneous cross-linking between the 

thiol and PEG acrylate groups enabled the formation of an extrudable hydrogel, meanwhile 

secondary cross-linking between the remaining thiol and PEG alkyl groups via UV 
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irradiation post printing stabilized the construct well as increase its stiffness.149 In another 

example, Jang et al. incorporated vitamin B2 (i.e., riboflavin), which is a biocompatible 

photo-cross-linking agent, into heart dECM bioinks to improve extrusion and attain 

mechanical stiffnesses close to that of native cardiac tissue.150 Heart dECM of appropriate 

viscosities for extrusion-based printing were first deposited, followed by photo-cross-linking 

via UVA irradiation after every successive printed layer and thermal gelation at 37 °C of the 

completed construct to ensure physical stability. As highlighted, the majority of dECM 

bioinks developed have been limited to extrusion-based 3D printing modalities with 

moderate feature resolutions of no less than 100 μm, simple lattice-like geometrical designs, 

and slow fabrication speeds which hinders their scalability.151 To overcome these 

challenges, processing of dECM bioinks suitable for DLP-based 3D printing systems have 

recently been developed to enable rapid fabrication and the production of complex structures 

at high resolutions. Yu et al. established a multistep process to make dECM biomaterials 

readily miscible with GelMA to form a photo-cross-linkable bioink by using a combination 

of mild pepsin solubilization, lyophilization, and cryomilling.152 By using this technique, 

the dECM materials are physically processed into powdered form as an off-the-shelf dry 

product that can be readily reconstituted into a homogeneous dECM-GelMA solution that 

remains liquid at room temperature ideal for DLP-based 3D printing setups. Here, tissue-

scale biomimetic microgeometries of the heart and liver unit structures (i.e., striated and 

hexagonal lobular patterns, respectively) were printed with up to 30 μm resolution.152 The 

mechanical properties could also be easily modulated to match that of the desired native 

tissue by simply varying exposure time during printing.152 To illustrate, this approach was 

used to create a biomimetic model composed of liver dECM-GelMA to monitor 

hepatocellular carcinoma progression of HepG2 cells by locally tuning the modulus of the 

printed scaffold to recapitulate regions of healthy and cirrhotic liver tissue stiffnesses.123

5.6. Alginate

Alginate is derived from alginic acid and has been broadly used as a biomaterial in 

extrusion-based and inkjet-based bioprinting applications.153 Alginate can be obtained from 

calcium, magnesium, and sodium alginate salts isolated from the cell walls and intracellular 

spaces of brown algae.153 Little chemical modification is needed when used in most 3D 

bioprinting applications due to its ability to ionically cross-link. Specifically, multivalent 

cations such as calcium ions can induce fast gelation of alginate through ionic interchain 

bridge formation.153 By modulating the alginate solution concentration, molecular weight, 

and cross-linker ratio, alginate hydrogel stiffness can be controlled through changes in cross-

linking density.154 In the context of light-based 3D printing, alginate macromers have also 

been methacrylated by reacting sodium alginate and 2-aminoethyl methacrylate via 

EDC/NHS chemistry.155 Upon photopolymerization of the methacrylated alginate 

hydrogels, greater stability and mechanical strength can be achieved when compared to 

ionically cross-linked alginate hydrogels that lose structural integrity over time.156 To date, 

several studies have demonstrated the cytocompatibility of photo-cross-linked alginate 

hydrogels to serve as biodegradable scaffolds to support encapsulated chondrocytes for 

cartilage repair as well as maintaining viability of nucleus pulposus cells to treat 

intervertebral disc degeneration.155–157
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5.7. Physical Characterization

5.7.1. Mechanical Properties.—Mechanical properties play a critical role in affecting 

cellular behavior. Characterization of mechanical properties largely focuses on stiffness 

which is quantified by elastic modulus, in the form of tensile and compressive moduli 

depending on the application of the material. The bulk elastic modulus is prevalently used, 

while point stiffness is typically measured in cases where the local mechanical properties is 

of interest or the bulk modulus is too difficult to effectively measure, such as with some 

hydrogels or thin films. The measurement tools used in the field vary from commercially 

available instruments to custom designed setups. Naturally derived materials with or without 

chemical modification are generally softer than synthetic materials. The typical stiffness of 

collagen and gelatin-based hydrogel materials that have been applied in biological 

applications is in the range of 0.01 kPa for thermally gelled collagen hydrogels to 10 kPa for 

covalently cross-linked GelMA hydrogels.15,117,123,137,158 The mechanical properties of 

collagen and gelatin-based hydrogel highly depends on material concentration as well as 

cross-linking mechanism and conditions.15,117,123,137,158 Similarly, HA-based hydrogels 

demonstrate a stiffness value ranging from 0.01 kPa to a few kPa,159 depending on the HA 

concentration and cross-linking conditions. Alginate-based hydrogels have a stiffness range 

of 0.5–30 kPa and their mechanical properties can be effectively tuned with multivalent 

cross-linker concentration in addition to alginate concentration and percent modification 

with methacrylate groups.154,156,160,161 In addition to factors like material concentration and 

cross-linking condition, combining multiple types of natural materials to form a composite 

can be used to further enhance mechanical properties. For example, 3D printed dECM/

GelMA hydrogels demonstrated a stiffness range of 1–15 kPa.123 Similarly, composite 

materials formed by combining natural and synthetic biomaterials, such as PEGDA, have 

also been used to enhance the mechanical properties to make suitable for surgical handling 

and implantation.16,162

5.7.2. Ultrastructure and Porosity.—The ultrastructure of hydrogels is another 

important factor affecting cell behavior by mediating physical interactions between cells and 

materials as well as the transport of signaling molecules. Studies have demonstrated that the 

ultrastructure of the material has been demonstrated to affect cellular migration,163,164 thus 

mimicking native ultrastructure during fabrication can be used to improve recapitulating in 

vivo behavior in vitro. For instance, light-based 3D printing was employed to create tissue-

scale striated patterns that promoted the alignment of encapsulated human cardiac cells and 

resulted in more uniform beating as well as maturation.152 Material porosity is also 

important in affecting cell function and can be measured using several techniques including 

scanning electron microscopy (SEM) imaging, quantifying the efficiency of molecular 

transport, and monitoring cellular movement within the bulk hydrogel. In general, lower 

material concentrations and cross-linking density results in decreased material stiffness and 

larger pore size.123

5.7.3. Swelling Properties.—The evaluation of swelling properties is often conducted 

to determine the structural stability as well as maintenance of shape and pattern fidelity of 

hydrogels over time at physiological conditions.152 In general, natural materials exhibit 

increased swelling at lower concentrations and cross-linking densities.165 Swelling 
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properties are also dependent on the nature of the material itself. For example, HA is a 

polysaccharide with a high density of negative charges which have an affinity to trap water 

molecules and thus swell to a greater extent.166 Taking into account the swelling property of 

the hydrogel provides better prediction of the structural integrity and performance of 

biomaterials within in vitro or in vivo microenvironments.

5.8. Soft Tissue Applications

Natural materials have been extensively applied to the 3D printing of soft tissues. In 

particular, collagen and gelatin-based materials have been used for the production of cardiac, 

liver, and various cancer models due to their abundance within these tissues (Figure 6).
15,117,124,152 For instance, Liu et al. demonstrated the use of GelMA in the 3D printing of 

cantilever cardiac tissue models comprised of human embryonic stem cell derived 

cardiomyocytes to measure force generation.117 Ma et al. also showed the successful 

application of GelMA and GM-HA in a 3D printed biomimetic multicellular liver tissue 

model possessing endothelial networks applicable for drug testing applications.15 3D printed 

GelMA hydrogels have also been used to build various cancer models include hepatocellular 

carcinoma progression and HeLa cell migration behavior.123,124 Furthermore, dECM 

materials have also been widely adopted for 3D printed tissues in vitro to provide a more 

physiologically relevant and complex microenvironment. Recently, Yu et al. demonstrated 

that 3D-printed dECM bioinks derived from heart and liver tissues were able to promote the 

phenotype and maturation of induced pluripotent stem cell (iPSC)-derived cardiomyocytes 

and hepatocytes, respectively, in a tissue-specific manner.152 Similarly, Ma et al. utilized 

liver dECM bioinks to 3D print a hepatic cancer model with tissue-matched pattern and 

mechanical properties to recapitulate various stages of fibrotic liver disease.123 In other 

examples, HA-based materials have also been employed to fabricate highly vascularized 

organs and brain tissue due to its important role in promoting endothelial cell growth and 

rich presence in the ECM of the central nervous system.15,167

6. SYNTHETIC BIOMATERIALS

6.1. Polyethylene Glycol

Compared to naturally derived biomaterials, synthetic polymers allow for more precise and 

consistent control over their physical and chemical properties (e.g., molecular weight, 

functional groups) at both the monomer and polymer level. One class of the most commonly 

used synthetic polymers for biomedical applications are polyethylene glycol (PEG) and its 

derivatives such as PEG diacrylate (PEGDA), PEG dimethacrylate (PEGDMA), and 

multiarmed PEGs.19 PEG-based hydrogels are versatile in tissue engineering and bioprinting 

applications. PEG-based hydrogels exhibit high biocompatibility with minimal to no 

immunogenicity and have been approved by the Food and Drug Administration (FDA) for 

use within various biomedical applications.168,169 In addition, the chain length and 

concentration of the PEG monomer can be readily modified to tune the material and physical 

properties of the corresponding hydrogels such as stiffness and porosity.170 Furthermore, 

PEG-based hydrogels are inherently nonadhesive to cells or proteins, providing a blank 

building block for adding desired biologically or chemically functional moieties.171 For 

instance, cell adhesive peptides (e.g., Arg-Gly-Asp-Ser (RGDS)) can be patterned to specific 
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areas of a PEG hydrogel for studying localized cell–material interactions with defined 

cellular distributions.172 Additionally, PEG modified with acrylate groups can be readily 

photopolymerized into hydrogels under mild conditions (i.e., room temperature and low near 

UV exposure), which makes it a popular bioink choice for light-based bioprinting of 

scaffolds or tissues with high fidelity and cell viability.173 Lastly, PEG can also be mixed or 

conjugated with other types of monomers to form copolymers with unique material 

properties that cannot be achieved by the individual components.174,175 With these 

advantageous material properties, PEG-based hydrogels have found numerous applications 

in the research of basic cell biology, biomedical devices, tissue engineering, and regenerative 

medicine. This section will cover these applications while highlighting the various 3D 

printed PEG hydrogel constructs fabricated by light-based bioprinting platforms.

6.1.1. PEG-Based Hydrogels for Cell Biology.—In the field of stem cell biology, 

there has been increasing interest in studying the impacts of geometric cues on the cell 

behaviors including proliferation and differentiation. The underlying hypothesis of such 

studies is that physical cues from the surrounding matrix can guide cellular alignment and 

thus introduce patterned stresses to the cells which in turn modulates the cell fate.172 

Because of its nonadhesive blank slate property, PEG-based hydrogels serve as an ideal 

candidate for providing such geometric cues without introducing other chemical or physical 

influences. Qu et al. designed a facile approach to incorporate geometric guidance via digital 

light processing (DLP) based bioprinting of PEGDA.172 Briefly, three PEGDA patterns (i.e., 

stripes, symmetric forks, and asymmetric forks) were 3D printed on a glass substrate for the 

seeding of adipose derived stem cells (ADSCs) (Figure 7A,B). The nonadhesive PEGDA 

walls confined the cells into different multicellular forms, resulting in different levels of 

cellular alignment and stress which directed the ADSCs into different lineages without the 

need for differentiation media or growth factors.172 Other examples of PEG-based 3D 

structures being used to guide cell growth also include 3D printed microwell arrays for 

multicellular spheroid and embryoid body culture (Figure 7C),14,176 as well as nature-

inspired fractal patterns for investigating cell organization behaviors (Figure 7D).177 In 

addition to these static 3D geometrical designs, the versatility of PEG also enables the 3D 

printing of flexible structures with high resolution and fidelity for dynamic cell studies at the 

micrometer scale. For instance, Zhang et al. utilized PEGDA and a two-photon laser direct 

writing system to fabricate suspended web structures with microscale units featuring positive 

and negative Poisson’s ratios to study the dynamic cell response to Poisson’s ratio (Figure 

7E).178 Unusual cell division on the negative Poisson’s ratio structures were observed, 

which could potentially indicate Poisson’s ratio as another material parameter with direct 

influence on cell fate in addition to elastic modulus.179

6.1.2. PEG-Based Hydrogels for Tissue Engineering and Regenerative 
Medicine.—Because PEG-based hydrogels are highly biocompatible and elicit minimal to 

no immunogenicity in vivo, they have been used in numerous tissue engineering and 

regenerative medicine applications including injury repair, wound healing, and tissue 

modeling. For instance, biomimetic spinal cord scaffolds have been recently 3D printed with 

a mixture of PEGDA and GelMA to treat severe spinal cord injuries (Figure 8A,B).16 Here, 

linear microchannel arrays with high fidelity were fabricated to guide the regeneration and 
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directional growth of the axons in the lesion site. PEGDA imparted the tunable mechanical 

properties of the 3D printed scaffolds to match the elastic modulus of the native spinal cord, 

while GelMA faciliated the attachment of cells. This material combination was proven to 

significantly reduce foreign body reactions as compared to other scaffolding materials (e.g., 

agarose), which contributed to the significantly improved functional recovery of the injured 

animals.16 Similarly, PEG-based hydrogels were also used to 3D print nerve guidance 

conduits for peripheral nerve regeneration (Figure 8C,D).162 The excellent 3D printability of 

PEG-based hydrogels enabled the scalable fabrication of patient specific scaffolds based on 

magnetic resonance imaging (MRI), computed tomography (CT) scan, or computer-aided 

design (CAD).

6.2. Poly(glycerol-co-sebacate)

Poly(glycerol-co-sebacate) (PGS) was first developed by Robert Langer’s group in 2002 to 

address the need for a strong, biodegradable, and biocompatible elastomer that can withstand 

dynamic tissue environments.180 PGS is the copolymer of glycerol and sebacic acid, which 

are both naturally occurring substances and commonly in used in FDA-approved medical 

devices.181,182 Upon the introduction of PGS, many studies have demonstrated its broad 

versatility in biomedical engineering.183,184 To illustrate, PGS has been utilized in cardiac 

tissue engineering,185–195 vascular conduits,196,197 retinal transplantation,198 skin 

regeneration,199 neural repair,200–203 vocal fold repair,204 cartilage applications,205–207 as 

well as bone and dental engineering.208–213

PGS is synthesized through a polycondensation reaction followed by thermal cross-linking. 

However, the reaction and curing conditions of PGS are difficult to repeat with consistency 

and often require long reaction times under harsh conditions (e.g., 8–48 h reaction durations 

under vacuum and high temperatures to enable the secondary thermal curing process).
180,214,215 As such, this can severely limit the production and processability of PGS and 

hinder its applications. To simplify the synthesis of the PGS, photocurable PGS was later 

successfully synthesized by Langer’s group in 2007 through the functionalization of PGS 

with acrylate groups to produce poly(glycerol-co-sebacate) acrylate (PGSA).181 Photo-

cross-linking of PGSA is much more convenient than the thermal curing of PGS. Under UV 

or visible light, PGSA can be easily cross-linked within 10 min at room temperature in the 

presence of a photoinitiator.181,216 Because of its intrinsic biomimetic properties and ease of 

processing, PGSA has been widely employed in biomedical applications such as cell 

encapsulation,217 surgical adhesives,218,219 and 3D printing.216,220 Additionally, PGS has 

been also modified with other functional groups, such as methacrylate,221,222 norbornene,223 

2-isocyanatoethy methacrylate,224 cinnamates,225 and fumarate226 by different chemical 

reactions to explore wider manufacturing methods and further their applicability.

The mechanical properties of cross-linked PGS polymers can be tuned by changing the 

molecular weight of the polymer or cross-linking density by varying the conditions of the 

polycondensation reaction or curing process.193,205,227,228 For example, Chen et al. 

synthesized PGS prepolymers at 110, 120, and 130 °C to obtain Young’s moduli of 0.056, 

0.22, and 1.2 MPa, respectively.193 Besides varying the curing time of the PGS, Hollister et 

al. were also able to adjust the elastic modulus of PGS by varying the molar ratios between 
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glycerol and sebacic acid (3:4, 1:1, and 4:3) when synthesizing the PGS prepolymers.205 

Meanwhile, the mechanical properties of PGSA can be tailored by changing the molecular 

weight of its precursor, degree of acrylation, and photocuring conditions such as light 

exposure time and intensity.181 Typically, the ultimate tensile strength and Young’s modulus 

of the photo-cross-linked PGSA increases with higher degree of acrylation at the same 

molecular weight. Langer’s group tested PGSA polymers with 17–54% degree of acrylation 

and found that ultimate tensile strength ranged from 0.05 to 0.50 MPa, Young’s modulus 

ranged from 0.05 to 1.38 MPa, and elongation at break ranged from 170% to 47.4%, 

respectively.181 Because of the tunable mechanical properties of PGS and PGSA, these 

biomaterials have become prime candidates in tissue engineering to accommodate various 

cases including the fabrication of hard tissues by using stiff and less elastic PGS/PGSA, 

while soft and stretchable properties would be ideal for soft tissue applications.

The biodegradability of PGS and PGSA has been studied through both in vitro and in vivo 

experiments.180,194,214,219,229–231 On the basis of these studies, PGS is known to degrade 

primarily by surface erosion via the cleavage of ester bonds.232,233 Surface erosion is more 

favorable than bulk erosion in tissue engineering and drug delivery applications because it 

does not change the mechanical strength of the polymer during degradation and allows for 

controlled, tuned degradation.180 However, PGS typically had slower degradation rates 

under in vitro conditions than in vivo environments.180 For example, Wang et al. found that 

PGS only degraded about 17% of its dry weight under in vitro incubation in PBS at 37 °C 

for 60 days, while PGS implants in seven-week-old female Sprague–Dawley rats completely 

degraded after the same time frame.180 It was proposed that the enzymes and macrophages 

present within the implant site might have contributed to accelerated degradation in vivo. 

This was confirmed by in vitro enzymatic and hydrolytic degradation studies wherein mass 

lost in PGS was reported to be 60% degraded in 48 h and 100% degraded in 6 h after 

incubation in enzymatic and hydrolytic conditions, respectively.180 In other works, Chen et 

al. also reported that the degradation behavior of PGS was tunable by changing the synthesis 

conditions.193 For instance, under in vitro conditions in PBS or cell culture media, PGS 

synthesized at 130 °C barely degraded while PGS synthesized at 120 °C showed a much 

slower degradation rate than PGS synthesized at 110 °C.193 With regards to PGSA, it also 

exhibits similar degradation behavior to PGS. The degradation rate of PGSA can also be 

easily tuned by varying the degree of acrylation such that a high degree of acrylation 

resulted in slower degradation rates.181

The biocompatibility of PGS and PGSA have been well studied both in vitro and in vivo due 

to the wide biomedical applications of these materials.184,220 Wang et al. cultured NIH/3T3 

fibroblast cells onto PGS coated Petri dishes with a PLGA-coated Petri dish as the control 

due to the popularity of PLGA in biomedical applications.180 It was found that PGS 

supported more adherent cells possessing better morphology than the PLGA after 6 days in 

culture. Furthermore, in vivo studies comparing PGS with PLGA scaffolds through 

subcutaneous implantations in Sprague–Dawley rats concluded that PGS introduced similar 

levels of inflammatory response as PLGA but caused much less formation of fibrous 

capsules over a 35 day period.180 In similar work, Yeh et al. assessed the cytocompatibility 

of PGSA by culturing NIH/3T3 fibroblast cells onto 3D printed PGSA scaffolds for up to 4 
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days and found that these scaffolds were able to support the cell growth and proliferation 

comparable to that of bulk PGSA.220

6.2.1. PGS and PGSA for Tissue Engineering Applications.—3D printing is an 

effective fabrication technique to form complex geometries that would expand the 

biomedical applications of PGS and PGSA. For extrusion-based 3D printing, the viscosity of 

the bioink plays a key role in determining the stability of the printed structure and whether it 

can be extruded continuously. As such, Yeh et al. developed printable PGSA bioinks with 

viscosities ranging from 3.18 to 8.78 Pa·s by altering the molecular weights of PGSA 

through changing the polycondensation time of the PGS prepolymer prior to acrylation.220 

In particular, optimal viscosity was achieved by mixing 10% of low molecular weight (Mn = 

5.78 kDa) PGSA with 90% of high molecular weight (Mn = 6.32 kDa) PGSA along with the 

addition of 0.5 wt % 2,2-dimethoxy-2-phenylacetophenone (DMPA) as the photoinitiator. 

This mixture can be rapidly photopolymerized within 1 min upon UV light exposure after 

being extruded from the 3D printer. Examples of 3D printed structures include the lateral 

meniscus of a knee and the cartilaginous structure of an ear.220 Considering the excellent 

printability of PGSA, including high resolution, ability to form macroscale complexity 

within printed structures, and superior mechanical performance, this material shows great 

potential in tissue regeneration and in vivo applications. In similar studies, Yeh et al. also 

developed another type of photocurable PGS derivative known as norbornene-functionalized 

PGS (Nor-PGS).223 In this case, Nor-PGS macromers can be cross-linked by four-arm 

thiolated cross-linker based on thiol–ene click chemistry in the presence of a photoinitiator 

and UV light. Herein, an extrusion-based 3D printer was used to fabricate Nor-PGS 

scaffolds, including porous open-lattice cube, nose, and ear shaped structures (Figure 9). The 

mechanical properties and degradation rates of the photocured Nor-PGS can be adjusted by 

varying concentrations of the cross-linker. Similar to PGSA, Nor-PGS had higher modulus 

and ultimate strength along with less stretchability and slower degradation rates at higher 

cross-linking densities. Subsequent cell studies confirmed that 3D printed Nor-PGS 

scaffolds supported the viability and proliferation of NIH/3T3 fibroblasts cells, which 

demonstrate Nor-PGS as a biocompatible material for tissue engineering applications.

6.2.2. Poly(glycerol-co-sebacate methacrylate) as Nerve Guidance Conduits.
—Toward the development of implantable nerve guidance conduits, Singh et al. developed a 

novel type of PGS derivative known as poly(glycerol-co-sebacate methacrylate) (PGSM), 

which can also be rapidly photo-cross-linked by light in the presence of photoinitiator.221 

Here, they 3D printed the PGSM into hollow cylindrical conduits by using a DLP-based 3D 

printer integrated with a 405 nm wavelength light source. It was found that the modulus of 

the photo-cross-linked PGSM conduits measured an average of 3.2 MPa,221 which is close 

to the upper stiffness range of native nerve tissue (i.e., 0.45–3.0 MPa).234 In comparison, the 

modulus of the commonly reported materials for peripheral nerve repair, including 

polycaprolactone, poly(3-hydroxybutyrate), and poly-L-lactide, are normally over 100 times 

stiffer.235–237 In vivo studies demonstrated that the PGSM nerve guidance conduits informed 

the regeneration of axons grown throughout the scaffold and into the distal stump after 21 

days.221
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6.3. Polyurethanes

Polyurethanes (PUs) are a diverse family of polymers that all have a urethane (−NHCOO−) 

group in the polymer backbone. They are commonly derived from condensation reactions 

between nucleophilic diisocyanate and electrophilic agents such as alcohols and amines in 

the presence of a chain extender, catalyst, and/or other additives.238 The reaction 

mechanisms vary and could be classified by one-stage polymerization, where diisocyanates, 

oligodiols, and chain extenders are reacted simultaneously, or via two-stage reactions, where 

the remaining two components are reacted and chain extenders are added in a separate 

reaction as shown in Figure 10.239

Both aromatic and aliphatic isocyanates can be used in PU synthesis. Compared to aliphatic 

isocyanates, aromatic isocyanates, such as diphenylmethane diisocyanates (MDI) or toluene 

diisocyanates (TDI), shown in Figure 11, are more widely used in industry owing to their 

high reactivity and better mechanical properties of the PUs produced. The oligodiols can be 

categorized as polyether, polyester, and other special polyols such as polycarbonate, 

polycaprolactone, and polybutadienes, as shown in Figure 12. Polyether-based PUs are 

linear polymers commonly made from polyether such as polyethylene glycol (PEG) and 

poly(tetramethylene-ether) glycol. They have demonstrated high flexibility and hydrolytic 

resistance. However, researchers have found that they were susceptible to oxidative and 

thermal stress, excluding them from standard decontamination process such as autoclave. To 

improve PUs performance at elevated temperatures, polyester-based PUs were developed.240

In particular, polyester-based PUs were commonly synthesized from diols such as 

poly(ethylene adipate)diol and poly(butylene adipate)diol. The ester bonds are more stable 

than ethers at elevated temperatures, thus resulting in higher heat resistance. However, these 

ester bonds are more prone to hydrolytic degradation, which limit their applications in 

aqueous environments as biomaterials. To improve PU stability in heat and aqueous 

conditions, specially derived polycarbonate-based PUs were developed.240 They have 

demonstrated superior mechanical properties and thermal stabilities in addition to improved 

biodurability and hydrolytic resistance.241 The chain extenders and cross-linkers used in 

synthesizing PUs are generally diols and diamines of lower molecular weight such as 

ethylene glycol, 1,4-butanediol, and cyclohexane dimethanol. These are incorporated into 

the polymer chains to introduce more cross-links and hydrogen bonding to enhance the 

mechanical properties of PUs.

On the basis of the reaction mechanism and polymer backbone structures, PUs can be 

categorized as thermoplastic or thermosetting, as shown in Figure 13.242 The main 

difference is the presence of covalent cross-linking sites on the polymer backbones. 

Thermoplastic PUs (TpPUs) are linear block polymers synthesized from reagents with 

difunctional groups such as diols and diamines without cross-linkers. They typically have a 

low melting point and exhibit poor mechanical performance at elevated temperatures. 

Furthermore, they can be readily dissolved into polar solvent, which makes them easily 

adapted by traditional processing techniques such as solvent casting and fiber spinning. 

Owing to their mechanical properties, lower glass transition temperature, and solubility in 

polar solvents, TpPUs have also been widely investigated in additive manufacturing such as 

3D printing. Thermoset PUs (TsPUs) are synthesized from reagents with multiple functional 
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groups such as trimethylolpropane and glycerol and/or in the presence of cross-linkers such 

as excess isocyanates. Because of the covalent network structures of TsPUs, they do not 

have a melting point and do not experience strength reduction at elevated temperatures. PUs 

can also form interpenetrating polymer networks (IPN) with other polymers such as epoxy 

and acrylates without bulk phase separation. These IPNs have enhanced mechanical 

performance by combining the advantageous properties of the components. For example, 

PU/epoxy IPNs have both the flexibility of PU and toughness of epoxy.243 One of the most 

important contributors to PUs mechanical properties is microphase separation within the 

chemical structures as shown in Figure 14.245 This is due to the complex backbone 

structures of PUs with hard segments such as benzenes and soft segments such as esters. The 

hard segments can act as physical cross-linking points, whereas the soft segments can rotate 

freely. In the presence of external forces, the hard segments can retain the integrity of the 

overall structure and the soft segments can absorb the energy and dissipate it as heat. Current 

developments have been focusing on improving their biostability and flexibility such as 

enhancing the hydrogen bonding of hard segments and adjusting microphase separation. 

Recent discoveries in PUs have also demonstrated their tunable physical, chemical, and 

biological properties. Coupled with the advancements in 3D printing technologies, it is both 

possible and desirable to expand the utilization of PU. In this section, we report some recent 

examples illustrating the usage of PUs in 3D printing for various biomedical applications.

6.3.1. Soft Robotics Applications.—Soft robotics are automated machines made 

using intrinsically soft materials such as fluids, gels, and elastomers.246 Conventionally, they 

are fabricated by casting soft materials, such as PUs, followed by the assembly of different 

parts. Direct fabrication of soft robotics by 3D printing could reduce the overall processing 

time and hence reduce cost of fabrication. In one example, Patel et al. developed a family of 

highly stretchable with aliphatic urethane diacrylate as cross-linkers to print robotic hands.
247 In this work, some of the printed structures have achieved failure strain as high as 

1100%.247 With these PUs, they have demonstrated direct 3D printing of a set of 

pneumatically actuated grippers that could pick up an object. In other works, Gul et al. 

utilized a multiheaded extrusion 3D printer with light-assisted curing to build a three-legged 

soft robot from epoxy and polyurethane as structural components. Furthermore, they 

embedded shape memory alloy wires as actuators and demonstrated locomotion similar to a 

spider’s gait.248 Similarly, Yang et al. used a fused deposition modeling (FDM) 3D printer to 

fabricate a polyurethane-based shape memory polymer (SMP) and conductive thermoplastic 

polyurethane (TPU) to make a pneumatically driven gripper with variable stiffness and 

active position feedback.249 When current is applied to the TPU component, the resultant 

heating will soften the SMP, which induces shape change to work as a gripper. By 

controlling the piezo-resistance behavior of the TPU parts, they could monitor and control 

the grippers to grasp objects. Components like these could be readily transferred to 

biomedical applications such as surgical catheters.

6.3.2. Tissue Engineering Applications.—The excellent biocompatibility, adjustable 

biodegradation, and versatile mechanical properties of PUs have made them good candidates 

for tissue engineering and regenerative medicine applications.250 For example, Whatley et 

al. utilized biodegradable and elastic PU to fabricate intervertebral disk scaffolds via FDM 
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3D printing. The printed structures demonstrated high fidelity and accuracy in replicating 

the lamellae structures of injury sites at both micro- and macroscales.251 Neural cells seeded 

on the scaffolds aligned along the concentric lamellae following the topographical cues 

provided by the printed structures indicating potential neural repair. Xu et al. used 

biodegradable PUs to make vascular stents via liquid-frozen deposition manufacturing 

(LFDM) 3D printing.252 Their results from in vivo studies showed early vascularization 

along the stent. In follow-up work, they also added heparin into the resin to enhance 

angiogenesis. This work has demonstrated the suitable elasticity, anticoagulation, and 

biodegradation of PUs for vascularization work. Furthermore, the inclusion of proteins also 

shows the potential of PUs in applications such as drug delivery and functional scaffolds for 

tissue repair.

Water-based PUs have also been used in various cell encapsulation works. Hung et al. 

developed water-based composites with PU nanoparticles and printed them by LFDM to 

make scaffolds for cartilage repair.253 Compared to the PLGA scaffold which was fabricated 

in the same fashion, the PU nanoparticles improved the elasticity and proliferation of 

chondrocytes. Another water-based PU material for 3D printing developed by Hsieh et al. 

was printed into conduits by LFDM while encapsulating neural stems cells (NSCs). These 

conduits were implanted into adult zebra fish with traumatic brain injury. After 4 weeks of 

observation, these conduits showed significant improvements in recovery of locomotion and 

survival rates compared to the untreated group.254 Following this study, Lin et al. 

incorporated soy protein isolate into the polymer matrix to further improve the survival and 

proliferation of NSCs.255 Similarly, Huang et al. introduced water-dispersible graphene and 

graphene oxides into the polymer matrix to enhance the conductivity of the scaffolds.255 The 

printed scaffolds demonstrated significant improvement in oxygen metabolism as well as 

differentiation of the encapsulated NSCs. In a recent work by Sanlin et al. using a DLP-

based 3D printer, they printed a patient-specific left atrial appendage occluder implant based 

on a CT scan image using a PU-acrylate resin.256 The structures were printed with 

microscale resolutions and smooth surfaces to meet the requirements of a functional 

occluder. Moreover, the mechanical properties of the scaffold successfully maintained the 

stress response of the actual part and showed promise as a strategy to functionally repair 

damaged tissues.256

6.3.3. Surgical Guides and Dental Applications.—The rapid prototyping of 

structures based on 3D designs also enabled construction of customized surgical guides for 

medical operations. Current surgical guides were manufactured in a mass-production 

fashion, which follows the same design with marginal fitting to the patients. This process 

becomes challenging if it cannot perfectly fit into the patient’s body during surgery, 

especially in operations on internal organs such as coronary heart diseases. The surgical 

guide also needs to possess adequate mechanical properties to be able to withstand damages 

incurred during surgery while also not eliciting adverse short-term immune response. The 

excellent precision and strength offered by 3D printing PUs have been employed for 

constructing customized surgical guides with high precision and durability. For example, 

Holzapfel et al. printed a pelvis based on a reconstructed model from CT scans of a patient 

with periacetabular tumor.257 The printed structure closely imitated the modified scanning 
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model. During the operation, the guides were capable of withstanding the operation with no 

adverse effects on the patient.257 Apart from surgical guides, 3D printing of PUs has also 

been used in dental applications such as aligners to correct malocclusion. One of the 

commercially available products, Invisalign, consist of a series of computer-generated 

custom aligner molds to mobilize teeth into proper alignment. It has generated commercial 

success since its introduction in 1999 and further demonstrates the potential of PUs and 3D 

printing to bring similar products in other biomedical fields in the future.

6.4. Physical Characterization

6.4.1. Mechanical Properties.—An advantage of synthetic biomaterials is the ability 

to tailor properties for specialized applications by changing the molecular weight, functional 

groups, or polymerization chemistry to tune the final mechanical properties. This flexibility 

allows for a much greater range of material properties in synthetic biomaterials compared to 

naturally derived biomaterials that are often mechanically weak coupled with fast 

degradation which limits their usage. A key property is stiffness or elastic modulus, which 

can be readily controlled by the molecular weight of the polymer and degree of 

polymerization.258 Like natural biomaterials discussed earlier, tuning the modulus to match 

that of the native tissue is critical to create an optimal environment to support cells and/or 

host tissues. In the context of implantable synthetic biomaterials, a combination of sufficient 

compressive, tensile, and shear strength is also important in order to be able to withstand 

forces exerted and prevent fractures while improving functional stability.259 Appropriate 

yield and fatigue strength are also vital factors to consider to ensure the materials can 

tolerate cyclic loading and minimize internal stresses within the implant.259

6.4.2. Biodegradation Properties.—With the growing application of synthetic 

polymers in biomedical science, it is critical to evaluate the biodegradative properties in 

aqueous environments to determine their suitability in various tissue engineering related 

applications. For many years, synthetic polymers have been widely used as scaffolding 

materials, drug release systems, and implantable medical devices, thus a thorough 

understanding of their degradation rate and mechanism in vivo is important in the design of 

novel therapeutic approaches. Degradable polymer matrices can undergo two types of 

erosion via hydrolysis: surface erosion or bulk erosion. For surface erosion, degradation 

proceeds at a constant velocity throughout the erosion period and typically occurs in 

materials possessing functional groups that have short hydrolysis half-lives.260 Meanwhile, 

bulk erosion does not progress under constant erosion velocity and the erosion mechanisms 

are often more complex in nature such that erosion occurs suddenly after a long period of no 

mass loss.261 Another important mechanism to consider is oxidative degradation that occurs 

in vivo when peroxides produced by the body in response to an inflammatory reaction can 

create oxidative agents that cause polymers to degrade. Specifically, the main players being 

foreign body giant cells as well as macrophages produce peroxides produced near the 

polymer to initiate degradation. Synthetic polymers more susceptible to oxidative 

degradation include polyether polyurethanes and polyethylene, which have chemical groups 

that more readily form free radicals to facilitate the conversion of long polymer chains into 

shorter ones in the presence of oxidative products.262 Other degradative mechanisms that 

occur also include enzymatic degradation due to biological enzymes present in vivo and 
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physical degradation as a result of mechanical loading, swelling of the polymers, and 

friction forces.262 The highly dynamic expression of enzymes is currently too complex to 

adequately model in vitro, making an in vivo assessment of the biodegradation rate of a 

biomaterial still necessary.

6.4.3. Biocompatibility.—Given the versatility of synthetic polymers in health care, it is 

critical to evaluate the biocompatibility of these materials both in vitro and in vivo to provide 

an overview of host interactions. Namely, biocompatibility is defined as a biomaterial that is 

able to perform its intended function without eliciting undesirable effects.263 Several factors 

taken into consideration include a combination of chemical, physical, and mechanical 

properties. Furthermore, unlike naturally derived polymers that more closely mimic the 

native ECM both in terms of physical and chemical composition, it is important to also 

consider the cytotoxicity of degradation products from synthetic materials. Methods of 

biocompatibility testing involve several levels in which cytotoxicity as well as systemic 

toxicity in animal studies are evaluated. For instance, preliminary tests can be performed in 

vitro by testing the viability, growth, and metabolism of cultured cells (e.g., macrophages, 

fibroblasts, lymphocytes) on the selected synthetic biomaterial.264 This can be coupled with 

in vivo tests where the material is often implanted into the subcutaneous or intramuscular 

regions of rodent animal models and observed for a period of time to assess the extent of any 

potential foreign body response, mutagenicity, toxicity, and carcinogenic effects.264

7. COMPOSITE BIOMATERIALS

7.1. Nanoparticle-Enabled Hydrogels

To improve the functionality of hydrogels, researchers have begun to explore the application 

of nanocomposite hydrogels to provide additional properties (Figure 15). For instance, 

common nanomaterials can be classified as organic, inorganic, metallic, or polymeric.265,266 

Thus, the incorporation of different nanomaterials into a 3D printed hydrogel can be used to 

improve the mechanical properties of the hydrogel (organic and inorganic materials), 

electrical properties (metallic nanomaterials), and drug delivery capabilities (polymeric 

nanomaterials). Given the wide applicability of nanocomposite materials, there are currently 

few studies examining the direct incorporation of nanoparticles into hydrogels or their 

interaction with cells. To translate the usage of nanocomposites in the field of tissue 

engineering to serve as feasible biomaterials, further research on the how nanomaterials 

impact cell growth, proliferation, and functionality are necessary. In this section, we will 

highlight commonly used nanocomposite biomaterials used in 3D printing to achieve 

different physical properties and functionalities within the printed hydrogel constructs.

7.1.1. Organic Nanomaterials.—Organic nanomaterials have been shown to increase 

both the electrical and mechanical properties of hydrogels.266–268 Common examples of 

nanomaterials include carbon nanotubes (CNTs) and graphene oxide (GO). CNTs in 

particular are attractive due to their high mechanical strength and conductivity.269 In one 

example, Shin et al. successfully incorporated CNTs into GelMA hydrogels to produce a 

conductive cellularized scaffold (Figure 16). Here, CNTs were coated with a thin layer of 

GelMA, allowing them to homogeneously disperse throughout the hydrogel. Following this, 
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NIH/3T3 fibroblasts were encapsulated within the CNT-GelMA prepolymer solution and 

patterned into microdiscs. The fibroblasts retained high viability even at the highest 

concentration of CNTs incorporated, with no statistical difference relative to the control. 

More importantly, the mechanical properties of the hydrogels increased from 15 kPa (5% 

GelMA) to ~60 kPa with the addition of 0.5 mg/mL CNTs. This was attributed by the 

observed increase in nanofiber web-like structures formed by the CNTs as seen in the SEM 

images. As hydrogels are notoriously soft, especially GelMA, enhancing the mechanical 

properties while retaining the porosity and bioactivity of scaffold is highly advantageous.268 

In a follow up study by the same group, CNTs were incorporated at a higher concentration 

to form cardiac patches. This resulted in increased mechanical properties and electrical 

properties of the hydrogels, which ultimately led to improved beating uniformity of neonatal 

rat cardiomyocytes within the scaffold. After measuring a much lower excitation threshold 

in scaffolds with CNTs, they hypothesized that the lower potential reduced local pH 

gradients and gas generation, reducing possible damage to the tissue and thus producing a 

more stable tissue.269 It has also been noted that because more electrical pathways are 

formed with the incorporations on CNTs, a higher concentration leads to lower resistivity, 

which is important in cardiac, muscle, and nerve tissues.266,270

GO is another popular form of carbon used in nanocomposites and the oxygen-containing 

hydrophilic groups on GO prevent sheet agglomeration, which make it advantageous for 

homogeneous dispersion in prepolymer solutions. By incorporating GO into GelMA, the 

compressive modulus of the gel increased from 4 to 24 kPa. Interestingly, it was found that 

the failure strain of the gels decreased from ~90% to ~55% after GO addition, indicating that 

the hydrogels were much more rigid. Furthermore, the porosity of the hydrogels was 

unaffected and supported the encapsulation of NIH/3T3 cells by maintaining high viability.
267 Chiaponne et al. also explored DLP-based 3D printing with GO by incorporating into a 

PEGDA hydrogel. Here, an increase in mechanical properties and slight improvement on 

electrical conductance was also observed.271

A challenge of using organic nanomaterials is that incorporating higher concentrations 

typically increases the opacity of the prepolymer solution. This is the case for many of the 

nanocomposite materials, such as with CNTs incorporated into GelMA as shown in Figure 

16A. The darker solution absorbs more UV light and subsequently decreases photoinitiator 

conversion and can impede light-based 3D printing processes (Figure 16C), although it is 

worth noting that CNTs appear to be evenly distributed in the prepolymer solution (Figure 

16B) and do not phase separate upon hydrogel formation (Figure 16D), thus indicating good 

miscibility between GelMA and CNTs. As the nanofiller concentration increases, longer 

exposure times and/or higher power light sources are required to compensate for the 

absorbed light. At a certain point, the solution will become too opaque to print with good 

resolution. Moreover, in the case of 3D bioprinting, longer and higher power exposure times 

can also have a negative impact on cell viability which would also have to be taken into 

consideration when optimizing the nanocomposite material composition and exposure 

parameters.

7.1.2. Metallic Nanomaterials.—Metallic nanoparticles are incorporated into 

hydrogels to improve the conductivity of the hydrogel (e.g., gold and silver nanoparticles) or 
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for their magnetic properties (e.g., iron-based nanoparticles).265,266 In literature, gold and 

silver nanoparticles are most frequently incorporated into “smart” hydrogels that are 

responsive to external factors such as solution composition, pH, and temperature. In 

response to environmental changes, these hydrogels will either swell or shrink depending on 

the ionization of their side chains that function to move the encapsulated nanoparticles 

farther apart or closer together. This in turn directly impacts the electrical conductivity of the 

hydrogel, meaning that the conductivity can be a “switch” to control for external factors.272 

Moreover, these “smart” polymers have demonstrated to be compatible for 3D printing. For 

example, poly(N-isopropylacrylamide) [PNIPAm] has been printed through a DLP-based 

setup and was able to retain its reversible swelling/shrinking properties after printing.273

Hydrogels such as polycarboxyls or polyamines are also cell compatible due to the 

adsorption of extracellular matrix proteins which act to facilitate cell adhesion. For instance, 

PNIPAm is a common material that been used to effectively create cell sheets. Above the 

lower critical solution temperature (LCST), the hydrogel is hydrophobic and intramolecular 

hydrogen bonding in the polymer chains dominate which assists protein adsorption. Below 

the LCST, the surface becomes hydrophilic and the adhered cells detach thus forming a cell 

sheet.274 Good cell adhesion has also been noted on poly(acrylic acid)/polyacrylamide gels 

and poly(acrylic acid)/poly(allylamine hydrochloride) gels.275,276 Though it has not yet been 

demonstrated, it is expected that many of the smart hydrogels may have temperature-

controlled adhesion similar to PNIPAm.

Janovák et al. explored the properties of two different hydrogels, poly(acrylamide) [PAAm] 

and PNIPAm with encapsulated nanoparticles. Here, gold nanoparticles (AuNPs) were 

added into each hydrogel and UV cured followed by an investigation on the effect of AuNP 

concentration on the overall hydrogel conductivity. Unsurprisingly, the conductivity 

increased with higher concentrations due to a rise in possible electrical flow pathways and 

decrease in the average nanoparticle separation distance. However, the impact of 

temperature on the gel conductivity was only seen at higher AuNP concentration. In 

particular, the group observed two different phenomena in the hydrogels where in the case of 

PAAm the conductivity of the sample decreased with increasing temperatures due to 

continuous swelling, compared to PNIPAAm where conductivity increased up to the point of 

its collapse at around 32 °C.272 Zhao et al. also incorporated AuNPs into a PNIPAAm 

hydrogel by conjugating a vinyl group to the AuNPs and covalently linking the nanoparticles 

into the hydrogel as opposed to physical confinement, which can lead to leaking of AuNPs 

out of the hydrogel over time. After conducting multiple heating and cooling cycles, they 

discovered that the hydrogels were robust and had reversible electrical properties.277 Similar 

findings were also discovered when incorporating silver nanoparticles (AgNPs) in 

poly(acrylic acid), showing that swelling can be a useful strategy for both AuNPs and 

AgNPs.278

Iron-based metallic nanomaterials are of considerable interest due to their magnetic 

properties. Magnetic nanoparticles (MNPs) are usually composed of Fe3O4, a compound 

called magnetite. Magnetite consists of Fe2+ and Fe3+ ions ordered unequally, resulting in a 

net magnetization ability and superparametric capability that has been used as a hypothermic 

agent in drug delivery as well as for MRI imaging. Another MNP is hematite, Fe2O3, which 
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can be functionalized with fullerenes for use in drug delivery, MRI contrast agents, and 

nonviral gene delivery.279

When MNPs are incorporated into hydrogels they can also be used to impart mobility within 

hydrogels. For example, Zhu et al. 3D printed a PEGDA “microfish” by incorporating iron 

oxide nanoparticles into the head for directionality, platinum nanoparticles in the tail for 

propulsion, and polydiacetylene in the body for melittin toxin sensing (Figure 17).280 Here, 

the MNPs were physically bound within the PEGDA hydrogel, which enabled the whole 

“microfish” to move in a controlled fashion with the use of a magnetic guide.280 MNP 

incorporation has also been used in tissue culture applications. For instance, Xu et al. 

developed a GelMA-based hydrogel incorporating MNPs termed “M-gels”.281 By creating 

multiple small M-gels, a low intensity magnetic field was used to create multiple layers of 

spheroids. Following this, NIH/3T3 cells were encapsulated within these M-gels and were 

demonstrated to support high viability after 5 days in culture.282 However, the MNPs 

presence did lower cell proliferation, which suggests that their long-term effects on cell 

behavior warrants further investigated. The MNPs also had an impact on the degradation of 

the hydrogel such that high concentrations of MNPs led to a faster degradation rate. The 

porosity was also significantly lower when 5% MNP was added to GelMA. Moreover, the 

ultimate stress and failure strain was increased after the addition of MNPs (1% and 5%) to 

the GelMA, however, the compressive modulus was unaffected. With regards to mechanical 

properties, MNPs are not as effective as the organic nanomaterials in increasing the material 

strength of the hydrogels.281

7.1.3. Inorganic Nanomaterials.—Hydrogels incorporating inorganic materials are 

primarily used for improving mechanical properties. For instance, common materials include 

hydroxyapatite, silicate nanoparticles, glass, and silica.265,266 In one study, Gaharwar et al. 

incorporated silica nanospheres into PEGDA to increase the strength and the toughness of 

the hydrogel networks.283 By increasing the concentration of the nanospheres up to 10%, 

this increased the opacity of the prepolymer solution in addition to the formation of silica 

aggregates due to higher silica content.283 The same group also explored the covalent cross-

linking of silicate nanoparticles to PEGDA. They found that the addition of silicate 

significantly increased fracture strength, ultimate strain, and toughness, yet it did not impact 

the compressive modulus. Moreover, although up to 5% silicate was incorporated, the 

transparency of the hydrogels was maintained which indicates that DLP-based 3D printing 

would be more feasible with silicate nanoparticles compared to silica nanospheres. Lastly, 

the adhesion properties of PEGDA after silicate incorporation was also improved upon by 

adding 5% silicate nanoparticles for the culture of MC3T3-E1 preosteoblast cells.284

Hydroxyapatite has also been incorporated into hydrogels, which has been shown to 

promote bone formation. For example, Zuo et al. mixed hydroxyapatite precursors into 

GelMA by physically constraining the particles within the hydrogel upon UV exposure.285 It 

was demonstrated that an increase in the compressive modulus of the hydrogel from ~13 to 

~23 kPa for pure GelMA to GelMA with 2% (w/v) hydroxyapatite was observed. Moreover, 

a modular scaffold of a cortical bone was fabricated by encapsulating both human umbilical 

cord vein endothelial cells (HUVECs) and MG63 cells that have high potential to be 

differentiated into bone as representative cell types (Figure 18). Gene expression analysis 
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after 7 days of culture revealed an increase in collagen I expression and osteogenic genes, 

with the exception of osteocalcin and alkaline phosphatase in the scaffold containing 

hydroxyapatite.285 Gaharwar et al. also mixed hydroxyapatite into PEGDA hydrogels in the 

form of preformed nanoparticles instead of precursors.286 Doing so enabled a much higher 

concentration of nanoparticles being incorporated into the hydrogel, although aggregates 

began forming at 15% hydroxyapatite content. Regardless, the addition of the nanoparticles 

did not significantly change the pore size or shape of the hydrogel. The hydroxyapatite 

nanoparticles were also able to improve the mechanical properties of PEGDA, resulting in a 

10-fold increase in toughness, an 8-fold increase in fracture strength, and a 3-fold increase in 

tensile modulus after the addition of 15% hydroxyapatite. Despite the constant pore size, the 

swelling degree was also decreased with increasing nanoparticle concentration. Moreover, 

cell adhesion of MC3T3-E1 preosteoblasts cells was improved due to the increased 

adsorption of proteins to the PEGDA hydrogel.286

7.1.4. Polymeric Nanomaterials.—Polymeric nanomaterials, such as dendrimers, 

hyperbranched polymers, liposomes, polymeric micelles, nanogels, and core–shell 

polymeric particles, have been incorporated into hydrogels.265,266 These nanocomposite 

hydrogels are most often used for one of the four following areas: passively controlled drug 

release, stimuli responsive drug delivery, site-specific drug delivery, and detoxification. To 

form these nanocomposites, there are a few different methods. Common to the previous 

nanocomposites, the nanoparticles can be directly incorporated into the prepolymer solution 

prior to UV-cross-linking. The nanoparticles can also be synthesized within the prepolymer 

solution by adding the precursors into the solution. Lastly, the nanoparticles can also be 

“breathed in” by the hydrogel after its formation.287

In passively controlled drug release, liposomes are often physically trapped within the 

hydrogel and released by diffusion overtime. Because they are not covalently bonded to the 

hydrogel, their release can be modulated by the hydrogel porosity. The liposomes containing 

a drug either inside their structure, within their walls, or attached to the outside will then be 

able to dispense their effect.287 Alternatively, dendrimers and hyperbranched polymers can 

help with the release directly from the hydrogel as opposed to release from liposomes or 

micelles from the hydrogel. Desai et al. integrated a polyamidoamine (PAMAM) dendrimer 

by covalently linking it to a PEG-acrylate molecule. The resulting hydrogel could contain 

either a hydrophilic or hydrophobic drug based on the surface charges of the dendrimer.288 

Zhang et al. also made a hydrogel entirely from hyperbranched polymers functionalized with 

acrylate groups. The authors successfully UV patterned the hyperbranched polymers, as well 

as encapsulated a hydrophobic drug that was passively released overtime.289

Drug delivery can also be done using “smart” hydrogels for stimuli responsive or site-

specific drug delivery. In our previous discussion of “smart” hydrogels, we covered how in 

response to solution composition, pH, and temperature the hydrogels will shrink or swell.272 

When a drug is encapsulated within the hydrogel, it will diffuse faster when the pore size is 

larger (i.e., a swollen hydrogel) compared to a smaller pore size (i.e., a shrunken hydrogel). 

Thus, by changing external factors, the drug release profile can be controlled. Moreover, 

considerations about the environment where the drug should be released can be used. For 

example, an anti-inflammatory tripeptide was loaded into a hydrogel to alleviate 
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inflammatory bowel disease. At the site the drug needs to be released, the pH of the 

environment was different and thus this external factor would trigger drug release at the 

correct site.289

Hydrogels can also be used as toxin absorbers as demonstrated by Gou et al., where the 3D 

printing of a liver-inspired detoxification device was made by mixing functional 

polydiacetylene nanoparticles in PEGDA for light-projection printing of a multilayered 

structure mimicking the liver microarchitecture (Figure 19).290 In this detoxification device, 

the polydiacetylene nanoparticles served as the functional elements to sense, attract, and 

capture the toxins, while PEGDA served as the matrix to hold the functional nanoparticles in 

place inside the 3D liver-inspired microstructures to facilitate the diffusion and 

neutralization of toxins.290

7.2. Hybrid Polymeric Hydrogels

The extracellular matrix (ECM) provides the necessary mechanical and chemical signaling 

cues for cells to interact with and respond accordingly. The ECM is a composite material, 

composed of a myriad of biopolymers made up of various proteins (e.g., collagen, 

fibronectin, fibrinogen) and polysaccharides (e.g., hyaluronic acid and other GAGs).291,292 

Depending on the tissue system, the ECM composition will vary depending on the need for 

certain integrin-binding domains,293 mechanical and viscoelastic properties,294 and physical 

properties (e.g., swelling, pore size, porosity).295,296 This complexity in material 

composition allows for a wide range of desirable mechanical, chemical, and spatiotemporal 

properties based on the same base biopolymers. In designing ECM-mimic materials for 

tissue engineering and regenerative medicine, it is useful to determine the minimum 

complexity necessary to successfully recapitulate a desired microenvironment.

7.2.1. Composite Natural Hydrogels.—There have been many investigations into 

combining ECM-derived natural biopolymers to better mimic the respective ECM 

environment. Using prepolymers modified for photo-cross-linking, light-based 3D printing 

can readily incorporate multiple materials into a single cross-linked hydrogel. For light-

based bioprinting, GelMA is typically a main candidate for one of the materials as it has the 

common cell-attachment site RGD, which allows it to bind with many cell types. The 

disadvantage of using GelMA is that its mechanical properties have limited tunability.297 

Thus, secondary biomaterials are usually chosen to improve the structural and mechanical 

properties of the hydrogel. Garcia-Lizarribar et al. explored using two different 

nonmammalian polysaccharides, carboxymethyl cellulose (CMC) and alginate, to tune the 

degradation rate, swelling, and stiffness.297 As with GelMA, they modified the alginate and 

CMC with a methacrylate group to create AlgMA and CMCMA to impart photo-cross-

linkability. The benefit of using nonmammalian biopolymers is that cells cannot 

enzymatically degrade them. They demonstrated this in a degradation study by incubating 

the GelMA, GelMA–CMCMA, and GelMA–AlgMA in a collagenase type II solution. The 

GelMA-only hydrogel degraded entirely in a manner of a few hours, while the GelMA–

AlgMA hydrogel showed a strong resistance to degradation as it maintained around 80% of 

its mass in the same amount of time. They also demonstrated that the composite materials 

did not have a noticeable effect in terms of the pore size or porosity as compared to GelMA 
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alone. In terms of mechanical properties, the GelMA–AlgMA composite had a 2-fold higher 

compressive modulus than the GelMA hydrogel. Interestingly, the GelMA–CMCMA 

composite had a 2-fold lower modulus than GelMA, therefore it is important to ensure 

compatibility of the prepolymers otherwise the properties could diminish rather than 

improve by forming a composite.

Hyaluronic acid (HA) is an important and common ECM component found in many tissues 

such as the pancreas, central nervous system, and cardiovascular system.298,299 HA has 

necessary cell-receptor domains for various cellular functions and lacks integrin-binding 

domains such that cells are unable to adhere and spread.299 To address this, Camci-Unal et 

al. incorporated methacrylated HA (HAMA) with GelMA.299 By adjusting the concentration 

ratio of HAMA to GelMA and the overall prepolymer concentration, they were able to tune 

the mass swelling ratio, degradation time, and compressive modulus. Interestingly, they 

showed that HUVECs proliferated the most within the composite 1% HAMA–3% GelMA 

hydrogel versus the single component 1% HAMA or 3% GelMA hydrogel or a stiffer 2% 

HAMA–3% GelMA composite.

7.2.2. Composite Synthetic-Natural Hydrogels.—Synthetic polymers can be 

developed to match certain property requirements by controlling for a narrow molecular 

weight distribution, monomer composition, functional groups, and end groups. Therefore, 

synthetic polymers are a logical candidate to improve and tune the mechanical properties of 

natural polymer hydrogels. For light-based printing, PEGDA is a favored prepolymer 

material, as it is easy to print fine features due to its low swelling ratio as it has a high cross-

linking density. Additionally, PEG is a highly studied biomaterial due to its relative 

bioinertness and ease in modification to increase functionality. The molecular weight of the 

PEGDA prepolymer is a strong determinant of the resulting hydrogel’s mechanical and 

physical properties because a lower molecular weight increases the ratio of reactive acrylate 

end-groups to PEG-monomer units, which in turn leads to a higher cross-linking density. 

Therefore, it is not feasible to compare PEGDA hydrogels without knowing their 

prepolymer molecular weights. Garcia-Lizarribar et al. also investigated a PEGDA–GelMA 

composite hydrogels, however, they did not report the PEGDA molecular weight so, it is not 

possible to put their data into context.297 The inclusion of 1% PEGDA resulted in poor 

encapsulation of C2C12 cells with viability of less than 40%, which indicates that the 

PEGDA used had a molecular weight of less than 1000 Da.300 In other works, Zhu and 

Tringale et al. combined 700 Da PEGDA with GelMA to greatly increase the stiffness of the 

hydrogel to 2–4 MPa, 3 orders of magnitude higher than a typical GelMA hydrogel 

necessary to achieve stiffnesses matched to that of rat peripheral nerve tissue for a 3D 

printed nerve conduit.162

7.2.3. Interpenetrating Polymer Network Hydrogels.—An interpenetrating 

polymer network (IPN) is a special composite where at least two polymer networks are 

formed without covalently cross-linking to each other such that the networks become 

physically interlocked.301,302 The purpose of forming an IPN is to increase the mechanical 

properties of the hydrogel, especially the toughness, because breaking the hydrogel now 

requires breaking through two (or more) networks. An IPN can be formed either 
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simultaneously or sequentially. An IPN can be formed simultaneous by using two different 

cross-linking mechanisms such as step-growth and chain-growth polymerization (see section 

2 for detailed mechanism discussion). For light-based hydrogel formation, dual thiol–yne 

(similar mechanism to thiol–ene chemistry) and (meth)acrylate cross-linking mechanisms 

have been used to create IPNs of gelatin- and PEG-based materials.303 Additionally, an IPN 

can be made of two networks of the same material by photo-cross-linking the prepolymer 

solution inside an already formed hydrogel.304 For 3D printing, this strategy could be useful 

to strengthen a printed part by soaking it in the prepolymer solution, removing any excess 

material, and re-exposing it to the appropriate light source.

8. LIGHT-BASED 3D PRINTING MODALITIES

Light-based 3D printing systems function by enabling precise spatiotemporal control over 

localized photopolymerization of biomaterials to build a desired structure. In this section, 

various light-based 3D printing modalities will be highlighted ranging from serial, planar, 

and volumetric build formats (Figure 20) developed to form simple to complex geometries 

applicable for tissue engineering and regenerative medicine. A summary of the advantages 

and disadvantages of each light-based 3D printing modality is provided in Table 3.

8.1. Inkjet and Microextrusion Printing

In raster-like 3D printing platforms, materials and cells are deposited through a nozzle in a 

serial fashion either drop-by-drop as with inkjet printers or line-by-line as with extrusion 

printers (Figure 20Ai–ii). These setups typically involve a two-stage fabrication process: (1) 

a photopolymerizable bioink capable of rapid reversible cross-linking (e.g., ionic cross-

linking or thermal gelation) is chosen to ensure it can be deposited appropriately into the 

desired structure, and (2) covalently photo-cross-linking the printed structure via light 

exposure to permanently stabilize the construct. For instance, to form micrometer-scale cell-

laden structures, Xie et al. employed an inkjet printer fitted with an electro-assisted module 

to rapidly deposit low viscosity GelMA bioinks containing bone marrow stem cells into 

uniform microdroplets measuring 100 μm in diameter.312 Upon collection and subsequent 

cross-linking of the microdroplets via exposure to 405 nm light, this group demonstrated this 

technique as a biocompatible method to encapsulate cells, produce microspheres for drug 

control release, as well as the printing of more intricate patterns onto a conductive 

membrane to ensure continuous printing of the droplets.312 In similar work, Stratesteffen et 

al. utilized a custom air-pressure-driven drop-on-demand printing platform to produce 

droplets of GelMA–collagen hydrogels containing HUVECs and human mesenchymal stem 

cells (hMSCs).308 They found that modulating UV-light exposure to their printed 

cellularized constructs could be tuned to mimic the rheological and mechanical properties to 

promote capillary network formation in vitro toward the goal of forming prevascularized 

tissues.308

In the case for extrusion bioprinting, Zhang et al. produced endothelialized myocardium 

tissues using a coaxial extrusion printer to deliver a bioink consisting of GelMA and alginate 

in the sheath while the core deposited CaCl2 solution.11 In this setup, physical cross-linking 

of the alginate component was first achieved via contact with the CaCl2 solution, followed 
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by chemical cross-linking of the GelMA component postprinting via UV exposure.11 In 

another application, Jang et al. used a combination of vitamin B2-induced UVA cross-

linking followed by thermal gelation to produce 3D printed heart dECM tissues.150 Vitamin 

B2 (i.e., riboflavin), a naturally occurring and noncytotoxic photoinitiator, was mixed with 

solubilized porcine heart dECM bioink and extruded onto a low temperature platform to 

prevent gelation during printing.150 Once the first layer was complete, it was exposed to 

UVA light to initiate covalent cross-linking of the heart dECM bioink and this process was 

repeated for all subsequent layers to form the final 3D structure.150 The complete printed 

construct was then placed at 37 °C to induce thermal gelation of the heart dECM to provide 

additional mechanical strength to match that of native cardiac tissue.150

Overall, these methods enable tailoring of the bulk mechanical properties of the printed 

construct via light curing of the structure post printing. However, it is important to note that 

homogeneity of the local mechanical properties within the printed construct is limited by the 

light penetration depth, such that larger structures may exhibit less photopolymerization 

within the center of the construct using this approach and therefore result in a heterogeneous 

construct. Because these printers operate using a layer-by-layer approach, it is also critical 

that the chosen biomaterials possess rapid gelation kinetics to enable high aspect ratio of the 

3D printed structures, prevent collapse during fabrication, and ensure the build is completed 

within a reasonable duration. Furthermore, surface artifacts between the interfaces of each 

successive layer may lead to weak points within the structure and resolution in the z-

direction is highly dependent on the nozzle size and viscosity of the biomaterial. In most 

instances, depending on the application and desired build volume, inkjet and extrusion-based 

printers fabrication times can range from minutes to hours and are limited in design 

complexities because overhanging structures are often difficult to produce without 

supportive or sacrificial structures.

8.2. Laser-Based Stereolithography

Conventional stereolithography involves scanning a laser across the surface of a prepolymer 

resin vat (Figure 20Aiii). The laser beam can be either continuous or pulsed such as a 

femtosecond pulse. The latter is needed for two-photon polymerization (TPP).313–316 Laser-

based stereolithography has been widely utilized to produce precise tissue engineering 

scaffolds317,318 and biomedical devices, especially in the field of dentistry.319 In the area of 

bioprinting, Chan et al. were able to successfully encapsulate NIH/3T3 cells, a mouse 

fibroblast cell line, in PEGDA (700 Da–10 000 Da) using a modified SLA machine and 

demonstrated that the cells proliferated under certain conditions after 2 weeks based on a 

MTS assay.300 This study was limited to only an assessment of viability and proliferation 

and did not assess any cellular function. To determine whether lower-frequency lasers may 

be more cell compatible, Wang et al. recently explored if a 405 nm laser can be used in 3D 

bioprinting with high cell viability.320 They demonstrated that a 405 nm laser with a 150 

mW laser diode setup can be used to print and encapsulate MCF-7 cells, a breast-cancer cell 

line, in PEGDA (700 Da) with 95% cell viability and up to 50 μm feature resolution.320 As 

they only demonstrated their technique with a robust cancer cell line, future experiments are 

needed to determine the compatibility of visible light laser stereolithography with primary 
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cells, which tend to be more sensitive to cytotoxic stimuli, such as HUVECs, which are 

common for in vitro vascularization studies.

In TPP, a high-powered femtosecond pulse laser is used to solidify regions within a 

photopolymerizable vat in a serial and contactless manner to produce structures with up to 

nanoscale resolutions. This direct 3D laser writing process enables submicrometer feature 

sizes due to the Gaussian nature of light absorption. By employing femtosecond pulsed 

lasers, two or more photons can be simultaneously absorbed to form active species to 

initialize the photopolymerization process.313,321 Because absorption occurs only at the peak 

region of light intensity with highest energy, polymerization is confined within the volume 

of the focused laser beam to achieve submicrometer scale features (<100 nm) and nanoscale 

tolerances.313,322 There are no topological constraints with direct laser writing, therefore 

overhanging structures can be readily fabricated without the need for supportive or 

sacrificial layers. Melissinaki et al. took advantage of TPP’s capabilities to investigate the 

effects of the microscale topology of PLA scaffolds on neuronal guidance and regeneration.
316 They printed a PLA scaffold with 7 μm thick microgroove walls that were spaced 50 μm 

apart for axonal guidance. To ensure uniformity of the microstructures it is critical to have 

laser-synchronized motion such that laser firing is timed appropriately with the motion path, 

which can lead to very long fabrication times (i.e., hours) and is not scalable to 

accommodate the building of larger structures.

8.3. Digital Light Processing (DLP)-Based Printing

In recent years, digital light processing (DLP)-based 3D printing technologies have 

represented a paradigm shift in traditional 3D printing modalities, primarily by drastically 

increasing fabrication speeds and resolution. Rather than operating in a serial manner as 

with conventional inkjet and extrusion printers, an entire plane of the object is fabricated at 

once which substantially decreases the build time.14 The general setup of these printers 

involves a light source, typically UV (i.e., 365 nm) or visible light (i.e., 405 nm), that 

illuminates a DMD chip programmed to project various digital patterns through a set of 

optics into a photopolymerizable vat along with a motorized build platform to control the 

height of the build (Figure 20B). Each micromirror on the DMD chip is representative of 

one pixel in the digital image and thus microscale resolutions as small as 3–5 μm feature 

sizes can be achieved given the appropriate optics. As such, highly complex biomimetic 

structures can be readily generated with physiologically relevant topological feature sizes.

The DLP-based 3D printing process can be classified into two approaches: layer-by-layer or 

continuous. In the layer-by-layer approach, the build regime operates in a sequential fashion 

where a layer is printed and then the build stage is moved to allow unpolymerized material 

to rewet the printing area prior to fabricating the next layer (Figure 20Bi). The structures 

formed using this technique are often not smooth, with limited resolution in the z-direction 

due to the layer-by-layer nature of the build. To circumvent these challenges, the concept of 

using a continuous approach in DLP-based printing systems was developed by Shaochen 

Chen’s group in 2012, where a dynamic optical projection stereolithography (DOPsL) 

fabrication approach was first introduced.14 By synchronizing the projection of digital 

patterns into a photopolymerizable vat with the movement of the build stage, a continuous 
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print regime can be achieved to yield structures with smooth side walls and overhanging 

microstructures in seconds.14 Arrays of various geometric shapes such as curved microwell 

structures, flower patterns, and spiral-like structures were demonstrated within a single 

printed chip measuring 4.6 mm × 3.5 mm.14 The DOPsL noncontact fabrication approach is 

advantageous for the fabrication of soft biomaterials, as the printed part remains stationary 

within the prepolymer vat during the build to prevent collapse or delamination.14 This 

method is ideal for bioprinting biomimetic microtissues that incorporate encapsulated cells 

within soft photopolymerizable hydrogel precursors (e.g., dilute solutions of e.g. PEGDA, 

GelMA, and GM-HA). Moreover, gradient stiffness can also be designed into the printed 

constructs by modulating the light exposure pattern or intensity corresponding to areas of 

lesser or greater cross-linking.14

To accommodate the build of larger complex structures, Joseph M. DeSimone’s group in 

2015 introduced a layerless fabrication technique termed continuous liquid interface 

production (CLIP) as an alternative to additive manufacturing.90 To eliminate the iterative 

layer-by-layer process, this new approach relies on the well-understood oxygen inhibition in 

free-radical polymerization by utilizing an oxygen-permeable window to ensure a thin layer 

of uncured prepolymer is always present at the fabrication window and printed part (Figure 

20Bii).90,323 Because of this continuous process, large centimeter scale structures can be 

produced while maintaining high feature resolution (i.e., <100 μm) without compromising 

fabrication speed to complete a print in minutes compared to conventional nozzle-based 

printing methods which would take hours.323 For instance, this printing approach has been 

utilized in the tissue engineering field to generate highly intricate and complex constructs 

including perfusable multivascular network structures and implantable peripheral nerve 

conduits.94,162 It is noteworthy that this printing approach is more feasible for producing 

stiffer structures (e.g., high concentration biomaterials such as PEGDA) to ensure structural 

integrity and resolution during the build sequence because softer biomaterials cannot support 

themselves and will exhibit collapse and deformation during the movement of the build 

probe. In the context of continuous large-scale fabrication, thermal accumulation at the print 

window in CLIP printing modalities due to the exothermic (often exceeding 120 °C) nature 

of polymerization reactions can result in thermal deformations of the printed material such 

as cracking, warping, and clouding, which when left unmitigated may limit the extent of 

scalability in build volume.324 Thus, rather than utilizing an oxygen permeable window, 

Walker et al. developed a mobile liquid interface containing fluorinated oil that acts to 

reduce adhesion between the printed part and the interface as well as providing direct 

cooling to the entire printing area.324 This technique is termed high-area rapid printing 

(HARP), whereby the photopolymerizable material is situated above a layer of flowing 

immiscible fluorinated oil which ultimately allows the scalable construction of very large 

objects. For instance, the group demonstrated the fabrication of a 38 cm × 61 cm × 76 cm 

object completed in 1 h and 45 min at 100 L/h volumetric throughput.324 Because of the 

nonreliance of oxygen inhibition, this printing technique is also capable of accommodating 

oxygen-sensitive as well as oxygen-insensitive polymeric material systems.324

Until recently, DLP-based 3D printing modalities have been limited to planar printing 

regimes. The concept of implementing volumetric additive manufacturing in 3D printing 

technologies provides a novel strategy to overcome challenges in traditional layer-by-layer 
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approaches such as poor surface quality, limited geometric complexity, and slow fabrication 

speeds. One of the first reports of volumetric build setups was reported by Shusteff et al., 

where complex 3D structures were fabricated via holographic (phase-controlled) beam 

shaping to produce targeted patterns within a prepolymer vat.325 In particular, three 

orthogonally directed light beams intersect and superimpose to offset the limited axial 

resolution from each of the other beam directions.325 As a result, a one-step volumetric print 

can be achieved to construct millimeter scale structures with high spatial resolutions in all 

three dimensions.325 In 2019, Hayden Taylor’s group introduced a volumetric additive 

manufacturing method using DLP technology termed computed axial lithography (CAL).326 

This novel technique enables the generation of various geometries via controlled volumetric 

photopolymerization and was inspired by CT imaging reconstruction technology (Figure 

20C). Images are projected in synchrony with the rotation of a vat containing 

photopolymerizable materials such that the superposition of exposures from multiple angles 

provides sufficient energy to photo-polymerize a discrete voxel of the material into the 

desired geometry.326 A key advantage of this platform is the ability to print using high 

viscosity fluids (up to approximately 90 000 cP) or solids, which are typically challenging 

with other DLP-based printing setups that involve the printed object to move during the 

printing process (e.g., CLIP and HARP).326 Furthermore, the concentration of photoinitiator 

employed in the prepolymer solution must be low enough for light to penetrate the entire 

volume of the prepolymer vat while also being high enough to induce photopolymerization 

within the targeted region. It is also important to note that minimizing the relative motion of 

the object being printed and the prepolymer solution during the rotating process is critical to 

maintain appropriate print resolution, shape, and fidelity. As such, lower viscosity hydrogel 

materials such as GelMA will require thermal gelling prior to printing. With regard to 

bioprinting applications, volumetric printing techniques also provide several advantages for 

fabricating soft hydrogel structures of high geometric complexity rapidly. This is because 

most hydrogel biomaterials appropriate for producing cell-laden constructs are often of low 

modulus (i.e., 1–10 kPa) and therefore difficult to resolve because the forces exerted onto the 

printed object can cause collapse or deformation as with layer-by-layer printing processes. 

Volumetric 3D printing can overcome these challenges because the printed object remains 

stationary and suspended during the print, thus minimal forces are exerted on the object and 

intricate overhanging or hollow patterns can be fabricated in a scalable manner. Bernal et al. 

demonstrated this possibility by printing cellularized gelatin constructs by first 

thermogelling the chondroprogenitor cells and GelMA prepolymer mixture to prevent cell 

sedimentation and ensure positional stability of the printed object.17 Following this, the 

projection of different patterns along multiple rotational angles using a visible (405 nm) 

light source enabled the materialization of a cellularized disc-shape construct such that when 

the unpolymerized material is washed away at 37 °C the recovered cellularized construct 

possessed greater than 85% cell viability.17

9. STRATEGIES FOR CONTROLLING LIGHT-BASED 3D PRINTING 

QUALITY

Light-based 3D printing and 3D printing in general has proven to be a challenge to 

standardize the end-part properties as it can vary depending on a multitude of material and 
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process parameters. Material parameters such as the prepolymer and photoinitiator 

concentrations can be consistently set for synthetic prepolymers, however, naturally derived 

prepolymers are inherently susceptible to batch-to-batch variation which therefore require 

the end user to adjust the printing process per material batch. Additionally, encapsulating 

cells during light-based 3D printing adds additional variability to the printing process that 

requires a good understanding of how to modify print parameters to achieve a desired 3D 

construct with high cell viability. In this section, we will discuss how to determine and 

modify printing parameters based upon the field’s current understanding of 

photopolymerization chemistry and optical engineering. A summary of troubleshooting 

strategies for controlling light-based 3D printing quality and resolution is listed in Table 4.

9.1. Determination of Material Composition

9.1.1. Sensitivity of Photoinitiator.—The quantum yield is a measurement of photons 

emitted in response to a light-absorbing molecule being activated via photon bombardment. 

It is a widely used quantification method for photoinduced reactions in spectroscopy, 

illumination, and analytical chemistry.327 Physically, the quantum yield of a compound is 

defined as the fraction of molecules required to emit a photon after direct excitation by 

sources such heat, electrical current, and light. In many cases, it equals the total number of 

emitted photons from a bulk sample divided by the total number of absorbed photons except 

for reactions that generate photons intrinsically.

Quantum yield of a photoinitiator is an important assessment of its sensitivity and efficiency. 

In the context of laser-induced 3D printing, quantum yield is necessary for setting the 

thresholds for laser action and determining the suitability of materials for specific 

wavelengths. Particularly in biomedical applications, quantum yield of a photoinitiator is a 

critical judgment criterion due to the need to maintain a low irradiation energy for 

preserving cell viability.29 A photoinitiator’s absorption spectrum and its related extinction 

coefficient also affect the overall free radical generation. Even if the photoinitiator has a high 

quantum yield, if it does not have a sufficient absorbance at the irradiation wavelength this 

will result in poor free-radical production.328 For bioprinting, it is especially important to 

use a light source with a non-DNA damaging, cytocompatible spectrum range, which are 

generally considered to be 365 nm and above.29 Additionally, the cytocompatibility often 

requires the photoinitiator to be water-soluble and fully dispersed within a hydrogel system. 

Thus, most photoinitiators suitable for biological applications are limited to hydrophilic 

molecules such as benzylidene cyclanone dyes and eosin Y, which have high quantum yields 

at a low energy light wavelength (~800 nm), or salt-based photoinitiators such as LAP and 

Irgacure 2959, which have high quantum yields and fast conversion kinetics at a high energy 

light wavelength (~400 nm).329

9.1.2. Critical Energy and Penetration Depth.—Critical energy (Ec) and penetration 

depth (Dp) of a polymer are critical material parameters in choosing laser and resin 

composition for 3D printing. They are purely resin-dependent terms which govern 

photopolymerization assuming a Gaussian laser.330,331 Ec and Dp are derived from a Beer–

Lambert relationship describing the penetration of light in a resin as shown in eq 4:332
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Pz = P0e−z/Dp (4)

where Pz is the power of incident light at a certain depth z below the surface. P0 denotes the 

power of light at the surface. Dp is the depth where the intensity of the penetrating light falls 

to 1/e of the surface intensity. Dp is related to the absorbance characteristics of resins, which 

are determined by their material compositions. Physically, the power terms can be converted 

to energy terms and the position z becomes the cure depth. After transformation the equation 

becomes

Cd = Dp ln E0
Ec

(5)

Eq 5 is also called the working curve equation. Cd refer to the depth/thickness of cured resin, 

E0 is the energy of incident light at surface, and Ec is the critical energy required to initiate 

polymerization. Practically, by log-plotting Cd against different E0 values, a straight line 

should be produced with a slope of Dp and an x-intercept of Ec. Determining these 

parameters for a given prepolymer solution will help users to optimize the printing process 

such as laser intensity and exposure time to achieve desired resolutions. Particularly, for high 

resolution SLA and DLP-based printing with fine z resolutions, the users need Ec and Dp to 

minimize thickness of each layer and choosing the appropriate light intensity, scan speed, 

and z-axis motion speed to optimize the curing conditions.

9.2. Light Exposure Dose

The effective exposure dose is a product of the exposure time and energy density of the light 

source. The exposure time is controlled by setting how long the light exposure will project 

on the printing region. The energy density can be proportionally manipulated by adjusting 

the output light intensity. The exposure dose needs to be optimized for any change in 

material (see section 9.1.2). Once optimized for a material, it can be adjusted within an 

experimentally determined range to adjust cross-linking density for the photopolymerization 

of (meth)-acrylate-based mechanisms and thereby tune for mechanical and physical 

properties of the hydrogel.

9.2.1. Light Exposure Time.—Light exposure coupled with photoinitiator chemistry 

governs the kinetics of photopolymerization initiation. It is important to choose the correct 

wavelength of light to maximize the photoinitiator absorbance to decrease the exposure time 

for rapid printing. However, for bioprinting, it is necessary to also consider the effect of 

shorter wavelength light (i.e., deep UV) on cell viability and DNA damage.29 The effective 

light exposure is a product of the total exposure time and energy density of light. For a given 

energy density of light (i.e., determined by the power of the light source), one can tune the 

exposure time to control the photoinitiation and production of free radicals, whose 

spatiotemporal concentration will determine the degree of photopolymerization and/or 

photo-cross-linking. This in turn will directly affect the resulting cross-link density, the 

average molecular weight between cross-links, the pore size and porosity, and mechanical 

properties such as stiffness.
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9.2.2. Light Power.—The light power is dependent on the light or laser source. By 

controlling the voltage supplied to the light source, one can adjust the light intensity. For the 

same effective exposure dose, a lower light intensity would require a longer exposure time. 

Thus, sometimes it is advantageous to use a lower light intensity to have greater tunability of 

the hydrogel properties by having a larger exposure-time range for acellular prints. For 

bioprinting, using the highest cytocompatible light intensity allows one to use the minimum 

necessary exposure time to reduce prolonged cell exposure to free radicals.

9.2.3. Effects on Mechanical and Physical Properties.—By modifying the 

exposure dose, one can control the degree of photo-cross-linking that directly corresponds to 

the mechanical properties, which is typically characterized by measuring the stiffness and 

the physical properties (e.g., pore size) of a hydrogel. Zhu et al. were able to increase the 

modulus of a PEGDA–GelMA composite hydrogel by a factor of 2, from 2 MPa to over 4 

MPa, by increasing the energy density of the irradiated light by a factor of ~2.5.162 On the 

other hand, Garcia-Lizarribar et al. maintained the same light intensity but modified the 

exposure time from a minimum of 5 s exposure to 25 s, and the modulus of both GelMA and 

GelMA–AlgMA hydrogels increased by a slightly lower factor of ~1.5. Interestingly, the 

GelMA–PEGDA hydrogel stiffness did not appreciably increase upon the increased 

exposure time, though it is unclear why this occurred. Increasing the cross-linking density 

leads to a denser hydrogel and thus a lower average pore size. For cell seeding, the cells may 

be able to handle a lower pore size, but for bioprinting, an average pore size of less than the 

diameter of the cell (e.g., less than 20 μm) will have a negative effect on cell viability.305 

This highlights the key need to balance the appropriate stiffness of the hydrogel with the 

appropriate pore size and porosity because for most hydrogel formulations these factors 

interdependent.

9.3. Post-Cure Process

Providing a secondary cure step, either by thermal methods or UV irradiation, after printing 

is a common procedure for light-based 3D printing as the free-radical chain growth 

polymerization generally has a gel point of relatively low conversion.333 Therefore, the 

printed material will solidify much sooner before the photopolymerization process is 

complete. In this case, the additive manufacturing field refers to the as-is printed part as a 

“green” part. If a biomaterial requires enhanced mechanical properties to function (e.g., for 

an orthopedic application), a postcure process will finish the photopolymerization reaction 

of the green part, resulting in the final part. Salmoria et al. has shown that for an epoxy resin, 

UV, microwave, and oven postcure processes all led to an increase in elastic modulus, 

ultimate tensile strength, and fracture strength.334 The strain at break decreased by 1–2% as 

a stiffer structure is less capable of damping the energy of deformation as compared to the 

green part. For bioprinting, it is less common to include a postcure step as it may negatively 

affect the cell viability. However, some groups have implemented an enzymatic cross-linking 

step using microbial transglutaminase either before or after UV cross-linking as a way to 

modulate the mechanical properties of GelMA in a noncytotoxic manner.335,336
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9.4. Factors Affecting Print Resolution

The fabrication resolution is a critical index to evaluate a 3D printing method. In this 

section, we will discuss critical factors affecting resolution relevant to DLP-based 3D 

printing modalities. Because of the propagating nature of light in a wide-field optical 

microscope, it is easier to achieve fine resolution in the lateral direction (i.e., perpendicular 

to the propagation direction of light) than in the axial direction (i.e., along the propagation 

direction of light). Similarly, plane-projecting methods also feature anisotropic fabrication 

resolution. As such, we can use the lateral resolution and the axial resolution to characterize 

the fabrication resolution of plane-projecting methods.

Lateral resolution determines the finest feature size on the x−y plane (i.e., the plane 

perpendicular to the light propagation direction, which is also the horizontal plane in the 

real-world coordinates). Axial resolution determines the finest overhanging layer thickness 

in the z direction (i.e., along the light propagation direction, which is also the vertical 

direction in the real-world coordinate). Ideally, the lateral resolution is determined by the 

size of micromirror on the DMD chip and the magnification of the projecting optics, 

whereas the axial resolution is determined by the positioning resolution of the vertical stage. 

However, there are a few inherent physical factors that can also affect the lateral and axial 

resolution, including Abbe diffraction limit, aberration, material absorption, light scattering, 

and molecular diffusion. The influence of these factors can be negligible in macroscale 3D 

printing, yet they have substantial influence on microscale resolution.

9.4.1. Diffraction Limit.—Though an optical projection system with greater 

demagnification results in finer lateral resolution, infinitely fine resolution is not achievable. 

The diffraction limit is due to the wave nature of light and, consequently, is an inherent 

resolution limit. A light beam cannot be focused into an infinitely small point by an optical 

system. Instead, an Airy disk will be formed. According to Rayleigh’s criteria, the resolution 

limit of the optical system is half of the diameter of the Airy disk, which is around 

0.61λ/NA, where λ is the wavelength of light and NA is the numerical aperture of the lens.
337

Plane-projection 3D printers commonly use near-UV light. A small numerical aperture lens 

is used in order to have a sufficient field-of-view. Assuming that λ = 405 nm and NA = 0.05, 

then the resolution limit based on the Airy disk calculation is 4.05 μm. A finer diffraction 

resolution limit can be achieved by using a lens of higher numerical aperture or using a light 

source of shorter wavelength. By utilizing two-photon absorption phenomenon, two-photon 

photopolymerization laser direct writing method can achieve a lateral resolution down to 

100 nm.338 Inspired by stimulated emission depletion microscopy (STED),339 super 

resolution laser direct writing methods that can bypass the diffraction limit are also reported.
85,340,341 These methods use a normal Airy disk to initiate photopolymerization, while a 

donut-shaped focal spot of another wavelength is used to inhibit photopolymerization, which 

reduces the effective photopolymerization area.

9.4.2. Optical Aberrations.—Optical aberration is an important factor that can affect 

the resolution. There are two classes of aberrations, including monochromatic aberrations 
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and chromatic aberrations. Both aberrations result in imperfect imaging and leads to 

deteriorated resolution. A well-designed objective lens, which contains multiple lens 

elements, can reduce the influence of aberrations but also greatly increases the cost. Using a 

narrow-spectrum light source such as single-color LED or laser is another way to avoid 

chromatic aberrations. Applying a smaller aperture to the imaging lenses is a simple and 

low-cost method to reduce the aberrations, however, the Abbe diffraction limit worsens as 

the aperture gets smaller.

9.4.3. Light Penetration Depth.—The light penetration depth plays an important role 

in deciding the axial resolution. Light decays exponentially along the propagation direction 

due to absorption according to the Beer–Lambert Law. The light penetration depth is defined 

as the inverse of the absorption coefficient. Prepolymer material subjected to exposure above 

the photopolymerization threshold will polymerize. As the light intensity decays along the 

propagation direction, photopolymerization only happens in the surface layer. Here we 

define the curing depth as the same as the light penetration depth, which is also the axial 

resolution of the 3D printer.

Material absorption can also affect the lateral resolution. Upon light exposure, a layer of a 

certain thickness is polymerized. If the curing depth is greater than the optical depth of 

focus, then the out-of-focus plane will also polymerize, resulting in a deteriorated lateral 

resolution. To improve the axial resolution, the absorption coefficient of the prepolymer 

material should be increased. This can be achieved by using high-absorption photoinitiators, 

increasing photoinitiator concentration, or doping light-absorbing additives such as 

tartrazine, HMBS, TINUVIN 234, and food dye.94,162,342 Common prepolymer materials 

have a curing depth of around 100 μm ~ 1 mm. By doping absorptive additives, the curing 

depth can be reduced to tens of micrometers.

A recently reported technique by You et al. can further reduce the light penetration depth to 

submicrometer scale by projecting patterns onto the glass–air interface of a prism where 

total internal reflection occurs.343 This technique utilizes the attenuation of evanescent wave 

instead of the attenuation caused by absorption to control the curing depth. To prevent lateral 

resolution deterioration caused by out-of-focus plane polymerization, the curing depth 

should be smaller than the depth of focus. The depth of focus can be calculated by 

dDoF = δ
NA , where δ is the required resolution and NA is the numerical aperture. If the 

projection optics has a numerical aperture of 0.05, and 5 μm lateral resolution is required, 

then the depth of focus dDoF is 100 μm. Hence, the material absorption should be strong 

enough to ensure the curing depth dz < dDoF = 100 μm.

9.4.4. Light Scattering.—Light scattering can significantly deteriorate the fabrication 

resolution and fidelity. An optically clear media allows projecting a sharp pattern, however, 

an opaque media can scatter light and blur the projected pattern. Although optically clear 

materials are desirable for photopolymerization-based 3D printing, some optically scattering 

materials are widely used in making functional devices. For example, micro/nanoparticles 

can be added into a polymeric material to achieve certain physical, chemical, electrical, or 

mechanical properties, while cells can be incorporated to achieve biological activity. All of 
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these particles can contribute strongly to light scattering effects and hinder printing 

resolution. Similarly, some pure polymeric materials themselves can also be intrinsically 

light scattering. The effect of light scattering is difficult to eliminate if an opaque material is 

used. A simple practice to mitigate is to increase the material absorption by doping with 

light-absorptive additives.94

Light scattering has a negative effect on the resolution when the projected light scatters due 

to the presence of the newly printed solid. To address this process-dependent scattering 

affect, it is necessary to understand the kinetics of photopolymerization, which can be 

divided into three distinct stages: initiation, propagation, and termination. However, viscous 

and vitrification effects in bulk polymerization often result in incomplete functional group 

conversion. Therefore, a more dynamic model than standard free-radical polymerization 

kinetics is necessary. In this case, it is worthwhile to study the diffusion-controlled free-

volume dependence of both the propagation and termination from a single set of kinetic data 

both by mathematical simulation and experimental investigation. Goodner et. al elucidated 

the relation using a homopolymerization system composed of 2-hydroxyethyl methacrylate 

(HEMA) for linear polymerization and diethylene glycol dimethacrylate (DEGDMA) for 

cross-linked polymerization, both using 2,2-dimethoxy-2-phenylacetophenone (DMPA) as 

the photoinitiator.344 The study revealed three regimes during linear polymerization: non-

diffusion-limited propagation and termination, autoacceleration and autodeceleration, and an 

additional reaction-diffusion termination without propagation limitations between 

autoacceleration and autodeceleration steps in cross-linked polymerization. They found that 

postexposure curing occurred during the last three stages where the light source was off, yet 

the polymerization continued. These findings are important in defining 3D printing 

parameters as well as improving printing fidelity.345

A recent study by You et al. has shown that resolution deterioration caused by light 

scattering can be avoided by using flashing photopolymerization: if the prepolymer material 

is a homogeneous and optically clear solution before polymerization and only becomes 

opaque after polymerization.345 This technique uses short (~10 ms) and intense flashes to 

induce photopolymerization. During the exposure period, free radicals are generated but the 

material is still barely polymerized and thus light scattering is absent. After the exposure, 

polymerization continuous to proceed in the dark and finally the material solidifies and 

opacifies.

The effect of light scattering can also be mitigated by optimizing the projected digital masks. 

By using masks that are not identical to the target structure, the effect of scattering can be 

compensated. A machine learning approach can be used to calculate the optimized masks.346 

Instead of using binary digital photomasks which are identical to the targeted printing 

structure, grayscale photomasks which are not identical to the target are used. These 

grayscale masks can compensate and counterbalance the effect of scattering and thus 

improve the fabrication fidelity and resolution. The convolutional neural network-based 

artificial intelligence (AI) is trained with randomly generated masks and their corresponding 

printed structure. After training, the AI could output the grayscale masks for a targeted 

printing structure.
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9.4.5. Molecular Diffusion.—Although free radicals are only generated within the light 

illuminated region, the free radicals and propagating chains can diffuse out of the 

illuminated region and cause unwanted polymerization. According to Fick’s laws of 

diffusion, the diffusion length can be estimated by L = 2 Dt, where D is the diffusivity and t 
is the free-radical lifetime. To reduce the diffusion length, we can either use high viscosity 

materials, which have lower diffusivity, or dope a free-radical quencher such as TEMPO to 

reduce the free radical lifetime.342,347

10. FUTURE OUTLOOK

It is envisioned that future 3D printing systems will continue to evolve as a fundamental 

instrument for advanced fabrication and the automation of these processes is necessary to 

drive scalable production in major areas such as the biomedical, automotive, robotics, and 

manufacturing industries. This brings an important innovative direction where neural 

network-based artificial intelligence (AI) is now beginning to be integrated into current 

workflows to improve precision and enable automated 3D printing. This is a particularly 

useful and powerful strategy, as current methods still rely on manual trial-and-error inputs of 

different parameters (e.g., light intensity, exposure time, power) to produce the desired print. 

As the biomaterials library expands and the incorporation of nanoparticles, cells, and other 

components are used, these factors will ultimately introduce difficulties and time delay in 

fabrication as users will need to optimize printing parameters for each unique formulation 

and for every chosen design. By applying machine learning approaches, AI can help solve 

these technical issues and alleviate much of the guessing work for users in the future as well 

as facilitate the throughput, consistency, and industrial application of 3D printing 

technologies.

Another area gaining attention is the concept of 4D printing in which time is integrated into 

3D printing to enable responsive changes in shape or functionality of the printed objects 

over time due to an external stimulus (e.g., pH, temperature, magnetic field, water). This is 

particularly interesting in the context of biomedical applications as 3D bioprinted structures, 

especially in the case where cells or bioactive factors are incorporated, can be considered as 

a dynamic rather than static construct that will continue to change and evolve with time 

postprinting.352 The ability to incorporate programmable functionality within complex 

systems provides a means to create higher level constructs capable of reacting to 

environmental changes such that they may be considered as pseudo “living” systems. For 

example, Gladman et al. fabricated composite hydrogel structures mimicking plant-like 

architectures which change shape upon immersion in water due to encoded localized 

anisotropic swelling.353 This was accomplished by controlling the orientation of printed 

cellulose fibrils within the composite hydrogel to pattern regions of elastic and swelling 

anisotropies which allows for predictable shape memory properties. In addition to geometric 

changes, 4D printing can also be viewed as an approach to enable scaffolds to possess 

functional transformation and allow cell/tissue maturation over time postprinting. This 

concept extends from the fact that biomimetic constructs can be programmed to mimic 

constituents of the native extracellular matrix microenvironment to guide and promote the 

proliferation and differentiation of stem cells during culture. For instance, Miao et al. used a 

photolithographicstereolithographic tandem fabrication technique to form hierarchical 
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biomimetic 4D micropatterned topographies to regulate cardiomyogenesis of seeded human 

MSCs using smart soybean oil epoxidized acrylate (SOEA) bioinks.354 Furthermore, 4D 

bioprinting can also be useful to recapitulate the complexities of native tissues to produce 

models that accurately simulate in vivo processes for understanding developmental stages. 

Expanding this concept to the neural field, Esworthy et al. proposed that 4D bioprinting 

could be used to produce tissue models that mimic the in vivo cortical folding process by 

recapitulating physiologically relevant stresses through controlled timing and folding of the 

printed construct.355 Despite these advances, a limitation in 4D printing technologies is the 

lack of stimuli-responsive biomaterials that are compatible with 3D printing processes and 

meet the requirements of having dynamic capabilities.

In general, a key bottleneck regarding the utility of 3D printing systems depend heavily on 

the availability of compatible biomaterials that suit the vast array of research applications. 

We believe that this review will help provide a useful framework for researchers in biology, 

chemistry, materials science, and bioengineering to rationally design novel biomaterials and 

expand the biomaterials library for 3D printing. We also highlighted methods to overcome 

commonly encountered fabrication challenges associated with light-based 3D printing from 

the perspective of biomaterial formulation and printer system parameters. With regard to the 

continued advancements in light-based 3D printing technologies, recent developments are 

trending toward voxel-based printing strategies to greatly improve upon the throughput, 

scalability, and resolution achieved with current light-based printing processes. In summary, 

the application of these next-generation systems to accommodate cell-based printing will 

involve a combination of ingenuity across multiple disciplines, including materials science, 

optical engineering, biology, and medicine, to further drive future innovative breakthroughs 

in tissue engineering and regenerative medicine.

11. CONCLUSIONS

Over the years, 3D printing technologies have quickly evolved into advanced systems for the 

fabrication of highly complex structures for biomedical applications. This new additive 

manufacturing approach for the development of novel scaffolds, tissue and organ substitutes, 

as well as medical implants has transformed many fields as an effective tool to facilitate 

innovative research directions not achievable with traditional biofabrication methods. A 

strong advantage of 3D printing is the ability to directly control the deposition of cells and 

supporting materials to fabricate geometrically intricate biomimetic structures in a rapid and 

scalable fashion. Presently, there are several different 3D printing modalities actively 

employed in tissue engineering and regenerative medicine that encompass nozzle-based as 

well as light-based platforms. Nozzle-based platforms, such as extrusion and inkjet 3D 

printers, remain a popular choice for biofabrication as the printing process is ideally suited 

to support living cells in addition to its ease of use, low cost, and compatibility with a wide 

range of biomaterials. Several pertinent reviews in literature have covered the application of 

nozzle-based printers in detail, however, there are few papers that comprehensively review 

the utilization of light-based 3D printing in biomedical engineering. As such, the aim of this 

article was to provide a detailed overview on the application and advancement of light-based 

3D printing as well as the recent developments in photo-cross-linkable biomaterials to 

address the increasing adoption of light-based 3D printing technologies.
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Considering the interdependent relationship between biomaterial formulation and 3D 

printing modality, both of which dictate the success of the intended printed part and 

feasibility of the printing process, we first provided an in-depth discussion on commonly 

used photoreactive biomaterials suited for light-based 3D bioprinting applications. These 

biomaterials all have the following in common: (a) they are optically clear (i.e., the 

prepolymer solution does not strongly scatter nor absorb light), (b) they are in solution at the 

operational temperature, and (c) the material can be functionalized (e.g., GelMA and 

PEGDA). The light-based 3D printing process involves photoinduced polymerization either 

by free-radical chain-growth or orthogonal step-growth mechanisms, thus gaining an 

understanding on how to control polymerization kinetics is critical in achieving high-shape 

fidelity and resolution in light-based 3D printing. Here, we summarized several 

photoinhibiting methods such as using dual-light wavelengths of activation to independently 

control photoactivation and photoinhibition, incorporation of photoinhibitor species like o-

Cl-HABI and TETD, as well as the addition of free radical quenchers (e.g., TEMPO) to 

reduce photopolymerization rates. Similarly, photoabsorbing molecules can also be 

employed to attenuate light at specific wavelengths to improve pattern conformity. Examples 

include compounds such as food dyes (e.g., tartrazine), gold nanoparticles, and HMBS. 

Photolabile chemistries typically used in polymeric systems was also discussed as strategies 

to introduce photocontrolled activation of biomolecules to further expand the functionality 

polymers. These include the modification of the prepolymer with photolabile molecules such 

as o-nitrobenzyl and coumarin-4-yl ester moieties among others. Following this, we outlined 

the properties and utility of photo-cross-linkable natural, synthetic, and composite 

biomaterials that are well-suited for light-based 3D printing in tissue engineering and 

regenerative medicine applications.

Concurrent with development of photo-cross-linkable biomaterials, we next underlined the 

key developmental milestones of light-based 3D printer platforms. Namely, light-based 3D 

printers can be classified into hierarchal printing modalities ranging from serial to planar to 

volumetric build regimes. Here, we focused on the latter two modalities that are enabled by 

DLP-based technology as they have been most frequently employed in literature due to their 

superior micrometer-scale resolution, rapid fabrication speeds on the order of seconds to 

minutes, and scalability. Altogether, these features make it ideal for cell-based bioprinting 

applications. Primary examples of advanced light-based 3D printer modalities are dynamic 

optical projection stereolithography (DOPsL), continuous liquid interface production 

(CLIP), and computed axial lithography (CAL) were discussed. This review also provides a 

comprehensive guide for researchers looking to improve fabrication quality while also 

providing a basic understanding of the theoretical and practical aspects of light projection to 

enable standardized optimization of system parameters concerning these 3D printers. More 

specifically, several key variables that affect the outcome of the printed construct were 

discussed in detail. For instance, material composition (e.g., photoinitiator sensitivity, 

critical energy, and depth of penetration of the polymer), light exposure dosage (i.e., 

duration and power), postcuring processes, and optical properties (e.g., diffraction limit, 

optical aberrations, light penetration depth, scattering effects, and molecular diffusion) all 

contribute to the resulting quality of the printed structure. Recognition and understanding of 
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the independent effects of each of these parameters is valuable in the future design and 

engineering of improved next-generation light-based 3D printers.
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Figure 1. 
Overview of biomaterials selection criteria for light-based 3D printing in tissue engineering 

and regenerative medicine applications.
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Figure 2. 
Free radical initiated thiol–ene click chemistry reaction mechanism. Propagation occurs in 

mechanism I. The initiator free radical abstracts the thiol hydrogen, producing a thiyl radical 

that attacks the alkene double bond. Chain transfer occurs in mechanism II. The thiyl radical 

is regenerated by the alkyl radical abstracting a free thiol hydrogen, which under the right 

reaction conditions will occur much more often than attacking another alkene double bond. 

The thiyl radical can now continue to propagate the thiol–ene reaction. Reproduced with 

permission from ref 60. Copyright 2017 Elsevier.
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Figure 3. 
Effect of alkene group selection on thiol–ene reaction kinetics. (A) Theoretical computation 

of the kinetics of the thiol–ene reaction dependent on the reactivity of the chosen alkene 

group. Norbornene is a popular alkene candidate for thiol–ene reactions due to its superior 

reaction rate. Methacrylate, the common reactive group for chain-growth 

photopolymerization, has a starkly slow thiol–ene kinetics, with the alkene conversion well 

below 50% even after a 10 h reaction time. (B) Descending list of alkene group reactivity 

based on the theoretical kinetics model. Reprinted with permission from ref 67. Copyright 

2012 American Chemical Society.
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Figure 4. 
Depiction of hydrogel network formation depending on cross-linking mechanism and the 

resulting degree of inhomogeneity. (A) Free-radical chain growth polymerization of 

monomers and cross-linkers leading to spatial inhomogeneity within the network 

architecture. (B) Network formation via cross-linking of reactive functional side groups of 

the polymer chains in a semidilute solution, leading to local inhomogeneity. (C) Orthogonal 

step-growth polymerization resulting in a mostly ordered, homogeneous network. 

Reproduced with permission from ref 78. Copyright 2017 Elsevier.
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Figure 5. 
Photolysis mechanism of o-nitrobenzyl (R1 = H) and nitrophenylethyl (R1 = methyl).
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Figure 6. 
Various tissue constructs bioprinted with naturally derived biomaterials. (A) Schematic and 

bright-field image of a cantilever cardiac tissue model bioprinted with GelMA for measuring 

the cardiac contraction force. Scale bar: 500 μm. Reproduced with permission from ref 117. 

Copyright 2019 Elsevier. (B) Fluorescence and bright field images of a biomimetic 

multicellular liver tissue model bioprinted with GelMA and GM-HA for drug testing. Scale 

bars: 500 μm. Reproduced with permission from ref 15. Copyright 2016 National Academy 

of Sciences. (C) Digital designs and bright field images of biomimetic heart and liver tissues 

bioprinted with tissue-specific dECM bioinks. Scale bar: 1 mm. Reproduced with 

permission from ref 152. Copyright 2019 Elsevier. (D) Fluorescence and bright field images 

of a hepatic cancer model bioprinted with liver dECM bioink to recapitulate various stages 

of fibrotic liver disease. Scale bars: 500 μm. Reproduced with permission from ref 123. 

Copyright 2018 Elsevier.
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Figure 7. 
Various 3D printed PEG-based hydrogel structures for cell biology. (A) 3D printed PEGDA 

patterns (from left to right: stripes, symmetric forks, and asymmetric forks) for investigating 

the impact of cellular alignment and stress on ADSC differentiation. Scale bars: 100 μm. (B) 

Immunofluorescent staining of smooth muscle α-actin revealing the cell alignment and 

myogenesis on the three PEGDA patterns. (A,B) Reproduced with permission from ref 172. 

Copyright 2013 Elsevier. (C) 3D printed microwells with various shapes for multicellular 

spheroid and embryoid body culture. Reproduced with permission from ref 14. Copyright 

2012 Wiley-VCH. (D) Nature-inspired fractal patterns for investigating cell organization 

behaviors. Reproduced with permission from ref 177. Copyright 2016 American Chemical 

Society. (E) 3D printed web structures with microscale units featuring positive and negative 

Poisson’s ratios. Reproduced with permission from ref 179. Copyright 2013 Wiley-VCH.
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Figure 8. 
Various 3D printed PEG-based hydrogel structures for tissue engineering and regenerative 

medicine. (A) 3D printed biomimetic spinal cord scaffold with microchannels for complete 

rat spinal cord transection. (B) 3D printed spinal cord scaffold based on MRI of human 

spinal cord injury. (A,B) Reprinted with permission from ref 16. Copyright 2019 Springer 

Nature. (C) Various 3D printed nerve guidance conduits (NGCs) for peripheral nerve 

regeneration. (D) 3D printed human life-size facial NGC. (C,D) Reproduced with 

permission from ref 162. Copyright 2018 Elsevier.
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Figure 9. 
3D printed Nor-PGS as (A) open-lattice cube, (B) nose, and (C) ear shaped structures. 

Reproduced with permission from ref 223. Copyright 2017 Royal Society of Chemistry.
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Figure 10. 
Polymerization mechanism of polyurethanes. (A) One-stage polymerization where polyols/

polyamines and chain extenders react with excess diisocyanates simultaneously. (B) Two-

stage polymerization where polyols/polyamines react with diisocyanates first, followed by 

an additional reaction with the chain extenders.
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Figure 11. 
Common diisocyanates used in large-scale polyurethane productions.
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Figure 12. 
Common oligodiols used in polyurethane production, including polyether, polyester, and 

polycarbonate-based oligodiols. The nature of oligodiols used will determine the properties 

of polyurethane synthesized.
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Figure 13. 
Schematic drawings explaining the difference in polymer chain structures between 

thermoplastic and thermosetting polyurethanes. Thermoplastic polyurethanes will have 

higher backbone flexibilities, whereas thermosetting polyurethanes are generally more rigid. 

Reproduced with permission from ref 244. Copyright 2015 Multidisciplinary Digital 

Publishing Institute (MDPI).

Yu et al. Page 84

Chem Rev. Author manuscript; available in PMC 2021 October 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 14. 
Hard and soft segment distribution in PU. Reproduced with permission from ref 245. 

Copyright 2011 Elsevier.
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Figure 15. 
Schematic of different types of nanomaterials that can be used to form nanocomposite 

hydrogels.
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Figure 16. 
(A) Optical images of CNT/GelMA prepolymer solutions showing increasing optical density 

with increasing CNT concentration. (B) High resolution transmission electron microscopy 

image of well-dispersed 0.5 mg/mL CNT/GelMA prepolymer solution. (C) UV–vis 

adsorption spectra of prepolymer solutions. Absorption at 365 nm increases with increasing 

CNT concentration. (D) Fluorescence images of micropatterned CNT/GelMA hydrogels. 

CNTs functionalized with FITC for visualization. Scale bar: 300 μm. Reproduced with 

permission from ref 268. Copyright 2012 American Chemical Society.
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Figure 17. 
3D printed microfish. (A) Energy-dispersive X-ray spectroscopy showing 3D microfish with 

different nanoparticles localized at the head, tail, and body. (B) Fluorescent image of the 

microfish after detoxification of a melittin solution. (C) Time-lapse images of the microfish 

performing sharp turns with magnetic guidance. (A–C) Reproduced with permission from 

ref 280. Copyright 2015 Wiley-VCH.
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Figure 18. 
(A) Schematic of the mechanism of hydroxyapatite (HA) formation in the GelMA network. 

(B) Schematic of printing setup. HUVECs encapsulated in the prepolymer system were first 

micropatterned, followed by MG63 cells encapsulated into the prepolymer system. The 

printed rings are then assembled in a modular fashion into tubes. (C) Characterization of 

osteon-like double-ring modules. Phase-contrast images of micropatterned print of single 

unit as well as a full tube assembly. (D) Confocal image of cells in the structure at day 7. (E) 

Fluorescent image of the tube under rhodamine (red) perfusion. (F) Schematic of the cortical 

bone used as inspiration for print. Reproduced with permission from ref 285. Copyright 

2015 American Chemical Society.
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Figure 19. 
3D printed liver detoxification device. (A) Fluorescent image of 3D printed liver-inspired 

detoxification device with polydiacetylene nanoparticles encapsulated in PEGDA. (B) 

Scanning electron microscope image of this detoxification device. Scale bar: 50 mm. (C) 

The liver-inspired detoxification device demonstrated higher neutralization efficiency than 

the slab control. (A–C) Reproduced with permission from ref 290. Copyright 2014 Springer 

Nature.
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Figure 20. 
Classification of light-based 3D printing modalities. (A) Primary configuration involves 

serial deposition of biomaterials in dot-by-dot or line-by-line fashion. (B) Secondary 

configuration involves planar build via digital light processing (DLP)-based projection of 

patterns into a biomaterial vat. (C) Tertiary configuration involves volumetric build via DLP-

based projection of patterns into a rotating biomaterial vat.
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Scheme 1. 
General Initiation (A,B), Propagation (C,D), and Termination (E) Chemical Reactions for 

Free Radical Polymerization
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Scheme 2. 
(top) Generalized ATRP Reaction Mechanism; (bottom) Generalized Reverse-ATRP 

Reaction Mechanism
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Scheme 3. 
Generalized RAFT Reaction Mechanism
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Table 4.

Troubleshooting Strategies to Control Printing Resolution

problem potential solutions ref

poor z resolution due to light penetration i. doping a dye 94,323,348

ii. using an evanescent field 343

poor resolution due to scattering i. doping a dye 94,323,348

ii. flash exposure 345

iii. mask optimization for printing and material 
parameters

349

poor resolution due to diffusion i. using TEMPO 342

ii. increasing viscosity 350

poor resolution due to aberration i. decreasing NA 337

ii. using a narrow-spectrum light source

poor resolution due to diffraction limit i. increasing NA 337

ii. using a shorter wavelength

poor x−y resolution due to out-offocus plane polymerization (i.e., caused by 
poor z-resolution)

i. doping a dye 94,323,348

ii. increasing NA 337

slow (solution) refill causing defect for continuous printing i. decreasing viscosity 89

ii. decreasing speed

iii. increasing deadzone thickness

poor resolution due to exposure dose/energy density i. modifying speed/exposure time 351

poor x−y resolution due to pixel resolution i. modifying optical magnification 162
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