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Abstract 3D printing represents a developing technology

whose applications in plastic and reconstructive science are

only in its dawn, creating devices of limitless customiza-

tion presenting the possibility for uniquely tailored

implantable devices for the individual patient. The advent

of tissue engineering presents exciting new possibilities for

conventional 3D printing in that novel approaches to

reconstruction can be attempted with bioactive molecules

and tissues for advanced wound healing, thereby resulting

in a dramatic reduction in implantable device morbidity

with improved esthetic results. The marriage of these two

technologies has resulted in the creation of bioprosthetics, a

field in which bioactive molecules are structured into

implantable prosthetic devices through 3D printing of cells

harvested or engineered in the laboratory. The historical

context of conventional 3D printing modalities as well as

tissue engineering is presented for discussion in the greater

context of the creation of modern bioprosthetics. An out-

line of common materials, methods, and their utility is also

introduced to serve as a framework to better understand the

continuing advancements in implantable devices with

examples of continuing discoveries discussed where

appropriate.
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Introduction

Recent advancements in synthetic and biologic prostheses

have been accompanied by continuing development of

novel manufacturing technologies. Among these is three-

dimensional (3D) printing, which in recent years has

gained momentum in several medical disciplines including

plastic and reconstructive surgery. Through the production

of fully actualized constructs, 3D printing provides an array

of tools that can be tailored to the needs of the individual

patient in a fashion heretofore impractical or impossible

utilizing previous methodologies. In combination with the

developing field of tissue engineering, these new methods

of manufacture have paved the way for further scientific

breakthroughs in advanced medical prostheses, with

implantable devices now produced containing partially or

completely biologic components that result in fewer com-

plications and offer improved clinical outcomes (Fig. 1).

The general advantages of 3D printing are owed in large

part to the ability of device customization and rapid

delivery time, with specific advantages determined by the

type of material used for printing. Individualization allows

for accurate reproduction of patient-specific anatomy either

for surgical planning or didactic purposes and can safely be

implanted into the patient. These devices then serve as a

scaffold, bridge, or internal splint without equal in assisting

the healing process. Bioprosthetics are unique among 3D
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constructs in that biological materials eventually incorpo-

rate or degrade while in the patient. Due in large part to the

production of immortalized normal cells and the birth of

tissue engineering, complex tissues can be fabricated to

perform specific biochemical functions to supplement or

substitute specific structures or organs. 3D printing, tissue

engineering, and bioprosthetics lie at the intersection of

cutting-edge technology and clinical science, offering

state-of-the-art technology that reduces donor site mor-

bidity while affording functionality previously thought

impossible through alternative means as traditional manu-

facturing due to the implied cost, time, and technical

modifications. Whereas 3D printing cost remains constant

with each manufactured piece that can be specifically

modified for printing, traditional manufacturing requires

machinery modifications for each new, patient-specific

modification. 3D printing also reduces delivery time, and if

3D printing is performed in or near the location where the

product is to be utilized, multiple prototypes can be printed,

trialed, and modified on demand.

3D Printing

3D printing technology, described elsewhere as additive

manufacturing (AM), rapid prototyping (RP), or solid free-

form (SFF) technology encompasses a family of tech-

nologies that fabricate physical structures from two-di-

mensional (2D) computerized instructions. Utilizing

materials as diverse as plastic, metal, ceramics, or bioma-

terials, structures are created through the successive

deposition of material layers in a stepwise fashion as

determined by the computerized blueprints programmed by

the user [1•]. The end result is a three-dimensional con-

struct whose utility is virtually limitless (Fig. 2).

Initial efforts to utilize 3D printing primarily focused on

the manufacture of objects identical to those produced

through traditional assembly processes [2]. When intro-

duced to the medical sciences, the applications for 3D

printing grew rapidly, including the creation of anatomical

teaching models and preoperative planning devices

(Fig. 3), tissue and organ fabrication for transplantation,

custom prosthetic and bioprosthetic implants, and the

development of novel pharmaceuticals and drug delivery

systems [3•, 4•]. Compared to devices manufactured

through alternative means, 3D printing affords the clinician

the unique opportunity to quickly and efficiently produce

products specifically tailored to the individual therapeutic

needs of any patient [3•, 5, 6].

Recent advancements in the field of tissue engineering

have made possible the use of 3D printing technology to

fashion components out of biological materials. This sub-

specialty of 3D printing, often referred to as bioprinting,

has permitted the creation of hybrid structures consisting of

organic tissue blended with synthetic materials. Such

constructs have included bone and skin in combination

with synthetic mesh to produce subtotal and total organs of

predetermined shape and size specifically tailored to the

needs of target recipients [7•, 8]. Bioprinting offers highly

precise computer-assisted cell placement capable of regu-

lating the speed at which cells are deposited, the volume

and diameter of the printed cells with detailed resolution

[7•]. In addition, the nature of the 3D bioprinting data files

allows rapid access to researchers and surgeons as they are

part of an open-source database readily available for tissue

engineering, repair, or replacement [1•, 9].

To date, several 3D printing methods exist, utilizing

different printer technologies, speeds, and materials

(Table 1) [10, 11]. Of these, there exist five main subdi-

visions of 3D printing used in plastic and reconstructive

surgery:

(1) Stereolithography (SLA) was the first 3D printing

technology used in reconstructive surgery. The pro-

cess involves the deposition of a photopolymer or

epoxy resin which is then cured by low-power UV

laser [10, 12]. Common photo-crosslinked macro-

molecules used as scaffolds in SLA 3D tissue

engineering include poly(propylene fumarate) (PPF),

photocurable synthesized polymer variations of

poly(ethylene glycol)/poly(D,L-lactide) (PEG-PL)

hydrogel, and gelatin methacrylate (GelMA). These

Fig. 1 Interrelatedness of 3D printing, tissue engineering, and

bioprosthetics in forming the next generation of implantable devices.

3D printed scaffolds are lined with tissue-engineered cells creating

the next generation of implantable prosthetics—bioprosthetics
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materials have been utilized for a number of research

and clinical applications. Among these, PPF has been

successfully used in rabbit cranial reconstruction;

PEG-PL has been proven to promote human mes-

enchymal stem cell adherence and proliferation;

GelMA demonstrates high pore interconnectivity

useful in the uniform distribution and proliferation

of human umbilical vein endothelial cells in scaf-

folding [13•, 14, 15]. SLA has proven to be of

exceptional value in the creation of anatomical

models for presurgical planning and medical device

modeling [16]. Advantages to SLA include extremely

high product resolution up to approximately 1.2 lm
and the capacity to fabricate shapes with high degree

of intricacy, although unpolymerized resin must be

removed manually. Key disadvantages which poten-

tially limit the use of SLA are that only a few

biocompatible materials are available, with those

available having poor mechanical properties. Further-

more, the cytotoxicity of some photoinitiators proves

a challenge for some clinical applications and the

need to incorporate support structures into the com-

puter model to assist the printing process can present

difficulty when trying to remove them upon printing

completion [17••].

(2) MultiJet Modeling (MJM) printing, MultiJet Printing,

or Poly Jet Technology resembles SLA but with the

Fig. 2 3D printer constructing

pediatric hand prosthesis in

different stages of printing

Fig. 3 Didactic applications of 3D printing. Reconstruction of

various pediatric congenital craniofacial deformities derived from

clinical 2D imaging. Clinicians are able to manipulate constructs

previously relegated to reproductions in print media, affording greater

understanding and appreciation for anomalous anatomy
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addition of multiple printer heads. In contrast to SLA,

the liquid photopolymer is immediately cured by UV

light, avoiding the long post-processing time in the

UV chamber [10, 18]. Product resolution is lower

compared to SLA at approximately 16 lm but with

the added advantage that different materials can be

printed and can be used for anatomical modeling.

Unfortunately, to date MJM remains cost prohibitive

for single-patient use, making it more appropriate for

large-scale production.

3) Selective laser sintering (SLS) consists of sequential

layering of a laser-sintered reusable powder with

thermoplastic, metal, glass, or ceramic materials [10,

19, 20]. It produces objects with smooth surfaces and a

high resolution limited to approximately 10 lm. The

maximum resolution is primarily dependent upon the

size of the powder particles, the laser beam diameter,

and the heat transferred to the powder. Materials used

in SLS 3D printing to fabricate scaffolds for tissue

engineering include PCL polymer, polyether ketone,

hydroxyapatite (HA), and biocompatible polymers

such as polyetheretherketone (PEEK), poly(vinyl

alcohol) (PVA), polycaprolactone (PCL), and poly

(L-lactic acid) (PLLA) [21, 22]. SLS affords the unique

ability to fabricate implants for bone regeneration with

the advantage of creating complex structures that once

cured are of considerable strength (Fig. 4) [23].

Unfortunately, due to the high laser temperature

required during the curing process, a limited variety

of materials can be used. This combined with low

resolution due to heat diffusion of the laser beam and

an undesired fusing of neighboring powder particles

limits functional utility.

(4) Binder Jet Technique (BJT) or Powder Bed Tech-

nique fabricates 3D structures by inkjet printing with

liquid binding solution selectively deposited onto

powder bed particles. The process is inexpensive

although objects have poor strength and poor surface

Table 1 Comparison of advantages, disadvantages, and utility of 3D printing methods used in plastic and reconstructive surgery

3D Printing method Advantages Disadvantages Applications�

Stereolithography

(SLA)

High resolution

Able to fabricate complex structures

Few biocompatible materials

Need for photoinitiators that may be

cytotoxic

Didactic and surgical planning

Scaffold for bony

reconstructions

MultiJet modeling

(MJM)

Immediately cured by UV (faster) Cost

Lower resolution compared to other

technologies

Scaffolds for bony

reconstruction, (currently cost

prohibitive)

Selective laser

sintering (SLS)

Smooth surface

High resolution�

Powder can be reused

Post-fabrication treatment can improve

characteristics of final product

High temperature for laser

Limited material library

Fusing of neighboring powder particles

Implants for bone regeneration

Binder Jet

technique (BJT)

Inexpensive

Variety of materials can be used

Poor strength

Poor finish

Scaffolds for cartilage and bone

growth

Fused deposition

modeling (FDM)

Inexpensive

Good mechanical strength

High temperatures preclude ability to add

living cells during extrusion process

Mono-material structures

Scaffolds for cartilage growth

Drug delivery systems

� These applications are a small representation of some of the experimental and clinical uses of these 3D printing methods related to plastic and

reconstructive surgery and are by no means exhaustive
� High resolution can be negated if heat diffusion occurs, fusing neighboring powder particles

Fig. 4 Biomedical titanium bone scaffolds for implantation. The use

of medical-grade metal in prosthetics has been thoroughly established

as an efficacious means of bone reconstruction. The above titanium

bone scaffold was obtained by selective laser sintering whose

parameters were set to a layer thickness of 100 mm, laser power

15 W, scan velocity 100 mm/s, hatching space 0.1 mm, energy

density 1.5 J/mm2, laser beam size 0.2 mm, and laser frequency

16 kHz. a Computerized representation of the proposed titanium

construct generated through CAD. b Completed bone scaffold

prosthesis. Reproduced with permission from Liu et al.23
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finishing when compared to SLA or SLS. A variety of

materials can be used, among which are calcium

polyphosphate, PVA, HA, and tricalcium phosphate

[25, 26]. Ceramics have also been used with this

technique to further serve as a scaffold for cartilage

and bone growth [27, 28]. The main advantages of

BJT 3D printing are its extensive range of available

materials, the direct control over pore size at the

microstructure level, and fine control of the shape

macroarchitecture. Disadvantages include low reso-

lution, limitation of layer thickness greater than the

porogen particle, low product strength, limitation of

organic solvents, and difficulty in removing unwanted

powder [17••].

(5) Fused deposition modeling (FDM) deposits thermo-

plastic material of low melting temperature along a

two-dimensional X–Y plane with biocompatible

polymers used to fabricate scaffolds [29]. Compared

to SLA, FDM is faster, more accurate, and less

expensive. Cohen et al. reports using FDM to

fabricate models to guide contouring of a mandibular

reconstruction, thereby shortening operating time,

blood loss, and exposure time to anesthesia [30]. The

main biocompatible polymers used to fabricate scaf-

folds are L-lactide/e-caprolactone (PLC) and poly(e-
caprolactone)/bioactive glass (PCL/BAG) which is

highly biocompatible with fibroblasts [31]. Additional

work utilizing FDM printing has yielded promising

results for future work. In vitro highly porous lactide-

co-glycolide (PLGA) scaffolds fabricated with FDM

and modified with Type II collagen scaffolding show

fiber spacing comparable to native articular cartilage

in porcine models with well-distributed chondrocyte

and neocartilage formation around the scaffolds [32•].

PCL–tricalcium phosphate (TCP) mesh has been

fabricated to locally deliver gentamicin, proving to

be effective in eliminating bacteria with low cyto-

toxicity [4]. In vivo studies utilizing poly(D,L-lac-

tide:glycolide) (DL-PLGA) and b-tricalcium
phosphate (b-TCP) scaffolds coated with HA

implanted into rabbit femoral unicortical bone defects

resulted in complete scaffold integration into the host

bone [33].

FDM provides high porosity due to its unique lay-down

pattern and offers good mechanical strength. This technology

is of limited bioprosthetic utility in that no living cell or tem-

perature-sensitive biological material can be introduced into

the scaffold during extrusion due to high production temper-

atures. Application is further limited by the fact that structures

are commonly mono-colored and mono-material [10, 17••].

Recently, four-dimensional (4D) printing has entered

medical study for the purpose of movement analysis, with

the fourth dimension consisting of time. In one study uti-

lizing 4D computed tomography, scans of thumb move-

ment were obtained and printed with conventional 3D

techniques, providing spatiotemporal anatomical details of

significant clinical utility for the preoperative planning of

procedures involving highly mobile areas [34].

Bioprostheses

The term ‘‘bioprosthetic’’ was initially used to refer to heart

valves manufactured from biomaterials that were con-

structed to be durable and permanent. It was presumed that

these devices would potentially avoid the clinical compli-

cations and failures associated with mechanical heart

valves, thereby reducing recipient morbidity and mortality

[35]. These valves were first made from pure homograft

and later xenograft. Although modern bioprosthetic mate-

rials are derived from animal or human tissue, some native

biological properties and extracellular matrix structure of

the original tissue are preserved [36, 37]. Bioprosthetic

materials act first as a mechanical support to permanent

mesh implants, then serve as a biological scaffold to be

remodeled within the host tissue once implantation occurs

[38]. This unique element of host remodeling is among the

reasons why bioprosthetic materials have an increased rate

of prosthetic incorporation, affording better clinical out-

comes in recipients compared to conventional synthetic

implants.

Collagen for use in bioprostheses is harvested from

human, porcine, or bovine models due to their high

homology with human tissue and is mainly used as the

framework upon which bioprosthetics are built. This is in

large part due to its capacity to form intricate cross-linking,

affording an increased strength, resistance, and stability to

the prosthetic by increasing the collagen intra- and inter-

fibrillary bonds. Chemical treatment with formaldehyde

followed by glutaraldehyde can be used to further ‘‘im-

prove’’ collagen, forming a highly stable lattice cross-

linking adjacent collagen molecules [35]. This technique is

of limited utility as host tissue inflammation and calcifi-

cation can occur, specifically in soft tissue implants [39].

The characteristic of the cross-linking depends on the

concentration, solvents, temperature, and duration of the

compounds used. Furthermore, acyl azide and carbodi-

imides present from the conversion of the aspartic acid and

glutamic acids within collagen produce smaller cross-

linking distance, which allows better prosthetic implanta-

tion [35].

The organic biomaterials utilized in bioprosthetics are

either degradable or become incorporated into the host

tissue. When compared to synthetic materials, this results

in a reduction of body rejection while promoting

Curr Surg Rep (2016) 4:6 Page 5 of 14 6

123



integration and vascularization with improved healing [40,

41••]. At present, research is focused on developing custom

biomaterials, tailoring such characteristics as pore size,

shape, porosity, spatial distribution, tension, and mechan-

ical strength to create materials better suited for cellular

attachment, proliferation, and differentiation in host tissue

[42]. However, as the strength of the material increases,

vascularization capacity of the bioimplant decreases, pre-

senting a unique challenge to bioengineers [35].

Chronic wound healing presents a novel area of study

for the application of bioprosthetic research. Both cellular

and acellular materials have been developed for the treat-

ment of diabetic, chronic, and burn wounds. Specifically, in

burn reconstruction bioprosthetic skin grafts have proven

useful in replacing dermal layers of difficult-to-treat burn

reconstructions [43–46]. Banyard et al. completed a thor-

ough review of the literature on this subject, determining

that the dermal matrix is among the most significant factors

determining burn wound healing. Through the application

of these novel skin grafts, Banyard concludes that there are

significant reductions in healing time, esthetic need, and

scar contracture with greater preservation of skin elasticity

[44]. Although an active area of ongoing research, to date

epidermal layer grafts have not yet been developed.

O’ Brien et al. performed histology, immunohisto-

chemistry, and mechanical testing of a 1 9 6 cm section of

a PermacolTM bioprosthesis originally placed for repair of

an abdominal wall hernia that was obtained during an

incision and drainage of a fluid collection posterior to the

PermacolTM. Testing showed that the implant maintained

durability, allowed vascular ingrowth, and demonstrated

integration with human collagen and elastin [47].

Ceramics have been used for surgical implantation due

to its high degree of biocompatibility and inert chemistry

combined with relatively high strength and low thermal

and electrical conductivity. However, ceramics possess low

ductility and a high degree of brittleness which limit their

clinical utility in bioprosthetics [48].

Currently, a diverse number of biomaterials are derived

from multiple different sources, including human and

animal tissues, naturally occurring organic materials, syn-

thetic polymers, and metals (Table 2). Materials vary in

degree of bioreactivity, with each offering its own set of

advantages and disadvantages based on the physical

properties of the material. These must be considered when

planning the form and function of a bioimplant. For

example, in bone reconstruction a bioimplant would need a

modulus of elasticity comparable to bone in order to

maintain uniform stress distribution while possessing high

tensile and compressive strengths resistant to shear and

fatigue forces to prevent fractures.

Metals are unique among materials utilized for bio-

prosthetics in that they are highly resistant to deformation

and corrosion while remaining easy to process and sterilize

and are therefore commonly used in implantable devices.

They are either biotolerant or in the instance of Titanium

(Ti) and its alloys even bioinert. Titanium has a high

degree of passivity and can both be rapidly formed and

made of controlled thickness. Titanium is very resistant to

corrosion by forming a thin oxide film on itself; even if the

film is damaged, the metal can repair itself in the presence

of oxygen. The thickness of this layer can be chemically

increased. This also makes it resistant to chemical degra-

dation. Titanium serves as an active catalyst for a number

of chemical reactions and has modulus of elasticity com-

patible with that of bone. Titanium is therefore the material

of choice for dental and intraosseous implants [49, 50].

While offering no specific functional deficiency, the use of

titanium in clinical applications is limited to cosmetic

concerns of the patient due to the dark gray color of the

metal. Recently, titanium–zirconium alloys with 13–17 %

zirconium (TiZr1317) have been shown to have increased

elongation and fatigue strength than pure elemental Ti

while maintaining growth of osteoblasts in experimental

models. The result is a thinner implantable device which

can be subjected to higher strains when TiZr1317 is uti-

lized, as long as the material shows a similar biocompati-

bility with pure Titanium [51].

Tissue Engineering

Tissue engineering is a new field of study principally

focused on the repair or replacement of bone, cartilage,

skin, muscle, blood vessels, and other tissues through cel-

lular manipulation [52]. Continued advancement in the

fields of biomaterials, stem cell research, biomimetics, and

cellular growth, and differentiation factors have made

possible the construction of extracellular scaffolds and

matrices impregnated with cells and biologically active

Table 2 Common materials utilized in bioprosthetics

Bioactive Hydroxyapatite, tricalcium phosphate, bioglass, carbon–silicon

Biotolerant Synthetic polymer Polyethylene, polyamide, polymethylmethacrylate, polytetrafluroethylene, polyurethane

Metal Gold, cobalt–chromium alloys, stainless steel, niobium, tantalum

Bioinert Ceramic Aluminum oxide, zirconium oxide

Metal Commercially pure titanium, titanium alloy (Ti-6AL-4U)
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molecules which restore or establish normal function [53].

Modern tissue engineering owes its successes in large part

to the pioneering work at the end of the last century. Ini-

tially unsuccessful attempts had been made as early as

1994, when cartilage was synthesized using biodegradable

synthetic polymers as vehicles for transplanted bovine

articular chondrocytes [54]. Eventually through telomere

extension via telomerase-enriched cellular clone lineages,

Geron Corporation was able to produce immortalized cells

with reduced cell senescence which has served as the

groundwork for current cellular and tissue production [55].

Autologous cells are principally used in tissue engi-

neering projects at present although these are usually very

limited and in many cases unavailable due to comorbidities

such as genetic disease, extreme age, or severe burn injury.

Additional difficulties presented with autologous cells

manifest in the culturing process which is time intensive

and prohibitive to emergent procedures. The use of mes-

enchymal stem cells with near totipotency allows for the

engineer to prepare tissues as diverse as bone, cartilage, fat,

or even nerve to provide ‘‘off-the-self’’ organs grown

in vitro. This technology therefore offers an alternative to

life-long immunosuppressive drugs for transplant patients

in a post-antibiotic age [56].

Several methods have been described for preparing

porous 3D structures to be used as tissue engineering

scaffolds for attachment and subsequent cell differentia-

tion. Among these are as follows:

(1) Nanofiber (peptide) self-assembly fabricates bioma-

terials using hydrogel scaffolds with nanoscale porous

structures. In recent years, new synthetic nano-

materials have been used as scaffolds to create

biomimetic micro-environments resulting in the for-

mation of carbon nanotubes. These nanotubes possess

increased tensile strength and enhanced conductivity,

and contain synthetic nanospheres that allow con-

trolled release of morphogens and the magnetic

nanoparticles necessary for vascular tissue engineer-

ing [56–60]. Other materials such as nanotitanite

wires improve matrix interaction and increases cell

adhesion, while gold nanowires provide control over

biomolecular localization within the scaffold. [61, 62]

(2) Textile technologies are methods based on the

fabrication of non-woven meshes consisting of

different biocompatible and biodegradable polymers

such as non-woven poly(lactide-co-glycolide)

(PLGA) [63]. These methods are limited by difficul-

ties in obtaining high porosity and difficulty in

standardizing pore size.

(3) Solvent casting and particulate leaching (SCPL)

creates structures with regular porosity by dissolving

a polymer in an organic solvent which is then cast

into a mold filled with porogen particles to produce

the scaffold. These porogen particles can be made of

sodium chloride, crystals of saccharose, gelatin, or

paraffin spheres. After solvent evaporation, the com-

posite material is dissolved, leaving a porous structure

[64]. Drawbacks to SCPL include difficulties in

managing pore size and thickness of the structure.

(4) Gas foaming is a process where gas is used as a

porogen, bypassing the need for organic solvents and

solid porogens [65]. Structures are placed in a heated

mold under highly pressurized CO2 for several days.

As the chamber depressurizes to atmospheric pres-

sure, porous structures are formed. This technique is

limited to only high-temperature polymer scaffold.

(5) Emulsification/freeze-drying adds water to a dis-

solved porogen polymer, forming an emulsion that

is then casted into a mold and immersed in liquid

nitrogen. The frozen emulsion is then freeze-dried,

creating a porous solid structure. This technique is

quite rapid but requires the use of solvents. The

porous size is small, and about 85 and 325 lm of

collagen glycosaminoglycan scaffolds are produced

[66•].

6. Electrospinning is the process of introducing electrical

current into a charged solution, ejecting very fine

micro- and nanofibers separated by electrostatic

repulsion [67]. The main advantage of electrospinning

is the low cost of the technology and its relative ease of

use. Electrospinning only requires a 30 kV electrical

supply, syringe, flat-tip needle, and a collector. For

these reasons, it is the most commonly used method to

fabricate scaffolds. However, there is often irregularity

in the size of pores produced. This technique is capable

of producing nanofibrous scaffolds from native poly-

mers such as collagen and elastin, shown to mimic the

structure and morphology of native extracellular

matrix (Fig. 5) [68••].

7. Computer-assisted design/manufacturing (CAD/CAM)

technologies consist of computer assistance to produce

3D scaffolds of desired porosity. The matrix is

manufactured via inkjet printing, fused deposition

modeling, or by solid free-form fabrication [69–71]

8. Laser-assisted BioPrinting (LaBP) is a method which

allows the positioning of different cell types or

biomaterials in a defined 3D scaffold. LaBP consists

of two coplanar glass slides, with an upper ‘‘donor

slide’’ and a lower ‘collector slide.’’ The donor slide

contains a gold light-absorbing layer and a layer of

biomaterials and cells which is then exposed to laser.

A gas pressure is generated by the heat of the laser

hitting the gold layer, ejecting the cells to the

hydrogel-coated collector slide where they are secured

in a humid environment. Utilizing this method, Koch
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et al. successfully fabricated human mesenchymal

stem cell tissue constructs from skin fibroblasts and

keratinocytes for in vivo implantation in animal

models [72•].

Developing Trends in 3D Printing, Bioprosthesis,
and Tissue Engineering in Plastic
and Reconstructive Surgery

Despite the growing number of applications for 3D printing

in medicine, it is only used in a small percentage of clinical

reconstructions. This is expected to change in the coming

years as the necessary equipment becomes less expensive,

and printing software is made more accessible. Whereas

clinical applications for 3D printing first began in the early

2000s with the construction of dental implants and pros-

theses, today plastic and reconstructive medicine has

implemented 3D printing for use in facial transplantation

and postoperative craniofacial implants [3•, 10].

Craniofacial Reconstruction

Craniofacial plastic surgery is among one of the fastest

growing fields of medicine to make use of 3D printing. A

recent case series by Choi et al. highlights experiences with

over 500 craniofacial cases utilizing 3D printing in the past

decade encompassing maxillary, orthognathic, orbital wall,

and cranial reconstruction with tremendous degrees of

success both clinically and cosmetically [73]. Similarly, the

work of D’Urso et al. reports efficacious use of 3D SLA in

the manufacture of individualized cranioplastic implants

custom tailored to patient specifications based on CT

imaging of 30 cranioplasty patients. Through mirroring and

interpolation, master implants were designed and fabri-

cated to produce a mold used to cast the patient-specific

acrylic implants. This technique reduced surgery time and

produced sufficient cosmetic results. The downside to the

use of this technology included additional costs to the

patient combined with computer CT data processing time

in excess of 2 h and a manufacture time of at least 2 days

[74]. Further work into the application of synthetic carbon

fiber-reinforced polymers (CFRP) for cranial implantation

has also been attempted using 3D SLA and template

modeling to repair extensive cranial defects [75, 76].

Individualized reconstructions of patient skulls using CFRP

acquired through CT data allowed for the production of

wax prostheses and ultimately the creation of cranial

implants from CFRP molds.

Recently, a topology optimization method was devel-

oped for designing patient-specific craniofacial implants

which were embedded directly into computer-generated

patient skull models, bypassing cadaveric or patient trial

and error in order to restore the form and function of

mastication. The 3D construct of the complete skull model

with the implant was prepared by applying digital image

correlation (DIC) to compare the finite element model of

patient-specific craniofacial implants with data obtained

during simulated mastication. This computational and

experimental approach for the design of patient-specific

implants has shown to be a viable technique for mid-face

craniofacial reconstruction [77]. Precise mandibular

reconstruction is paramount to ultimately allow dental

implant placement, proper articulation, masticatory func-

tion, and esthetic results.

CAD/CAM-derived 3D Ti mesh implants have been

prepared for patients requiring bifrontal cranioplasties due

to skull defects. No major postoperative complications

were detected, demonstrating that CAD/CAM 3D Ti mesh

implant is an encouraging technique for large skull defects

due to its safety, practicality, and surgical stability. How-

ever, as there are large differences in mechanical properties

between Ti cranioplasties and bone grafts, future research

will likely target the development of new porous metal–

polymer hybrid implants with properties close to bone and

that resist mechanical masticatory stress [78].

Maxillofacial reconstruction has also been completed

utilizing assorted 3D printing technologies. Artificial

maxillofacial bone implants have been fabricated from

aTCP powder using an inkjet printer by Saijo et al. in 2009

(Fig. 6). This was the first time artificial bone implants for

maxillofacial deformity corrections were fabricated using

3D technology. The main advantages were minimal size

and shape adjustments which reduced surgical time, and

postoperative evaluation showed that the implants were

Fig. 5 Electron micrograph of polycaprolactone fiber mesh. Poly-

caprolactone mesh is capable of serving as a nanofibrous lattice

generated from native polymers such as collagen and elastin. The

resulting structure is capable of mimicking the shape and morphology

of nascent extracellular matrix. Reproduced with permission from

Coutinho et al. [68••]
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biocompatible and partially osteoconductive as demon-

strated by CT scan [79•]. This technique was expanded

upon by Klammert et al. in 2010 to fabricate craniofacial

implants, showing that 3D printing of calcium phosphate

serves as a biodegradable synthetic patient-specific cran-

iofacial bone replacement [80]. In addition to calcium

phosphate synthetic implants, nanoscale biomimetic

hydroxyapatite/polyamide (n-HA/PA) scaffold has been

used as a mandibular condyle implant by means of CAD/

CAM 3D printing fabrication. In this instance, the patient

had previously undergone mandibular angle reduction with

malocclusion, deviated mouth, hemifacial collapse, and

masticatory problems. Augmentation via n-HA/PA resulted

in an improvement in appearance and temporomandibular

joint function [81]. 3D printing-assisted mandibular

reconstruction has increasingly become so common among

craniofacial surgeons as to warrant the formation of

guidelines for 3D printer-generated osteotomies. These

osteotomies can also act as splints to precisely reposition

bone and direct plate placement, thereby improving accu-

racy in reconstruction (Fig. 7) [82•, 83]

Nasal reconstruction has also been performed using 3D

printing molds constructed from CT scans of cadaveric

cartilage. Human chondrocytes from nasal cartilage were

mixed with poly(glycolic acid) poly-L-lactic acid and cul-

tured in vitro to then be implanted subcutaneously into

nude mice. The histologic analysis showed that both the

cell and tissue of engineered cartilage were similar to those

of native lower lateral cartilage, concluding that 3D

printing and tissue engineering allow the construction of

3D shapes of human nasal alar cartilage and may perhaps

be approaching clinical use in the coming years [84].

Bos et al. developed a multidisciplinary approach to ear

reconstruction utilizing cadaveric ears for soft tissue dissec-

tionand formationof customizable 3Dprintingof ear implants

via STLmethodology [85]. To date, this represents one of the

only peer-reviewed studies in the literature regarding auricu-

lar reconstruction utilizing 3D printing techniques.

Fig. 6 Simulation using three-dimensional (3D) plaster model.

a Preoperative 3D plaster model showing the deformity of trans-

planted autograft in the left lower jaw. b The design of an artificial

bone created on the 3D plaster model with special radiopaque wax

(pink) by the surgical operator. c Extraction of the CAD data of the

created artificial bone (red) based on computed tomography (CT)

image. d Macroscopic image of the inkjet-printed custom-made

artificial bone (IPCAB). Reproduced with permission from Saijo et al.

[94]

Fig. 7 Stereolithographic model for maxillofacial reconstruction.

a Preoperative 3D CT reconstruction. b Model of craniofacial

skeleton, planned neomandible, plate template, and cutting guides.

c Cutting guides fixed to mandible before resection. Image modified

and reproduced with permission from Hirsch et al. [83]
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Other Clinical Applications

Advancements in the area of preoperative planning have

also been of note in recent years. 3D modeling of ankle soft

tissue wounds have been repaired by superimposing left

and right ankle imaging to produce a 3D construct of a

mirror image of the defect, aiding in surgical planning of

soft tissue wound coverage [86]. 3D reproduction of the

internal mammary artery perforator from cadaver models

using composite powder printing process has been

accomplished by applying a modified lead oxide technique

[87]. Also haptic modeling of a subluxated first car-

pometacarpal joint has been performed, establishing the

relationship between the trapezium and the first meta-

carpal. Manipulation of the reconstructed model familiar-

ized the surgical team prior to operation [10].

In addition to preoperative planning, 3D printing, bio-

prosthetics, and tissue engineering are becoming useful for

intraoperative guidance. Application of 4D printing has

allowed for the analysis of the positional transition during

thumb movements, offering valuable spatiotemporal

anatomical information [34]. A bone reduction clamp for

finger fractures has been manufactured using downloadable

software to fabricate a 3D model of the device [88]. Cur-

rently, open-source downloadable ready-to-print models of

laboratory instruments are available under the format of

‘‘open labware.’’ [9]

Organ Production for Transplantation

The shortage of organs and tissue for human transplanta-

tion is a major issue in medicine potentially alleviated by

thermal inkjet 3D bioprinting which has widened the pos-

sibilities to new sources of transplantable tissues. Inkjet

3D-printed mammalian ovary CHO-S cells transfected with

plasmid DNA by co-printing potentially allows clinicians

to implant tissues biocompatible for reconstruction [89].

Depending on the tissue type needed, vascular or nerve

cells can be added to the organ during assembly. Bio-

printing is able to fabricate tissue from ‘‘bioink’’ ejected

layer by layer to form a 3D living structure printed from

CT or MRI scanned images [90]. Although thermal inkjet

printers use temperatures in excess of 300 �C, it is only for

microseconds during printing with an additional cellular

heating step of 4–10 �C for 2 ls. The result is mammalian

cell viability of approximately 90 % [91]. The advantage

of bioprinting is that it has little or no side effects and is

more accessible, requiring fewer modifications and main-

tenance than piezoelectric inkjet printers. In reconstructive

medicine, skin is an essential tissue that requires effective

replacement strategies. 3D bioprinting of fibroblasts and

keratocytes over a matrix has allowed the creation of cel-

lularized 3D skin which when implanted into mice formed

multilayer epidermis and collagen from graft keratocytes

and fibroblasts, respectively. This tissue-engineered skin

has demonstrated that 3D bioprinting is capable of creating

an in vivo complex multi-cell-type tissue as skin [92•].

Biomimetics

During the last decade, the development of 3D bioprinting,

bioprosthetics, tissue engineering, as well as new synthetic

nanostructures has led to the production of macro- and

microscale biocompatible, differentiated, and tissue-inte-

grated biomimetic systems. At present, this technology is

limited to the production of small tissue volumes of

approximately 150–200 lm thickness due to the need for

functional vascular systems capable of O2 diffusion [6].

Although 3D bioprinting is a promising technique to fab-

ricate functional vascular systems, to our knowledge no

complex arrangements consisting of multiple cell types

with the required nutrients and growth factors have been

created.

3D-printed organs and engineered tissues ready for

implantation present a major challenge for the near future

of applied medicine [91, 93•]. Among these challenges is

the further development of 3D printing to nanoscale reso-

lution in order to fabricate nanoscaffolds, to fashion new

tissue-specific biomaterials, and incorporate virtual reality

modeling, 3D imaging, and 3D image reconstruction. Such

advancements will ultimately lead to the development of

patient-specific implants that will not only have the ade-

quate form, but also the same mechanical, chemical, and

physiological properties as original tissues. The bioengi-

neered tissues of tomorrow will ultimately prove capable of

cellular differentiation and growth, proving to be tremen-

dously effective means of repair and reconstruction.

Conclusion

Although 3D printing in plastic and reconstructive surgery

is still in its relative infancy, the technology has already

proven an invaluable resource. From didactic and training

opportunities to constructing educational guides, instru-

ments, scaffolds, or complex organs, 3D printing has

opened the door to a heightened degree of individualized

patient care. With continued progress in the field of tissue

engineering, increasingly complex cell lineages and ulti-

mately tissue types will be designed for implantation at the

clinical level. These tissue types will continue to utilize

biologic and synthetic materials to supplement and ulti-

mately replace the prostheses of today. With the rapid
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maturation of 3D printing facilitating the creation of bio-

prosthetics, it is within the realm of possibilities to imagine

tremendous improvements in quality of life for chronic

wound care, amputation, organ transplant, and oncology

patient populations or more broadly any patient in need of

surgical intervention.

Ultimately, this technology hints at a future free of host–

graft incompatibility and an end to graft rejection. With

prosthetics composed of cell lineages derived from indi-

vidual recipients, clinical outcomes will continue to

improve, reducing life-threatening postoperative courses

and improving cosmetic outcomes. Taken to its logical

conclusion, bioprosthetics can conceivably reduce the

duration of postoperative hospital stays and perhaps even

positively impact the financial burden incurred through

implantable device rejection.

As these mechanisms are further developed and made

more cost effective, we expect to see 3D printing becoming

an indispensable component of reconstructive surgical

practice. The theoretical applications for 3D-generated

bioprosthetics are all but limitless and offer the potential

for an entirely new discipline of medicine; one where the

auspices of reconstruction, wound care, immunology,

transplantation, engineering, digital design, and material

science are intertwined to help treat patients as never

before possible.

Compliance with Ethics Guidelines

Conflicts of Interest Drs. Tepper and Colasante have a patent

pending (Number 62/233,543). Dr. Tepper also reports personal fees

from Stryker CMF and is a consultant and equity holder for

mirrorme3d. Dr. Garfein reports personal fees from Lifecell, Stryker,

and Novadaq and is a founder of OscarSurgical. Dr. Sanford declares

no conflicts of interest.

Human and Animal Rights and Informed Consent This article

does not contain any studies with human or animal subjects

performed by any of the authors.

References

Papers of particular interest, published recently, have been

highlighted as:
• Of importance
•• Of major importance

1. • Gross BC, Erkal JL, Lockwood SY, Chen C. Spence DM.

Evaluation of 3D printing and its potential impact on biotech-

nology and the chemical sciences. Anal Chem 2014;86:3240–53.

This paper provides background on the technologies used for 3D

printing, introduces to the reader the.STL file format (Standard

Tessellation Language or STereoLithography), the common lan-

guage for CAD/CAD software and 3D printers and expands on

biological uses of 3D printing extensively.

2. Hoy MB. 3D printing: making things at the library. Med Ref Serv

Q. 2013;32:94–9.

3. • Marro A, Bandukwala T, Mak W. Three-dimensional printing

and medical imaging: a review of the methods and applications.

Curr Probl Diagn Radiol 2015. In this review the authors provide

a general overview of the potential uses, process and limitation of

3D printing from medical imaging data including 3D bioprinting.

4. • Teo EY, Ong SY, Chong MS, et al. Polycaprolactone-based

fused deposition modeled mesh for delivery of antibacterial

agents to infected wounds. Biomaterials 2011;32:279-87. This

study presented the use of 3D printed antibiotic delivery system

used in vivo, although the system was used in mice it is

groundbreaking research as it applies 3D printing in a very

common pathology to provide clinical improvement and at the

same time reducing systemic exposure to antibiotic. It is also one

of the earlier uses of 3D printing in vivo where the printed system

is not used as structural component to provide a scaffold for the

own body to heal, instead it a functional drug delivery system.

5. Klein GT, Lu Y, Wang MY. 3D printing and neurosurgery–ready

for prime time? World Neurosurg. 2013;80:233–5.

6. Schubert C, van Langeveld MC, Donoso LA. Innovations in 3D

printing: a 3D overview from optics to organs. Br J Ophthalmol.

2014;98:159–61.

7. • Ventola CL. Medical Applications for 3D printing: current and

projected uses. P T 2014;39:704–11. This article focuses on the

current uses of 3D printing in medicine; briefly discussing bio-

prinitng tissue and organs, custom implants and prostheses,

anatomical models for surgical preparation, drug delivery devi-

ces (unique dosage forms) and describes some of the current

barriers and controversies, including safety, regulatory concerns

and potential copyright and patent issues.

8. Michalski MH, Ross JS. The shape of things to come: 3D printing

in medicine. JAMA. 2014;312:2213–4.

9. Baden T, Chagas AM, Gage G, Marzullo T, Prieto-Godino LL,

Euler T. Open Labware: 3-D Printing Your Own Lab Equipment.

PLoS Biology 2015;13.

10. Chae MP, Rozen WM, McMenamin PG, Findlay MW, Spychal

RT, Hunter-Smith DJ. Emerging applications of bedside 3D

printing in plastic surgery. Front Surg. 2015;2:25.

11. Lipson H. New world of 3-D printing offers ‘‘completely new

ways of thinking’’: Q&A with author, engineer, and 3-D printing

expert Hod Lipson. IEEE Pulse. 2013;4:12–4.

12. Hull CW. Apparatus for production of three-dimensional objects

by stereolithography. Google Patents; 1986.

13. • Gauvin R, Chen YC, Lee JW, et al. Microfabrication of com-

plex porous tissue engineering scaffolds using 3D projection

stereolithography. Biomaterials 2012;33:3824–34. Projection

stereolithography (PSL) is introduced in this paper. PSL was

develop to build 3D scaffolds using gelatin methacrylate (GelMA)

to improve inner structure of the scaffold compared to the top

down printing methods. Initial testing shows PSL to be a

promising method to create scaffolds for tissue engineering.

14. Lee KW, Wang S, Fox BC, Ritman EL, Yaszemski MJ, Lu L.

Poly(propylene fumarate) bone tissue engineering scaffold fab-

rication using stereolithography: effects of resin formulations and

laser parameters. Biomacromolecules. 2007;8:1077–84.

15. Seck TM, Melchels FP, Feijen J, Grijpma DW. Designed

biodegradable hydrogel structures prepared by stereolithography

using poly(ethylene glycol)/poly(D, L-lactide)-based resins.

J Contro Release. 2010;148:34–41.

16. Park JH, Jung JW, Kang HW, Cho DW. Indirect three-dimen-

sional printing of synthetic polymer scaffold based on thermal

molding process. Biofabrication. 2014;6:025003.

17. •• Chia HN, Wu BM. Recent advances in 3D printing of bio-

materials. J Biol Eng 2015;9:4. This is, until now, the most up-to-

Curr Surg Rep (2016) 4:6 Page 11 of 14 6

123



date and comprehensive review of 3D biomaterials used in 3D

printing.

18. Almquist TA, Smalley DR. Thermal stereolithography. Google

Patents; 1992.

19. Deckard CR. Method and apparatus for producing parts by

selective sintering. Google Patents; 1989.

20. Rengier F, Mehndiratta A, von Tengg-Kobligk H, et al. 3D

printing based on imaging data: review of medical applications.

Int J Comput Assist Radiol Surg. 2010;5:335–41.

21. Tan KH, Chua CK, Leong KF, et al. Selective laser sintering of

biocompatible polymers for applications in tissue engineering.

Bio-Med Mater Eng. 2005;15:113–24.

22. Wiria FE, Leong KF, Chua CK, Liu Y. Poly-epsilon-caprolac-

tone/hydroxyapatite for tissue engineering scaffold fabrication

via selective laser sintering. Acta Biomater. 2007;3:1–12.

23. Liu F-H, Lee R-T, Lin W-H, Liao Y-S. Selective laser sintering

of bio-metal scaffold. Procedia CIRP. 2013;5:83–7.

24. Sachs EM, Haggerty JS, Cima MJ, Williams PA. Three-dimen-

sional printing techniques. Google Patents; 1993.

25. Abarrategi A, Moreno-Vicente C, Martinez-Vazquez FJ, et al.

Biological properties of solid free form designed ceramic scaf-

folds with BMP-2: in vitro and in vivo evaluation. PLoS One.

2012;7:e34117.

26. Shanjani Y, De Croos JN, Pilliar RM, Kandel RA, Toyserkani E.

Solid freeform fabrication and characterization of porous calcium

polyphosphate structures for tissue engineering purposes.

J Biomed Mater Res B Appl Biomater. 2010;93:510–9.

27. Tarafder S, Davies NM, Bandyopadhyay A, Bose S. 3D printed

tricalcium phosphate scaffolds: Effect of SrO and MgO doping on

osteogenesis in a rat distal femoral defect model. Biomater Sci.

2013;1:1250–9.

28. Tarafder S, Dernell WS, Bandyopadhyay A, Bose S. SrO- and

MgO-doped microwave sintered 3D printed tricalcium phosphate

scaffolds: mechanical properties and in vivo osteogenesis in a

rabbit model. J Biomed Mater Res B Appl Biomater.

2015;103:679–90.

29. Crump SS. Apparatus and method for creating three-dimensional

objects. Google Patents; 1992.

30. Cohen A, Laviv A, Berman P, Nashef R, Abu-Tair J. Mandibular

reconstruction using stereolithographic 3-dimensional printing

modeling technology. Oral Surg Oral Med Oral Pathol Oral

Radiol Endod. 2009;108:661–6.

31. Korpela J, Kokkari A, Korhonen H, Malin M, Narhi T, Seppala J.

Biodegradable and bioactive porous scaffold structures prepared

using fused deposition modeling. J Biomed Mater Res B Appl

Biomater. 2013;101:610–9.

32. • Yen HJ, Tseng CS, Hsu SH, Tsai CL. Evaluation of chondro-

cyte growth in the highly porous scaffolds made by fused depo-

sition manufacturing (FDM) filled with type II collagen. Biomed

Microdevices 2009;11:615–24. In the process of creating newly

engineered tissues it is imperative to have adequate distribution

of the living cells seeded on the scaffolds. This experiment cre-

ated highly porous poly(D,L-lactide-co-glycolide) (PLGA) scaf-

folds using the fused deposition manufacturing (FDM) process

and modified by type II collagen. The seeded chondrocytes

chondrocytes were well distributed in the interior of the scaffolds

with large fiber spacing and neocartilage was formed around the

scaffolds, proving to be another successful step in the process to

ultimately create off-the-shelf tissues.

33. Kim J, McBride S, Tellis B, et al. Rapid-prototyped PLGA/beta-

TCP/hydroxyapatite nanocomposite scaffolds in a rabbit femoral

defect model. Biofabrication. 2012;4:025003.

34. Chae MP, Hunter-Smith DJ, De-Silva I, Tham S, Spychal RT,

Rozen WM. Four-dimensional (4D) printing: a new evolution in

computed tomography-guided stereolithographic modeling prin-

ciples and application. J Reconstr Microsurg. 2015;31:458–63.

35. Dunn RM. Cross-linking in biomaterials: a primer for clinicians.

Plast Reconstr Surg. 2012;130:18S–26S.

36. Carpentier A. From valvular xenograft to valvular bioprosthesis

(1965–1977). Med Instrum. 1977;11:98–101.

37. Carpentier A, Lemaigre G, Robert L, Carpentier S, Dubost C.

Biological factors affecting long-term results of valvular hetero-

grafts. J Thorac Cardiovasc Surg. 1969;58:467–83.

38. Butler CE. The role of bioprosthetics in abdominal wall recon-

struction. Clin Plast Surg. 2006;33:199–211 v–vi.
39. Liang HC, Chang Y, Hsu CK, Lee MH, Sung HW. Effects of

crosslinking degree of an acellular biological tissue on its tissue

regeneration pattern. Biomaterials. 2004;25:3541–52.

40. Daghighi S, Sjollema J, van der Mei HC, Busscher HJ, Rochford

ET. Infection resistance of degradable versus non-degradable

biomaterials: an assessment of the potential mechanisms. Bio-

materials. 2013;34:8013–7.

41. •• Kim JJ, Evans GR. Applications of biomaterials in plastic

surgery. Clin Plast Surg 2012;39:359–76. In this overview soft

tissue fillers, bioengineered skins, acellular dermal matrices,

biomaterials for craniofacial surgery, and peripheral nerve

repair are discussed. It also summarizes indications, properties,

uses, types, advantages and disadvantages of some of the cur-

rently available products from each category.

42. Widgerow AD. Bioengineered matrices–part 2: focal adhesion,

integrins, and the fibroblast effect. Ann Plast Surg.

2012;68:574–8.

43. Wainwright DJ, Bury SB. Acellular dermal matrix in the man-

agement of the burn patient. Aesthet Surg J. 2011;31:13S–23S.

44. Banyard DA, Bourgeois JM, Widgerow AD, Evans GR. Regen-

erative biomaterials: a review. Plast Reconstr Surg.

2015;135:1740–8.

45. Askari M, Cohen MJ, Grossman PH, Kulber DA. The use of

acellular dermal matrix in release of burn contracture scars in the

hand. Plast Reconstr Surg. 2011;127:1593–9.

46. Shahrokhi S, Arno A, Jeschke MG. The use of dermal substitutes

in burn surgery: acute phase. Wound Repair Regen.

2014;22:14–22.

47. O’Brien JA, Ignotz R, Montilla R, Broderick GB, Christakis A,

Dunn RM. Long-term histologic and mechanical results of a

permacol abdominal wall explant. Hernia. 2011;15:211–5.

48. Saini M, Singh Y, Arora P, Arora V, Jain K. Implant biomate-

rials: a comprehensive review. World J Clin Cases. 2015;3:52–7.

49. Tschernitschek H, Borchers L, Geurtsen W. Nonalloyed titanium

as a bioinert metal–a review. Quintessence Int. 2005;36:523–30.

50. Sykaras N, Iacopino AM, Marker VA, Triplett RG, Woody RD.

Implant materials, designs, and surface topographies: their effect

on osseointegration. A literature review. Int J Oral Maxillofac

Implants. 2000;15:675–90.

51. Chiapasco M, Casentini P, Zaniboni M, Corsi E, Anello T.

Titanium-zirconium alloy narrow-diameter implants (Straumann

Roxolid((R))) for the rehabilitation of horizontally deficient

edentulous ridges: prospective study on 18 consecutive patients.

Clin Oral Implants Res. 2012;23:1136–41.

52. Langer R, Vacanti JP. Tissue engineering. Science.

1993;260:920–6.

53. MacArthur BD, Oreffo RO. Bridging the gap. Nature.

2005;433:19.

54. Kim WS, Vacanti JP, Cima L, et al. Cartilage engineered in

predetermined shapes employing cell transplantation on synthetic

biodegradable polymers. Plast Reconstr Surg. 1994;94:233–7

discussion 8–40.
55. Bodnar AG, Ouellette M, Frolkis M, et al. Extension of life-span

by introduction of telomerase into normal human cells. Science.

1998;279:349–52.

56. Cassidy JW. Nanotechnology in the regeneration of complex

tissues. Bone Tissue Regen Insights. 2014;5:25–35.

6 Page 12 of 14 Curr Surg Rep (2016) 4:6

123



57. Pislaru SV, Harbuzariu A, Agarwal G, et al. Magnetic forces

enable rapid endothelialization of synthetic vascular grafts. Cir-

culation. 2006;114:I314–8.

58. Wang SF, Shen L, Zhang WD, Tong YJ. Preparation and

mechanical properties of chitosan/carbon nanotubes composites.

Biomacromolecules. 2005;6:3067–72.

59. Gui X, Cao A, Wei J, et al. Soft, highly conductive nanotube

sponges and composites with controlled compressibility. ACS

Nano. 2010;4:2320–6.

60. Zhang S, Uludag H. Nanoparticulate systems for growth factor

delivery. Pharm Res. 2009;26:1561–80.

61. Fan D, Yin Z, Cheong R, et al. Subcellular-resolution delivery of

a cytokine through precisely manipulated nanowires. Nat Nan-

otechnol. 2010;5:545–51.

62. Wu S, Liu X, Hu T, et al. A biomimetic hierarchical scaffold:

natural growth of nanotitanates on three-dimensional microp-

orous Ti-based metals. Nano Lett. 2008;8:3803–8.

63. Pan Z, Ding J. Poly(lactide-co-glycolide) porous scaffolds for

tissue engineering and regenerative medicine. Interface Focus.

2012;2:366–77.

64. Liao CJ, Chen CF, Chen JH, Chiang SF, Lin YJ, Chang KY.

Fabrication of porous biodegradable polymer scaffolds using a

solvent merging/particulate leaching method. J Biomed Mater

Res. 2002;59:676–81.

65. Harris LD, Kim BS, Mooney DJ. Open pore biodegradable

matrices formed with gas foaming. J Biomed Mater Res.

1998;42:396–402.

66. • Haugh MG, Murphy CM, O’Brien FJ. Novel freeze-drying

methods to produce a range of collagen-glycosaminoglycan

scaffolds with tailored mean pore sizes. Tissue Eng Part C

Methods 2010;16:887–94. Pore size is an important aspect of

scaffold design. This study applies modifications to the freeze-

drying cycle to produce a variety of collagen-glycosan scaffolds

with a wide range of mean pore sizes. Adding to the arsenal of

techniques that can be used to create and modify the inner

structure of scaffolds.

67. Ziabicki A. Fundamentals of fibre formation : the science of fibre

spinning and drawing. London: Wiley; 1976.

68. •• Coutinho D, Costa P, Neves N, Gomes M, Reis R. Micro- and

Nanotechnology in Tissue Engineering. In: Pallua N, Suscheck

CV, eds. Tissue Engineering: Springer Berlin Heidelberg;

2011:3–29. This is a comprehensive chapter discussing recent

developments regarding micro and nanotechnologies and their

applications in tissue engineering. This technologies are neces-

sary to improve the structure and therefore functionality of

scaffolds. These technologies can be used to study and control the

phenomena occurring at the cellular microenvironment.

69. Ma PX, Elisseeff JH. Scaffolding in tissue engineering. Boca

Raton: Taylor&Francis; 2005.

70. Melchels F, Wiggenhauser PS, Warne D, et al. CAD/CAM-as-

sisted breast reconstruction. Biofabrication. 2011;3:034114.

71. Kang HW, Park JH, Kang TY, Seol YJ, Cho DW. Unit cell-based

computer-aided manufacturing system for tissue engineering.

Biofabrication. 2012;4:015005.

72. • Koch L, Kuhn S, Sorg H, et al. Laser printing of skin cells and

human stem cells. Tissue Eng Part C Methods 2010;16:847–54.

Laser printing based on laser-induced forward transfer (LIFT) is

a new and promising biofabrication technique for the arrange-

ment of biological materials or living cells. In this study LIFT

was used to print cell with high potential in regeneration (skin

and mesechymal cells) to evaluate the influence of LIFT on the

cells. The results showed high transfer rate and no increase of

apoptosis or DNA fragmentation. These results show that LIFT

will be a promising method for ex vivo cell printing.

73. Choi JW, Kim N. Clinical application of three-dimensional

printing technology in craniofacial plastic surgery. Arch Plast

Surg. 2015;42:267–77.

74. D’Urso PS, Earwaker WJ, Barker TM, et al. Custom cranioplasty

using stereolithography and acrylic. Br J Plast Surg.

2000;53:200–4.

75. Parthasarathy J. 3D modeling, custom implants and its future

perspectives in craniofacial surgery. Ann Maxillofac Surg.

2014;4:9–18.

76. Wurm G, Tomancok B, Holl K, Trenkler J. Prospective study on

cranioplasty with individual carbon fiber reinforced polymer

(CFRP) implants produced by means of stereolithography. Surg

Neurol. 2004;62:510–21.

77. Sutradhar A, Park J, Carrau D, Miller MJ. Experimental valida-

tion of 3D printed patient-specific implants using digital image

correlation and finite element analysis. Comput Biol Med.

2014;52:8–17.

78. Chen S-T, Chang C-J, Su W-C, Chang L-W, Chu IH, Lin M-S.

3-D titanium mesh reconstruction of defective skull after frontal

craniectomy in traumatic brain injury. Injury. 2015;46:80–5.

79. • Saijo H, Igawa K, Kanno Y, et al. Maxillofacial reconstruction

using custom-made artificial bones fabricated by inkjet printing

technology. Journal of artificial organs : the official journal of the

Japanese Society for Artificial Organs 2009;12:200–5.

Mandibular reconstruction is one of the most complex recon-

structions performed in the wide spectrum of the reconstructive

surgery practice. The complex three-dimensional shape, requir-

ing multiple osteotomies that can impair blood flow, the need for

enough bone to support implants, occasional need to reconstruct

the condyle and the morbidity associated with the donor site

(usually fibula) make this a complex issue. This study present 3D

printing of artificial bones and implanted them in ten patients

with maxillofacial deformities. Findings in this study provide

support for further clinical studies of the inkjet-printed custom-

made artificial bones.

80. Klammert U, Gbureck U, Vorndran E, Rodiger J, Meyer-Mar-

cotty P, Kubler AC. 3D powder printed calcium phosphate

implants for reconstruction of cranial and maxillofacial defects.

J Craniomaxillofac Surg. 2010;38:565–70.

81. Li J, Hsu Y, Luo E, Khadka A, Hu J. Computer-aided design and

manufacturing and rapid prototyped nanoscale hydroxyapatite/

polyamide (n-HA/PA) construction for condylar defect caused by

mandibular angle ostectomy. Aesthetic Plast Surg. 2011;35:636–40.

82. • Levine JP, Patel A, Saadeh PB, Hirsch DL. Computer-aided

design and manufacturing in craniomaxillofacial surgery: the new

state of the art. The Journal of craniofacial surgery

2012;23:288–93. This paper illustrates a clear clinical advantage

in the use of 3D printing as an aid in surgery, in this case,

mandibular reconstruction. For bone grafts to be used in

mandibular reconstruction there is no disadvantage and many

very well defined advantages of using osteotomy guides (that need

to be generated with CT reconstructions). Therefore it is ideal for

all mandibular reconstruction with free bone graft to use 3D

printed osteotomy guides. At the moment there a few of these

clear-cut clinical applications of 3D printing in surgery, reason

why we find this paper of importance.

83. Hirsch DL, Garfein ES, Christensen AM, Weimer KA, Saddeh

PB, Levine JP. Use of computer-aided design and computer-aided

manufacturing to produce orthognathically ideal surgical out-

comes: a paradigm shift in head and neck reconstruction. J Oral

Maxillofac Surg. 2009;67:2115–22.

84. Xu Y, Fan F, Kang N, et al. Tissue engineering of human nasal

alar cartilage precisely by using three-dimensional printing. Plast

Reconstr Surg. 2015;135:451–8.

Curr Surg Rep (2016) 4:6 Page 13 of 14 6

123



85. Bos EJ, Scholten T, Song Y, et al. Developing a parametric ear

model for auricular reconstruction: a new step towards patient-

specific implants. J Craniomaxillofac Surg. 2015;43:390–5.

86. Chae MP, Lin F, Spychal RT, Hunter-Smith DJ, Rozen WM. 3D-

printed haptic ‘‘reverse’’ models for preoperative planning in soft

tissue reconstruction: a case report. Microsurgery. 2015;35:

148–53.

87. Gillis JA, Morris SF. Three-dimensional printing of perforator

vascular anatomy. Plast Reconstr Surg. 2014;133:80e–2e.

88. Fuller SM, Butz DR, Vevang CB, Makhlouf MV. Application of

3-dimensional printing in hand surgery for production of a novel

bone reduction clamp. J Hand Surg. 2014;39:1840–5.

89. Cui X, Dean D, Ruggeri ZM, Boland T. Cell damage evaluation

of thermal inkjet printed Chinese hamster ovary cells. Biotechnol

Bioeng. 2010;106:963–9.

90. Ozbolat IT, Yu Y. Bioprinting toward organ fabrication: chal-

lenges and future trends. IEEE Trans Biomed Eng. 2013;60:

691–9.

91. Cui X, Boland T, D’Lima DD, Lotz MK. Thermal inkjet printing

in tissue engineering and regenerative medicine. Recent Pat Drug

Deliv Formul. 2012;6:149–55.

92. • Michael S, Sorg H, Peck CT, et al. Tissue engineered skin

substitutes created by laser-assisted bioprinting form skin-like

structures in the dorsal skin fold chamber in mice. PLoS One

2013;8:e57741. The authors utilized a laser-assisted bioprinting

(LaBP) technique to create a fully cellularized skin substitute

allowing printing different cell types in a 3D spatial pattern. It

was then implanted into full thickness wound of mice. Their

results showed tissue formation in vivo on the construct. This

technique overcomes a very important hurdle in the journey for

3D printing complex tissues.

93. • Bertassoni LE, Cecconi M, Manoharan V, et al. Hydrogel

bioprinted microchannel networks for vascularization of tissue

engineering constructs. Lab Chip 2014;14:2202–11. Blood supply

to newly engineered tissues is barrier in transplantation. In this

study the authors created vascular networks in hydrogels and

demonstrated the functionality of the fabricated vascular net-

works in improving mass transport, cellular viability and differ-

entiation within the cell-laden tissue constructs. Also formation of

endothelial monolayers within the fabricated channels was con-

firmed. This is a breakthrough in tissue engineering of complex

tissues.

94. Saijo H, Igawa K, Kanno Y, et al. Maxillofacial reconstruction

using custom-made artificial bones fabricated by inkjet printing

technology. J Artif Organs. 2009;12:200–5.

6 Page 14 of 14 Curr Surg Rep (2016) 4:6

123


	Current Trends in 3D Printing, Bioprosthetics, and Tissue Engineering in Plastic and Reconstructive Surgery
	Abstract
	Introduction
	3D Printing
	Bioprostheses
	Tissue Engineering
	Developing Trends in 3D Printing, Bioprosthesis, and Tissue Engineering in Plastic and Reconstructive Surgery
	Craniofacial Reconstruction
	Other Clinical Applications
	Organ Production for Transplantation
	Biomimetics
	Conclusion
	References




