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Abstract

The demand for synthetic biomaterials in medical devices, pharmaceutical products and, tissue 

replacement applications are growing steadily due to ageing population worldwide. The use for 

patient matched devices is also increasing due to availability and integration of new technologies. 

Applications of additive manufacturing (AM) or 3D printing (3DP) in biomaterials have also 

increased significantly over the past decade towards traditional as well as innovative next 

generation Class I, II and III devices. In this review, we have focused our attention towards the use 

of AM in surface modified biomaterials to enhance their in vitro and in vivo performances. 

Specifically, we have discussed the use of AM to deliberately modify the surfaces of different 

classes of biomaterials with spatial specificity in a single manufacturing process as well as 

commented on the future outlook towards surface modification using AM.
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1. Introduction

Since its advent in the mid 80’s, rapid prototyping (RP) or solid freeform fabrication (SFF) 

has gained significant interest in both research and industrial applications for biomedical and 

pharmaceutical products. Researchers and product designers use these technologies to 

quickly test and iterate prototypes designs; to model with a high degree of customization. 

While prototyping is almost always a low-throughput phase of development, there is a push 

to bring RP to its full manufacturing potential. The idea that full production can be done 

with RP is defined as additive manufacturing (AM). The distinction is that an AM part not 

only mimic the shape and size, but also has the mechanical and chemical properties to be 

functional for end use.

In early industry applications, AM techniques were employed as a way for manufacturers to 

quickly produce prototypes prior to expensive retooling or slow tool room design [1]. More 

recently, AM has gained interest as a way to create novel or patient-specific biomedical 

devices in fields such as biotechnology, healthcare, and pharmaceuticals. New designs and 

modifications of implants, prostheses, drug delivery systems (DDS) that were previously 

impossible to manufacture under traditional methods are quickly becoming available with 

the advancement of AM [2].

1.1. Aim of Surface Modification

While bulk properties may initially determine material suitability for an application, the 

physical aspects of the material surface as well as the chemistry are paramount to the 

function of many biomedical devices. Surface modification falls under two categories: 

physical and chemical. Physical modification results in a change in the topography or 

morphology of the surface with little to no change in the chemistry, such as etching, grit-

blasting, and machining. Well-established chemical techniques include plasma and chemical 

vapor deposition, atomic layer depostion, and electro-chemical deposition [3], [4], [5], [6]. 

Chemical treatment can result in oxideing/nitriding/carbiding a surface, surface 

functionalization, ion infusion, single layer coatings, or coatings comprising many layers of 

different compositions [7], [8], [9]. The goal of modifying the surface of a biomaterial is to 

create a specific chemical and physical environment that offers a favorable cellular response 
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in hard or soft tissue. In cases where tissue integration is desired the physical environment 

includes macro, micro, and even nanoscale features that allow for cells to adhere, proliferate, 

and migrate. However, it is important to note that in some instances, textured surfaces are 

detrimental to the function of the device such as articulating surfaces or cardiovascular 

devices.

At the root, tissue integration can be achieved by initiating specific protein adsorption that 

leads to ECM formation or by providing a surface that acts as a simulated ECM. The 

specific proteins and glycosaminoglycans (GAGs) within the ECM play an important role in 

creating an environment for the targeted cells to adhere, proliferate and differentiate [10], 

[11], [12]. In some cases, the implant of interest is cultured with cells in vitro to develop a 

natural ECM and then decellularized prior to implantation, leaving behind a scaffolding for 

host cells to grow into. It should be noted that the body is also capable of creating an ECM 

around the implant surface, but without the proper chemistry or physical cues such as 

surface texture to facilitate cell recruitment and proper host tissue integration, the result is 

the haphazard adsorption of proteins that mark the biomaterial as a foreign body [13], [14], 

[15]. Implantation generally initiates a very specific inflammatory response, called the 

foreign body response (FBR). In the last stages of the FBR, macrophages can develop into 

foreign body giant cells and granulation tissue comprised of fibroblasts, macrophages, and 

new vascular tissue develops into a fibrous encapsulation, or scar tissue, surrounding the 

implant [14]. Figure 1 illustrates how microscopic topography and porosity can promote cell 

adhesion, and cause tissue to mechanically interlock with the device. It has been shown that 

topographical cues may bear more influence on cellular alignment and activity than varying 

chemistry. Smooth muscle cells were shown to have similarly increased alignment and 

decreased proliferation on micro/nano patterned poly(methyl methacrylate) (PMMA) and 

poly(dimethylsiloxane) (PDMS) substrates, even after the addition of a collagen coating 

[16]. Additionally, the use of both chemical and these topographical cues can work 

synergistically to direct cell growth [17], [18].

Augmenting and utilizing initial protein adsorption is a common approach to decrease 

inflammation and promote favorable biological responses. In the early 90’s, a process called 

layer-by-layer (LbL) was developed that used polyelectrolyte solutions to create complex 

surface layering [20], [21]. Briefly, the principle behind LbL is to alternatively dip the 

substrate of interest into solutions of oppositely charged particles to create bilayer coatings. 

LbL offers coating control on the nanoscale [21], and its exploitation of natural electrostatic 

attraction allows for facile, non-line-of-sight coatings of polymers and proteins. A physical 

surface modification method that has gained popularity, especially in groups examining the 

micro-environment of cells in vivo, is a process called soft lithography (SL). Soft 

lithography works by creating a master die, and using that to create elastomer molds. The 

master die can be used to create dozens of molds, and in turn the molds are utilized to create 

micro and nano-sized features on the substrates of interest [22], [23]. Controlling the 

physical features of the microenvironment influences cells’ preferences to grow on a surface 

or along certain directions. In some cases, AM techniques is used to create the master die 

[23], but the issue with all of these techniques is that there are post-processing steps that 

occur after the completion of a manufactured part. Post-processing has its own issues such 
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as difficulty in localizing surface modification, restrictions in techniques due to composition, 

line-of-sight restrictions, and the extra time required to finish the part.

2. Current Additive Manufacturing Technology

2.1. Printing Processes

The often-overlooked application of AM is surface modification. The layer-by-layer 

processing allows tight control over compositional gradients as well as physical features 

down to the micro-scale. Metal, polymer, and ceramic parts can all be fabricated. And using 

different techniques, composite materials can be created with low spatial tolerances that 

allow researchers to modify surface properties. The precise control over a surface’s physical 

and chemical features that AM offers opens the door to create a single-step manufacturing 

process for highly customizable products, as well as a powerful post-processing tool for site-

specific surface modification. Other inherent advantages of AM such as on demand 

manufacturing, smaller foot-print for manufacturing facility, and agile manufacturing ability 

even in remote areas further strengthens the argument for use of AM in such devices to 

enhance surface quality during manufacturing.

Additive manufacturing processes can be broken down into six broad methods as defined by 

ASTM, and further differentiated by technique as described in Table 1. Not all techniques 

listed have been used for surface modification as of today, but that does not preclude their 

use as a surface modification tool in such a rapidly evolving field as AM.

3. Modifying Material Surfaces

3.1. Metallic biomaterials

3.1.1. Applications—Metals are commonly found in biomedical devices; used as the bulk 

material in heart pumps, stents, hip/knee/shoulder implants, pins and plates, dental posts, 

and many other applications. Standard metals used are stainless steels, cobalt-chrome and 

titanium, and their alloys such as Ti6Al4V, Ti6Al7Nb, NiTi (Nitinol), and CoCrMo. Alloyed 

metals are most commonly used in load-bearing implant applications in an attempt to 

modify characteristics such as fatigue and wear resistance, modulus, and density to more 

closely match the biological application [30]. When compared to other materials, metals 

provide the necessary mechanical and chemical attributes desired for orthopedic and dental 

applications. Additionally, the ease of manufacturing allows for high-throughput and 

complex shape construction of devices at low expense, making metals the long-term 

standard for implant materials.

3.1.2. Current challenges with metallic biomaterials—While metals and their alloys 

are sought for their bulk material properties, their surface characteristics can pose 

challenges. One such challenge that plagues metallic implants is corrosion. Even in alloyed 

metals pitting, stress, and fretting corrosion are still sources of implant failure and revision 

surgery [31]. Another key challenge is the inability to interact with the surrounding tissue, 

known as being bioinert. Without proper implant-host tissue interaction, a thin fibrotic 

lining, or scar tissue, forms at the interface [32]. In bone replacement applications this scar 

tissue encapsulation prevents proper fixation, and implants are prone to loosen with time. In 
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addition, a modulus mismatch can lead to stress shielding, where the greater modulus of the 

metal results in force transfer through the implant rather than the surrounding bone. Lack of 

use and force-induced osteocyte signaling results in diminished bone remodeling, reducing 

density and strength of the surrounding bone that leads to loosening and fracture.

3.1.3. Surface modifications of metallic biomaterials using AM—Addressing 

intrinsic material issues is critical for the success and longevity of all metallic devices. 

Modifying the surfaces of the implants can prevent corrosion, enhance biocompatibility, and 

improve osseointegration without compromising the bulk properties. Incorporating 

passivating elements (Al, Cr, Ti), and augmenting surface energy [33], [34], topography 

[33], [34], and crystalline structure [35] are the best routes for improved corrosion resistance 

and implant-host interaction.

Metal implants generally have a high surface energy (low wettability) and have smooth 

surfaces, creating a poor environment for cell adhesion. If the surface has been modified to 

introduce roughness, the mechanical properties of the implant may suffer. Samples prepared 

via SLM processes showed that the inherent surface defects left from building reduce the 

fatigue stress of the material drastically. Fatigue samples of 316L stainless steel with as-

prepared surfaces exhibited fatigue limits of 108 MPa compared to 267 MPa for SLM 

samples that have been turned [36]. Similarly, SLM Ti-6Al-4V samples with as-prepared 

surfaces showed fatigue limits of 210 MPa compared to ~500 MPa for the same samples 

with a polished surface [37].

To combat poor tissue integration, metal implant surfaces have been designed with macro 

and micro-sized pores, and designed surface topography to promote cell growth on the 

implant surface. While there is a great amount of research showing porosity enhances cell 

and nutrient infiltration into an implant, ultimately the structure of the surface dictates the 

degree of cellular adhesion and differentiation as well as gene and protein expressions [38]. 

Because of its extensive use in orthopedic and dental applications, titanium is most often 

used in studying the effects of surface roughness. As depicted in figure 1, discrepancies in 

cell behavior have been seen between unmodified, micro-roughened surfaces, and even 

nano-roughened surfaces [5], [39], [40]. The effect of surface topography is not limited to 

only roughness, but in fact intentional structures have been shown to induce adhesion and 

favorable differentiation [41], [42], [43]. To this end, AM has exceptional capabilities to 

modify surface topography and can be implemented into the design of the build. The 

intrinsic roughness of these implants can increase tissue integration and implant fixation 

without sacrificing the near-net shape manufacturing ability of the implants [44], [45]. 

Additionally, inherent roughness of sintered parts increases mechanical adherence of 

coatings that can be added at later stages to better suit the implant application [46], [47], 

[48]. This may not however be considered true design modification as the roughness is a 

natural byproduct of processes rather than intentional placement. A more deliberate 

approach for implementing surface porosity is to create a functionally graded implant with a 

porous structure on the outmost layer and a partially or fully dense body inside [49]. The 

effects of different lattice structures on cells has been observed in vitro where greater 

mineralization was seen when compared to flat or even sand-blasted titanium [35]. Control 

of lattice parameters, specifically pore size, is critical to cell motility and adhesion [50]. 
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Similarly, AM is uniquely utilized for creating biomimetic surface structures based on 

computer tomography (CT) images [18], [51], [52]. This leads to nearly identical surface 

features experienced by the cells in vivo, a powerful implication for cells that are highly 

influenced by physical cues. EBM and SLM have less inherent surface roughness compared 

to laser sintering or powder bed printing due to the full melting of powder particles. These 

processes have been utilized to print microscale porous structures while achieving stiffness 

and strength values in-between that of trabecular and cortical bone [53], [54]. Without 

changing the underlying chemical structure of a material AM can influence the efficacy of 

an implantable device. Intrinsic roughness and graded porosity of designed, biomimetic, or 

random nature gives manufacturers precise control over mechanical properties as well as 

biological responses; coupled with any desired post-treatment such as acid-etching, 

nanotube formation, drug loading, or coating only furthers the impact of AM metal 

structures in biomedical applications.

While physical challenges are being met with AM, a separate issue experienced with metal 

alloys is happening on chemical level. Corrosion and wear are inevitable when metals are 

placed in such an environment as the human body, essentially a warm salt bath with 

repetitive loading and articulation. Both of these forms of degradation of metals and their 

alloys cause the constituent metals leach from the implant into the surrounding tissue. With 

time, the accumulation of heavy metals in the cells results in poisoning and death known as 

metallosis. Incorporating elements that self-passivate (Ti, Cr, AL) is the most common 

method to prevent corrosion. Titanium-based implants are particularly stable as they form a 

protective, dense oxide film in situ, which prevents corrosion and enhances biocompatibility. 

Certain alloys like CoCrMo have favorable wear properties compared to softer metals like 

titanium, increasing the longevity of the implant by preserving the condition of articulating 

surfaces. Yet, even these prostheses are susceptible to wear over time, releasing cobalt and 

chromium ions, which are known to be particularly poisonous, causing metallosis and 

osteolysis. Due to issues with fibrosis and metallosis, there is limited interest in metal-on-

metal implants for joint replacement as opposed to conventional metal-on-polymer joints 

consisting of CoCrMo and ultra-high molecular weight polyethylene (UHMWPE). However, 

the mismatch of hardness between the metal and polymer can results in UHMWPE wear that 

in turn results in micro-particulate formation [55]. In this form, PE is ingested by cells and 

causes osteolysis in the implants’ surrounding [55], [56], [57]. The idea behind metal-on-

metal implants is that lower coefficients of friction and similar hardness values will reduce 

fretting and wear; however Titanium, Cobalt, and Chromium ions have shown to up-regulate 

the production of bone resorbing cytokines and down-regulate the production of bone 

forming cytokines such as TGF-β1 [58]. Additional studies have suggested that improper 

mechanical forces experienced by the bone as in slippage of an implant [59], or fluid 

pressure in bone-implant cavities [60], [61], are also causes of osteolysis. Further studies 

have shown that particulates and cyclic pressure loading increased possibilities of osteolysis 

through synergistic mechanisms [17].

One method of AM that has garnered much attention for its capability in producing 

compositionally complex materials, as well its ability to modify existing surface 

microstructure is Laser Engineered Net Shaping (LENS™). In LENS™, the substrate of 

interest is fed as a powder into the path of a focused laser beam to create a molten pool of 
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substrate material at specific x, y, and z coordinates. This method has the advantage to feed 

multiple powders into the focal point of the laser, allowing for the build to be a full or 

gradient composite.

Laser surface modification (LSM) using LENS™ of Ti6Al4V to modify granular structure 

thereby changing the hardness while creating a passive oxide layer that significantly reduces 

the in vivo wear when compared to as-received Ti6Al4V samples [62]. LSM of 316 L SS 

with HA powder fed in to LENS™ resulted in the formation of an iron/HA composite layer 

that showed a diffuse interface suggesting good interfacial strength. Additionally, the 

modified substrate showed better apatite precipitation in SBF when compared to the 

unmodified SS, suggesting better osseointegration properties [63]. In studies by Roy et al., 

LENS™ processing technique was again used to create compositionally gradient 

titanium/HA and tantalum/MgO implants [64] [65]. The studies showed that differences in 

microstructure can be elicited by varying the processing parameters such as laser scan speed 

and thickness of the gradient layer as seen in figure 2. The effect that the resultant TCP and 

MgO layers have on in vitro results is further discussed in figure 3.

The significance of using titanium and HA is that while powder-fed methods seem to have 

the upper hand in metal and composite printing, an innate challenge with composite builds 

in laser beam melting (LBM) methods is the differences in laser absorption and melting 

points. A ceramic in LBM may absorb energy, but cools so slowly that a local hot spot can 

form and overly heat the metals causing liquidation of more than the layer of interest and 

may introduce thermal stresses that cause cracking. Another significant challenge met by the 

use of a ceramic is the powder feed rate, an important parameter for LBM. For lightweight 

materials such as polymeric or ceramic stock, controlling the feed rate is hindered by 

frictional and van der Waals interactions within the relatively low density material [66]. 

Further, the use of bioceramics in metal composites alters the physical surface properties of 

the metal such as wear resistance and the coefficient of friction as well as the chemical 

properties such as biocompatibility. Figure 3 shows that by coating Ti with tantalum (Ta) 

and MgO-doped Ta the biocompatibility of Ti implants was further enhanced. Increasing 

proliferation and adhesion of human fetal osteoblasts (hFOBs) was seen on Ti, Ta, and Ta

+MgO coatings, respectively [65]. Similarly, increased flattening and adhesion of hFOBs 

were also found for Ti substrates with composite coatings consisting of Ti and TCP [64].

Metals have also seen extensive use in soft tissue applications, mainly within the circulatory 

system. In these applications where the implant is in direct contact with the circulatory 

system, cell damage and clotting caused by the device requires patients to be on 

anticoagulants for the duration of the implantation [15]. Endothelial cells (EC) are the 

normal interior lining to blood vessels, and are therefore considered to be the best possible 

coating for any implant in these applications [67], [68]. EC produce antithrombogenic 

factors that prevent platelet aggregation and promote fibrinolysis, and otherwise naturally 

prevent and degrade thrombus formations. Endothelial cells are very sensitive to the 

environmental conditions such as substrate composition, flow shear forces, ECM 

composition, etc. [69]. For in vivo work micro-patterned surfaces on long-term 

cardiovascular devices have been shown to promote endothelial cell growth over typical 

smooth features on implant surfaces [70]. Additional research has focused on adsorbing 
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proteins to the substrate surface to attract EC or endothelial progenitor cells (EPC) in vivo 
rather than ex vivo implant seeding [71].

The adhesion of platelets is initiated by the adhesion of proteins to the surface of the 

biomaterial which in turn activate fibrinogen [15]. Fibrinogen was shown to be the main 

component in platelet adhesion during a clotting event [72]. Other important factors are von 

Willebrand factor (vWF), vitronectin and fibronectin that activate transmembrane G-protein 

receptors on the surface of platelets propagating signaling and clotting. The adsorption of 

proteins to metal surfaces is caused by charge attraction between the surface and the protein. 

Proteins consist of amino acid chains containing different functional groups that can carry 

charges and adhere to substrate surfaces. Metals can also experience in situ oxidation 

resulting in positively charged surface environments. The result of the new surface charge is 

adsorption of proteins, which can result in cell signaling to cause inflammatory responses or 

in the blood stream, coagulation cascades [73], [74]. PEG/PEO coatings have been studied 

extensively as anti-fouling coating for implants to reduce protein adsorption to surfaces in 

contact with blood [3], [4], [73], and that silver nanoparticles (SNP) coated with PEG can be 

potential cardiovascular implant coatings due to reduced thrombotic effect and infections 

[75]. It is obvious that the ability to print an antifouling coating can be beneficial for stents 

and other applications such as membranes. To this end, an SLA method has been recently 

used to coat membranes or porous materials with PEG to prevent bacterial adhesion [76].

Not all proteins adsorbed cause a negative effect. If the device is not directly in contact with 

the cardiovascular system specific protein adsorption to the metal’s surface can actually 

facilitate host tissue growth and integration [77], [78]. Further, in order to overcome some of 

the limitations presented by natural protein adsorption such as enzymatic degradation and 

nonspecific cell receptor attraction, synthetic peptides are used to specifically target 

receptors of desired cell populations [79].

3.2. Ceramic biomaterials

3.2.1. Applications—Ceramics are commonly used in orthopedics and dentistry, however 

they are also used in drug delivery applications [80], [81]. This class of materials is ideally 

suited for bone scaffolding applications towards critical fracture/injury repair, where bone’s 

natural ability to heal into the wound is suppressed [80]. Additionally, ceramics are seen in 

hip/knee/shoulder implants as coatings, ceramic-on-ceramic joints’ articulating surfaces, 

bone cement for non-critical injury repair or increasing implant fixation, dental work for 

enamel and root replacement, and in different drug release applications. Commonly used 

ceramics are calcium phosphates (CaPs) in the form of α or β-tricalcium phosphate or 

hydroxyapatite, silicates like 45S5 bioglass, alumina, and porcelain and zirconia [81].

In the human body the fifth most occurring element is calcium, 99 percent of which is stored 

in bones and teeth. It is not a surprise that many biomedical ceramics are calcium based. 

Bone and teeth are both largely ceramic-based structures (bone is a composite of collagen 

fibers and hydroxyl apatite), thus ceramic materials provide chemical composition as well as 

crystallography appropriate for those applications. Nearly identical chemical and crystal 

structure along with similar micro/nano topography creates what is called a biomimetic 

device that mirrors the form and function of the biological tissue. The greater familiarity 
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reduces inflammation or rejection due to immunological responses to foreign bodies. This 

form of biomimicry has the additional benefits of degrading into ions and CaPs that the body 

can readily excrete or resorb. As a resorbable material, the effects of degradation are next to 

nil, and the rate at which the material is resorbed can be tailored to match the tissue healing 

rate by changing the crystal structure, CaP phase, or surface modification. In applications 

that come into contact with bone CaP scaffolds share a majority of elemental similarity to 

natural bone, yet they lack the trace elements such as Si4+, Mg2+, Sr2+, Zn2+, Cu2+ and 

Fe2+/Fe3+ among others. Recent research has been done on the addition of ionic elements 

found naturally in bone to bone scaffolds. These ions have been shown to play a role in 

angiogenesis, osteogenesis, and osteoinduction [82].

3.2.2. Current challenges with ceramic biomaterials—To date, additively 

manufactured ceramics are most common in dental applications, where they have a natural 

advantage over metals and polymers in their high compressive strength and high corrosion 

resistance, but surface modification of ceramics using AM occurs mostly in the field of 

resorbable drug delivery devices. One of the biggest challenges is the inability to sinter an 

AM ceramic after it has been loaded with drugs or biomolecules because of the low 

degradation temperature of the additional material. Despite the presence of binder holding 

the ceramic powder particles together, these parts are susceptible to bulk degradation and 

burst release of loaded molecules.

3.2.3. Surface modified ceramics using AM—In order to combat burst drug release 

and maintain steady release profiles, as well as implant integrity in vivo surface modification 

of resorbable bioceramics is focused towards applying layers of polymeric coatings. In drug 

delivery applications such as drug-loaded bone scaffolds, CaP materials must be heated to 

extreme temperatures to reach a crystalline phase, which prevents polymers and drugs from 

being applied to the “green” scaffolds. Post-calcination, the ceramic can be dosed with any 

drug desired and coated with polymer to control drug elution. Tarafder et al. used 3D printed 

β-TCP bone tissue scaffolds with designed porosity as carriers of an osteoporosis treatment 

drug, Alendronate. These scaffolds were subsequently coated in PCL to control the release 

kinetics and showed that TCP+Alendronate+PCL scaffolds were able to significantly 

increase bone formation over TCP+Alendronate scaffolds at 6 weeks post-op seen in figure 

4 [83]. This surface modification of the ceramic+drug implantable drug delivery system 

(DDS) with PCL illustrated the ability to tailor release kinetics by tweaking the hydrophilic/

hydrophobic surface interactions between the polymer and solution, and the polymer and 

drug.

Alternatively, additives or dopants like trace elements (Mg, Sr, Si, Zn) found in normal 

tissue have been used as methods to enhance osteogenesis and angiogenesis (bone growth 

and vascularization, respectively) in similar ways as drugs. These dopants can be included in 

the manufacturing process, however, as sintering does not destroy the molecules or hamper 

their effects. Figure 5 shows how the inclusion of dopants in the Drop-on-demand printing 

(DoD) process can affect the microscale morphology while maintaining macroscale features 

[84, 85]
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In applications where the DDS is subcutaneous, gastrointestinal, or otherwise non-weight-

bearing different binder formulations have been used to create a part with a bulk internal 

chemistry—usually containing the drug—and a less soluble, polymer supplemented outer 

surface chemistry. In a study by Song et al., the release profile of adsorbed ibuprofen and 

bovine serum albumin on mesoporous silica/bioglass scaffolds could be regulated by surface 

modification in post-processing as well as surface modification through a one-pot process 

[86]. In a later study by Zhu et al., surface modified and 3D printed composite scaffolds 

were studied for use in bone replacement therapy for patients undergoing surgical bone 

removal due to osteoarticular tuberculosis. In their study, mesoporous silica nanoparticles 

and mesoporous bioactive glasses were modified with silanes that grafted carboxyl 

(−COOH) or methyl (−CH3) functional groups to the surfaces to eliminate the burst release 

of anti-tuberculosis (TB) drugs. These modified powders were mixed with the Anti-TB 

drugs and further mixed into a polymer solution containing poly(3-hydroxybutyrate-co-3-

hydroxyhexanoate) (PHBHHx). The composite was printed into porous scaffolds (full 

process is shown in figure 6) and studied in vitro and in vivo using rabbit femur models for 

drug release profiles, with bone regeneration observed in the latter. Findings showed ~80% 

release of both drugs at 84 days in the composite scaffolds compared to ~100% release at 

five days in pure CaP scaffolds with drugs loaded in a traditional drop-by-drop method. No 

significant difference was seen in the amount of new bone formation over 12 weeks between 

the two scaffolds, but the ability of the printed scaffold to rival CaP scaffolds while retaining 

a consistent drug release profile shows promise for future bone therapy studies [87].

3.3. Polymeric biomaterials

3.3.1. Applications—Polymers are also commonly used as biomaterials e.g. pins and 

plates for bone and cartilage repair, hip/knee/shoulder articulating surfaces, DDS, skin 

coatings for burn repair, and in optical applications. One of the unique features of polymers 

is the ability to biodegrade into constituents that can be processed by the body. Frequently 

used biodegradable polymers include polyethylene glycol/oxide (PEG/PEO), polylactic acid 

(PLA), polyglycolic acid (PGA), Tri-methyl carbonate (TMC), and polydioxanone (PDS) 

[3], [88], [89]. More recently, other synthetic polymers like polycaprolactone (PCL), 

Polyether ether ketone (PEEK), Polypropylene fumarate (PPF) and functionalized 

polyurethanes have received much attention for use in soft and hard tissue repair [89], [90], 

[91], [92]. Natural polymers like collagen and fibrin, polysaccharides like alginate, silk, 

hyaluronic acid and chitosan have been explored for use in biomedical applications for their 

degradation properties or appeal as naturally occurring biopolymers [89], [93]. Collagen is 

the most abundant protein and natural polymer in the ECM that provides support and 

adhesion for cell movement, hence its used widespread in surface modification [94], [95]. 

Other polymers like poly(methyl methacrylate) (PMMA) and polytetraflouroethylene 

(PTFE) are less biodegradable, to the point of being permanent, and in the case of PMMA 

excellent optical properties make it superior for use in contacts and intraocular lenses. Yet, 

despite the seemingly removed nature of these lenses, foreign body reactions can foul the 

lenses and the need to modify the surface has been explored [93], [96]. PMMA is also 

widely used in bone cement for implant anchoring and fixation.
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3.3.2. Current challenges with polymeric biomaterials—Polymers mechanical 

properties such as toughness and stiffness, and chemical properties like biodegradability can 

be further tailored by co-polymerization. Different compositions are used to match the 

application needs. For example, devices like sutures or bone screws need greater toughness 

or higher modulus, and must also degrade at a rate similar to the tissue’s ability to heal. Poly 

(lactic-co-glycolic acid) (PLGA) is one of the most widely used polymers due to its good 

biocompatibility and ability to easily modify its degradability, where higher lactide content 

causes the material to degrade at a much slower rate than compositions with higher glycolide 

content.

Despite a high level of adaptability and promising biodegradable traits, polymer systems still 

have pitfalls. While used extensively and being comprised of components found in 

metabolic pathways, PLA/PGA polymers and co-polymers break down into acid compounds 

causing local acidosis. Extensive release of these and other polymers’ constituents can cause 

inflammatory responses in the body that can hinder or undo the healing process. 

Additionally, polymers are often associated with a high surface energy that reduces the 

wettability of the implant and lack charges that assist in protein and cell adhesion. This 

limited bioactivity can impair cell adhesion thus delaying the healing process, and can even 

induce fibrotic tissue formation [14].

3.3.3. Surface modification of polymeric biomaterials using AM—Bulk material 

properties are easily achieved and are desired for the success of the devices, however the 

surface characteristics have limited their biomedical applications. The first methods used to 

increase bioactivity involve bulk material changes such as porous scaffolding, allowing for 

greater cell migration and blood perfusion deeper into the implant. While AM techniques 

like 3DP, multi-jet printing, SLA, and FDM have given researchers almost unlimited control 

over hatch (pore) and strut dimensions, these changes in design do little to modify surface 

energy. A significant challenge for biopolymers researchers is to increase surface energy, 

thereby affecting cell adhesion. This is where AM can be used to its fullest potential. In all 

polymer construction, often without major changes to the design file of the device, the 

starting material composition can be modified to induce nano and micro topography, 

variation in chemical composition and even crystallography. Studies have been conducted 

that introduce ceramic materials like calcium phosphates (CaPs) such as hydroxyapatite 

(HA) for bone scaffolding applications to the polymer constituents prior to SLA [97]. The 

resulting scaffold is polymer-based with nano-sized and fully crystallized granules of 

ceramic that protrude from the surface, giving the implant a nano/mirco roughness, and a 

chemistry and crystallography similar to that of bone.

In a study by Dawson et al. [95], the effect that collagen has in inducing osteogenic 

differentiation in human bone marrow mesenchymal stem cells as well as chondrogenesis 

was observed. Composite scaffolds of HA and type I collagen were able to successfully 

induce osteoblastogenesis and showed increased mineralization at 28 days in vitro and in 
vivo when compared to pure calcium phosphate scaffolds. Similarly, the collagen scaffolds 

were able to successfully induce chondrogenesis. Perhaps more interesting is the discovery 

that better chondrogenesis was seen at the center of channeled collagen scaffolds rather than 

the outer surface, further elucidating the importance and synergistic effects of surface 
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chemistry and 3D complexity. While AM was used in this study, the purpose was for crating 

molds to prepare the scaffolds rather than the scaffolds themselves. Taking the use of 

collagen and AM techniques one step further, Inzana et al. [98] incorporated type I collagen 

into the binder of a ceramic 3DP process. Interestingly, the results of the study concluded 

that 3D scaffold promoted better bone replacement of the scaffold or “engraftment” than 

CaP or CaP/5% wt % collagen scaffolds after 9 weeks. As the scaffold degrades, allowing 

for appropriate replacement by natural bone, the effective “surface” of the scaffold is 

changing. As evidenced by the study, a surface coated in collagen by dip coating was less 

effective, which illustrates the need for composite surface chemistry, and further advocates 

the importance of AM in producing effective scaffolds versus traditional coating methods. 

Traditional methods will only coat the outer surfaces, whereas AM offers a way to control 

the chemistry of the exposed material throughout the degradation process i.e., the life of the 

device.

In exploring polymers as a base material for drug delivery systems, work has been put 

towards attaching functional groups through plasma [99], [100] or other chemical methods 

[101], [102], then adsorb proteins and growth factors to these functional groups. These 

methods prove effective at mitigating blood-related adverse events and increase cell 

adhesion and proliferation of stem cells, osteoblasts, endothelial and epithelial cells [103]; 

however, they are lengthy methods that require multi-stage post-processing. Without AM, 

post-processing is necessary as two of the most important factors in controlling the release 

kinetics of DDS are the porosity of the device as well as the surface chemistry [104], [105]. 

Figure 7 shows two different examples of surface modified DDS using polymer and ceramic 

based AM methods. Yu et al. demonstrated the ability of using the 3DP method to create a 

DDS with multiple surface chemistries towards specific drug release profiles. Both changes 

in powder and binder composition were utilized to create a hollow, cylinder-shaped DDS 

with insoluble top and bottom layers, a less soluble outer ring layer, and an inner bulk 

composition laden with acetaminophen [104]. Similarly, dual quick and slow release DDS 

systems have been fabricated by modifying the top of slow-release ceramic pills [106], 

[107], and a cellulose modified tablet was fabricated using material extrusion of multiple 

materials [108]. In a study done by Water et al., multiple morphologies were created during 

the fabrication of a drug eluting polymer/ceramic composite. Using PLA as the bulk 

material, feed stock material was created by melting and extruding different compositions of 

hydroxyapatite (HA, 0 and 5%) and Nitrofurantoin (NF, 0-30%). The feedstock was used in 

a MakerBot Replicator 2 (New York City, New York) to extrude the composite into disks for 

their drug-elution study [105]. It can be seen that the surface topography of the extrudate and 

printed material is increasingly rougher with the addition of HA particles or NF doses, 

which is amplified when both are present. This increase in surface roughness correlates to an 

increase in surface area, which affects the performance of the implantable or ingestible 

device by increasing the effective area in contact with the body. Increased exposure of the 

surface to the body would increase the rate of dissolution of the drug into the surrounding 

tissue as well as the increased rate of device resorption. There is a dual function of the 

increased roughness, which can be an increase in the fixation of the implant. This 

demonstration of the ability to tailor surface characteristics using HA also has other 

implications such as increased surface crystallinity [97], [105], reduced surface energy, 
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increased hydrophilicity, and increased protein adsorption [11], [97], reduced pre-osteoblast 

cell apoptosis [11] and increased proliferation from pre-osteoblast cells [97].

Further study on drug eluting stents has shown that FDM is a viable process to create an 

end-use resorbable, implantable stent that has the necessary mechanical stability for over 

four weeks [109]. Despite the lack of surface modification using FDM itself, it has been 

demonstrated that an inner core of the implant can be drug loaded as is the case above, while 

an outer surface can be printed to control drug release [110].

Bioprinting, another form of additive manufacturing, is also becoming very popular lately to 

fabricate biological scaffolds. The idea behind bioprinting is to recreate scaffolds that are 

composed of degradable materials laced with cells for tissue growth. The purpose of creating 

these scaffolds is two-fold: one goal is to produce replacement organs or a cellular construct 

that the body can use to make a fully functioning organ, and the second is to produce 

standardized tissue models for in vitro studies [111].

A relatively newer 3DP machine, laser induced forward transfer (LIFT) utilizes a quartz 

ribbon that has a biological coating on the side of the build platform. The ribbon can move 

in the X and Y direction while the build platform below can move along all three axes. From 

above, a stationary laser pulses and strikes the quartz side of the printing ribbon, causing 

localized heating that results in vaporization of a small fraction of the printing material. The 

formation of a vapor bubble at the interface ejects a small droplet of printing material to the 

desired location on the build platform. This is a very powerful tool for 3D printing biological 

materials. The quartz ribbon can be coated with a wide variety of compositions, or alternate 

ribbons can be replaced during mid build [112] A modified version of LIFT exists as 

biological laser printing (BioLP™), which takes a three-layer approach in the ribbon in 

which a sacrificial energy-absorbing layer between the quartz and the printing material is 

added [111], [113].

Bioprinting methods by design utilize extrusion, inkjet and laser-assisted methods. These 

free-forming techniques have a major drawback in that the substrate material is generally 

non-rigid and there is no base to support overhangs as there is in powder-bed methods. 

Especially in biological scaffolds, overhangs such as horizontal orifices or vessel tunnels are 

common as illustrated in figure 8. To accommodate this, the most common method in use is 

solid support material, which can be easily removed by increasing temperature (for acellular 

constructs) or rinsing/incubation [114], [115].

Another less common method is the use of a liquid bath that supports the build by a buoyant 

force that can act also as a cross-linking agent [116]. In the case of Christensen et al., a 

CaCl2 solution was used to cross-link sodium alginate polymers, forming a calcium alginate 

gel. Similarly, other divalent cations can be used in place of Ca2+ to create a similar cross-

linked structure. Trivalent cations (Al3+, Fe3+) will result in greater cross-linking than 

chemistries [117]. Additionally, alginate can be covalently bonded with materials like PEG 

that increases the mechanical strength of the hydrogel, shown in figure 9 [118].

Bioprinting using DoD can produce surfaces patterned with cells or proteins for use in 

directed cells growth [112], [119], [120] and is utilized extensively in the areas of biosensors 
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[121], [122]. As shown in Figure 10, droplet-based bioprinting is used for site-specific 

modification of biosensors that can be additional biomaterials, enzymes, proteins, or even 

cells [123].

Nanomaterial inclusion in AM has been specifically utilized by DoD as a way to print 

conductive materials onto substrates. Although most of the progress has been geared towards 

printing on organic photovoltaics, such techniques could be used to create conductive 

surfaces. Inks containing silver nanoparticles have been used to create interconnected, 

conductive patterns on surfaces with wire a width around 100 microns and height of 300 nm 

[124]. Additionally, Ni/NiO surface features on the order of a few hundred nanometers can 

be printed using colloidal inks of nickel using DoD [125]. Biosensors using this method 

were created in a scalable design as inexpensive and sufficiently accurate microfluidic 

diagnostic devices [126]. While many biosensors are external devices, these sensors must be 

able to interact with bodily fluids and tissues without causing adverse reactions in order to 

provide and accurate diagnosis. Looking forward, these types of devices can be utilized for 

in situ diagnostic analysis for or actuating as was done for neural prostheses [127].

Future trends in AM of biomaterials surfaces

Current challenges: It is clear that use of AM in biomaterials and biomedical devices will 

continue to grow. However, despite significant growth in the field during the past decade, 

there are many challenges that needs attention for the continued growth. Low throughput of 

manufactured pieces, material selection, and the resolution with which the parts can be made 

are some of the global challenges in AM. Moreover, in many applications, existing surface 

modification approaches are well established, which offers a wider selection of materials, 

and are easy to perform in comparison to various AM techniques. In LbL technique, the 

depth of surface layers and compositions can be controlled down to nanoscale resolution 

[21]. Researchers have shown the diversity of different polymeric compositions and varying 

application times. These precisely controlled bilayers exhibit linear or exponential growth of 

layer thickness with subsequent layer application [20]. Another method that has very fine 

control of surface coating thickness is atomic/molecular layer deposition (ALD/MLD). This 

post-processing method submits the device to different gases in a reaction chamber, allowing 

for the attachment of molecules to exposed surfaces for a non-line-of-sight process. Pulses 

of different gases allows for a LbL approach to create atomic and molecular-scale bilayers 

[128]. For drug and protein surface adhesion, common methods such as dip-coating, 

incubation in solution, and drop-wise addition can also be used with any of the implant 

materials. Solvent removal after coating leaves behind surfaces that are only as thick as the 

adsorbed molecules. In contrast, AM is limited in surface modification by its relatively low 

resolution. Extrusion techniques like FDM are limited by the size of the extrusion nozzle, 

which in turn is constrained by flow rate and viscosity of the build material. Achieving 

designed nanoscale features or layers on a surface is all but impossible simply due to the 

shear forces necessary to extrude a viscous thermoplastic, let alone a solids loaded 

composite. The other manufacturing methods that use a powder bed (3DP), or are powder 

fed (SLS, DMLS, EBM, etc.) are limited by the particle size being used as well as binder 

dispersion volume and melt pool size [129], respectively. In bioprinting, the amount of 

liquid material that can be administered is controlled to the pico-liter level allowing for 
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excellent resolution; however, in order to print on such a fine scale requires the dispensed 

liquid of low viscosity i.e., around 30 mPa [121]. The trade-off for resolution is the viscosity 

of the liquid and therefore the availability of materials that can be used in this process. Any 

process that utilizes a laser to sinter, melt, or cure the stock material requires that that 

material can absorb the laser’s energy and thus be heated. In the case of UV laser-curing in 

SLA, the material selection is limited to thermoset polymers that polymerize via UV light. 

Material selection can be broadened in part by the use of added photoinitiators which absorb 

the UV rays and start free-radical polymerization.

Finally, AM parts most often still need post-processing modifications like polishing or 

sintering. Methods like inkjet 3DP, or FDC require a post-manufacture heat treatment to 

burn off the binder and sinter the green parts after the build is finished. Similarly, metal 

powder-sintering methods also require some form of final sintering to achieve the desired 

mechanical properties. While post-processing heat treatment is inherent in some systems to 

densify the metal or ceramic powder, others such as EBM or LENS will still require cutting 

and polishing to get a final part. In short, while it increases autonomy and can reduce 

multiple manufacturing stages, end-use-ready parts directly from the build stage are still 

unavailable using AM alone. To this end, the implementation of multiple techniques such as 

DMLS and CNC in a single system has been shown to produce ready to use parts right after 

the build [130].

Regulatory issues: The drive towards finer features and interacting with the body at a 

nanoscale level unlocks a plethora of possibilities for AM, but nevertheless poses new 

problems for AM: regulation. Regulation of AM materials that are in contact with human 

body fluids and membranes is absolutely necessary, especially nanomaterials where the 

safety risks when in contact with the human body are still poorly understood. Nanoparticles 

pose a particular danger where the surface area of a material is so large that it can have 

significant chemical reactions with the surrounding environment, but particles are small 

enough to pass through membranes like the blood-brain barrier [131]. The FDA has planned 

since 2013 to create a set of regulatory guidelines that manufacturers of devices made form 

AM methods will follow [132]. It was noted that the FDA is well aware of the importance of 

personalized medicine and the possibilities AM can offer in advancing healthcare, and in 

May 2016 released a draft guidance for 3D printed medical devices [133]. The draft 

guidance is a general outline for manufacturers that details the FDA’s current thoughts on 

device design and testing. The biggest hurdle the industry faces will be getting materials 

FDA certified. On one hand the variability in mechanical properties from build to build has 

to be reduced meaning standards for testing have to be created. As of today, there are only 

three ASTM standards in place for testing materials made by additive manufacturing. On the 

other hand, how does the FDA assure that the device meets regulatory standards when 

considering devices that are patient specific? Patient specific devices, also known as point-

of-care products, are as to date not listed in the draft guidance along with drug and cell 

therapy devices made via AM.

Future trends: Significant development is taking place in different areas of additive 

manufacturing over the past two decades. The first issue was reproducibility and reliability. 
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Parts produced by the same machine at different time points or by different machines of the 

same model at the same time should yield the same part quality. Almost after 30 years since 

the first AM system was conceptualized, part quality has reached at a level when General 

Electric is comfortable to print parts for aerospace engines or US Food and Drug 

Administration (FDA) is fine with approving AM processed parts for human use. Such 

accomplishments are not trivial. In the future, it can be envisioned that AM technology will 

be utilized not only for complex geometries, but also on implementing surface modification 

during part fabrication to reduce multiple processing steps and tailor properties to enhance 

tissue-materials interactions. Specifically, surface technology can influence drug release and 

targeting, antimicrobial, and cell recruitment properties. To accomplish such advancements, 

AM systems should be able to deposit multiple materials in one operation with high degree 

of build resolution. Single material builds, i.e., non-composite materials, are limited by their 

homogeneous properties. Limited by a printer’s ability to process only a select few 

materials, the AM devices are usually made of a single type of material e.g., only polymers 

or ceramics or metals with trace amounts of other material phases. The current route for AM 

surface modification is largely done by modifying the substrates prior to printing by adding 

small amounts of filler made from other material types to create a composite surface. 

Similarly, the substrate materials prior to printing can be functionalized, resulting in 

homogeneous bulk and surface chemistry. Multi-material printing methods, including LENS, 

FDC, and bioprinters with multiple dispensing heads allow for a good degree of control over 

composition during the actual printing phase. The advantage to in situ control is the ability 

to choose to create chemically homogeneous or gradient areas within the build. This is not 

only limited to the chemistry being heterogeneous if desired, but physical properties such as 

surface texture or crystal structure near the surface can be differentiated from the bulk 

structure. However, challenges of multi-material printing are also significant particularly 

towards understanding compatibility among different materials during building due to 

thermal stresses or chemical interactions.

Next generation AM capabilities for biomaterials surfaces: As it was also pointed out that 

AM techniques are limited by the resolution that the machines are capable of printing. Some 

of the current efforts are focused on refining methods to increase the range of printable 

features. One of the more notable advances in both resolution and speed came from the 

development of continuous liquid interface production (CLIP). A better understanding of the 

effects of oxygen as a barrier to prevent the photoinitiation process led to the creation of 

CLIP, where the build plate is drawn upwards from the barrier as a mask causes 

polymerization at the build plate surface. As a continuous process, the slice resolution is 

limited only by the refresh frequency of the laser mask, and the in-plane spatial resolution 

can range 10-100 μm [29]. Binder-jet printing already disperses droplets in the tens of 

picoliters, but is limited by powder size and. Current developments in metallic materials 

printing have led to liquid-metal droplets using 3D inkjet printing. This process, called 

gallium-iridium direct writing, reduces metal to the nanoparticle range using a solvent such 

as ethanol, which allows the new NP-laced ink to still be deposited onto surfaces through 

piezoelectric dispensing heads [134], [135]. Gallium-Iridium metals cannot be exposed to 

the surface in contact with the body however as they would be in liquid form, and other 

metals processed through binder-jet methods as a dispersion in ink, makes larger scale builds 
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impractical. In addressing scale-up of printing liquid metals there have been advances in 

laser-induced forward transfer (LIFT) that has recently led to stacking drops of copper one 

micrometer in diameter to nearly one millimeter in height [136]. While the focus is currently 

on wearable technology, methods similar to the gallium-iridium ink-jetting may be 

developed for use in internal wearable devices such as electrodes for monitoring and shock 

delivery as would be seen in a pacemaker, or signal transmission for intraocular and 

intracochlear devices.

Breakthroughs such as this show that AM is entering an arena where metal or ceramic can 

be printed with no restrictions set by powder or melt pool size or binder jetting and opens 

the door for multi-scale printing. The ability to print in the macro, micro and nanoscale in a 

single build platform could not only allow for fine compositional control of the device, but 

also introduces spatially specific topography, geometry and porosity [5] [137]. In this way 

the rapid production of bulk materials could be done with a low resolution method, and near-

net shape can be achieved using a micro or nano resolution method. It is also well-known 

that cells are sensitive to nano and micro-topography, but even the chemical interactions vary 

from macro to micro to nano-scale particles changing the way a nano-featured device 

interacts with the body compared to a micro-featured device of the same composition.

4. Summary

Today’s implantable devices are the pinnacle of biomaterial science and the culmination of 

decades of research, yet they are fraught with the same issues that have limited implants as a 

secondary option to non-surgical or grafting procedures. Additive manufacturing, though 

still in its infancy, has already attracted the interest of biomaterial’s researchers as a new and 

powerful tool to develop novel devices, and the way we think about design in general.

Material’s whose bulk properties are desired, but surface properties eliminate them from use 

in certain applications are no longer restricted. A metal implant susceptible to corrosion and 

wear can be reinforced with hard, corrosion resistant ceramic layers. Ceramic or polymer 

components that lack bioactivity can be incorporated with bioactive molecules such as 

drugs, proteins, and ions that interact with the surrounding tissue. All of this can be done in 

a single build as a monolithic part, and can be prepared on a case by case basis using AM. 

And that is the true power of AM: its capacity to give manufacturers direct control over the 

bulk properties, and more importantly over the surface properties in three-dimensional 

space. While composite surfaces engineered to mitigate the deleterious effects of traditional 

implants are actively being researched, AM offers designed control of said surfaces. 

Implants are like the transplants, drugs, and therapies used for patients today in that there is 

no one-size-fits-all approach. In the near future, we hope see implants designed with AM 

that meet each patients’ needs, perform with reliability, and become a go-to therapy for the 

millions suffering from disease and debilitation world-wide.
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Figure 1. 
The Foreign Body Response (Top) shows how an implant surface is tagged by proteins 

marking it as a foreign body. Further response by immune cells results in inflammation and 

finally encapsulation of the implant by fibrotic tissue. Surface texturing on the nano/micro 

scale (Bottom) can give the body physical cues that allow for normal cell adhesion that 

forms a base for normal tissue growth [19].
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Figure 2. 
Cross-sectional images of LENS™ deposited metal-ceramic composites showing the 

microstructural differences in Ti/TCP coatings (a) single layer, (b) multi-layer, and (c) single 

layer samples at higher magnification [64], and Ta/MgO coatings with scan speeds of (d) 10 

mm/s and (e–g) 15 mm/s [65].
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Figure 3. 
SEM images of human osteoblasts at 3 day (top) and 7 day (bottom) time points for (a) Ti, 

(b) Ta, and (c) Ta+MgO coatings [71].

Bose et al. Page 28

Acta Biomater. Author manuscript; available in PMC 2019 January 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. 
a) Release kinetics of drug-loaded 3D printed scaffolds loaded with 1000 (green), 800 (red), 

and 500 (black) μg of Alendronate. Scaffolds without PCL (top) and with PCL coating 

(bottom) at a simulated post-op pH of 5.0 (right) and physiological pH of 7.4 (left). b) New 

bone formation (red) into implantation site and around the scaffolds (white) at 6 weeks post-

op. [83].
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Figure 5. 
(Clockwise from top left) Drop-on-demand printing (DoD) set up, CAD file of actual 

scaffold design, scaffolds printed and sintered with various pore diameters, effect of Mg-Si 

dopants on sintered surface microstructure. Adapted from [84] and [85].
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Figure 6. 
(Top left) The processing of mesoporous bioglasses to graft carboxyl groups, (Top Right) 

processing mesoporous silica nanoparticles to graft methyl groups. (Middle) the anti-TB 

drugs INH and RFP shown adsorbed to the respective particles. (Bottom) the 3D-printed 

scaffold and molecular representation of the drug-loaded particles adhered together with the 

polymer [87].
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Figure 7. 
(Top left) Exploded and (top right) slice view of 3D printed DDS with hydrophobic ethyl 

cellulose (EC) outer layers protecting the acetaminophen (APAP)-laden bulk, allowing for 

linear drug release [104]. (Bottom left) an extruded PLA + 20% NF strand (a) used as 

feedstock for printing the disks below (b) PLA and (c) PLA-20% NF. (Bottom right) SEM 

images of feedstock strands and the 3D printed strands with varying compositions. (a) PLA

+5% HA, (b) PLA+5% HA+30% NF, (c) PLA+5% HA+10% NF, and (d) PLA+30% NF 

[105].
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Figure 8. 
Top) Schematic of a multi-material bioprinter with extrusion nozzles for material deposition 

- the canisters represent ceramics (white), cells (blue), and polymers (orange). Bottom) 

Progression of vascularization of a bioprinted 3D scaffold. Base (orange) can be any 

appropriate biopolymer (alginate, fibrin, or collagen) matrix material. 1) Cell-laden material 

(blue) is printed onto the base in any direction 2) matrix material fills surrounding area of 

build layer 3) additional matrix or vascularization material added 4) cell-laden tubule rinsed 

to wash away excess material and incubated, leaving pre-endothelial cells lining the support 

matrix allowing them to culture under biological conditions.
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Figure 9. 
Left) simple schematic of drop-by-demand printing. In this case buoyant forces (green 

arrows) of the vat solution are used to provide support for an alginate substrate in the form 

of an open tubule. Right) Sodium alginate polymers of (1-4)-linked β-D-mannuronate and 

α-L-guluronate (M and G, respectively) react with calcium chloride to produce the cross-

linked hydrogel, calcium alginate [118].
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Figure 10. 
An example of printed biosensors where bioprinting is used to adhere an enzyme (Glucose 

Oxidase, GOD) to a conductive polymer surface (poly(3, 4-ethylenedioxythiophene/

polystyrene sulfonic acid) (PEDOT/PSS) for use as glucose monitor [122].
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Table 1

Shown below are AM methods which could be used for surface modification [24], [25], [26].

Method Manufacturing Technique Description

Materials Extrusion

Fused Deposition Modeling (FDM) Heated thermopolymer is extruded from print nozzle

Fused deposition of Ceramics (FDC) Thermopolymer is loaded with ceramic material and extruded. 
Polymer burnout leaves ceramic part behind

Binder Jetting Drop on powder (DOP) Binding agent is dispensed as droplets onto powder particles 
causing them to adhere and form support for subsequent layers

Powder Bed Fusion

Selective Laser Sintering (SLS) A focused laser beam is used to sinter powder particles

Selective Laser Melting (SLM) A focused laser beam creates a melt pool from powder particles to 
create fully dense scan lines

Selective Heat Sintering (SHS) A heated print head passes over powder particles to create sintered 
pattern

Electron Beam Melting (EBM) [27], [28] An electron beam within a vacuum chamber is used to either melt 
powder particles similar to SLM

Directed Energy Deposition

Laser metal deposition (LMD) [27] Metal powder is carried by gas into the focal point of a laser 
creating a melt pool.

Electron Beam Free-Form Fabrication 
(EBF3)

An electron beam within a vacuum chamber is used to either melt 
either directly fed powder particles or wire-fed substrate.

Vat Polymerization

Stereolithography (SLA) A laser initiates free radical polymerization within a bath of 
photopolymer, solidifying resin wherever the light touches.

Digital Light Processing (DPL) [29] Similar to SLA, but a projected mask is used to cure each layer

Continuous Liquid Interface Production 
(CLIP) [29]

A mask from the bottom of the vat polymerizes the photopolymer 
beyond a barrier region where no polymerization occurs. The build 
plate raises from the barrier upwards, continuously.

Material Jetting

Drop on Demand (DOD) Material is deposited onto substrate or build plate as droplets from 
piezoelectric or thermal actuators within a print head.

Multi-Jet Modeling (MJM) Similar to DOD, multiple materials can be dispensed from the 
same print head.

Laser Induced Forward Transfer (LIFT) Material on a quartz ribbon is ejected by selective laser heating on 
the ribbon backside.
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