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Learning Objectives: 
• Fundamentals of Biomaterials and Biocompatibility 
• Introduction to Tissue Engineering 
• Overview of Additive Manufacturing technique  

• High energy laser/e-beam 
• 3D inkjet printing 

• Case study 
• Clinical study on the use of 3D printing in cranioplasty surgery 

• Bioprinting 
 

Overview of Session: 
Tissue engineering  

Tissue engineering is an emerging multidisciplinary research area at the interface of 
biology, engineering as well as medicine, with immense potential to recast our means of 
healthcare by offering potential solutions in terms of regenerative medicine for 
maintenance, restoration and amelioration of damaged tissues and hence, organ 
functions. Underlying this concept of tissue engineering for both therapeutic and 
diagnostic applications is the ability to exploit the functionality of living cells in diverse 
ways on engineered scaffolds. The ability to develop materials, which concert with tissues 
structurally, mechanically and bio functionally, i.e., biocompatibility, is of prime importance 
in regenerative medicine and all such materials, with appropriate biocompatibility 
property, are widely known as biomaterials. One prime approach for developing artificial 
constructs for tissue regeneration is autologous transplantation, i.e. direct transplant from 
the host only.  
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Although this method offers the ‘gold standard’ and promises the best clinical results by 
virtue of inherent reliability with the host, a lack of immune and disease related 
complications possible from external transplantation sources, it severely restricts large-
scale application of such an approach. Efficacious design of a tissue-engineered scaffold 
requires sufficient understanding of the interplay among the cells, tissues and the 
extracellular matrix (ECM) at the molecular level. The scaffold should ideally provide an 
environment for tissue regeneration, evading hostile immunogenic responses, while 
degrading in a sustained manner, in vivo. 

Additive Manufacturing 

Phenomenologically, additive manufacturing is described as a layer-by-layer fabrication 
technology of 3D physical structures of a material, based on machine-readable design 
files, for example, stereolithography (STL) files. Rapid Prototyping (RP) is a broad term 
for several manufacturing techniques, where 3D structures can be developed in a layer-
by-layer manner based on the computer-aided design (CAD) data. The main advantages 
of RP methods are the fabrication of complex 3D geometries with high reproducibility, 
waste minimization, extensive choice of materials domain (metals, polymers, ceramics, 
and composite), and customized product design. Furthermore, the RP processes can 
create micro- to nanometer details and are incapable of precisely controlling the pore 
size, shape, interconnectivity, and special distributions within the fabricated construct. 
There are several RP technologies available, such as STL, selective laser sintering (SLS), 
3D binder printing, electron beam melting (EBM), and laser-engineered net shaping 
(LENSTM). 
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Detailed reading content: 
The following text has been reproduced and adapted from Prof. Bikramjit Basu’s 
textbooks, 

B1. Bikramjit Basu; Biomaterials Science and Tissue Engineering: Principles and 

Methods; Cambridge University Press; ISBN: 9781108415156; 2017. 

B2. Ashutosh K. Dubey, Amartya Mukhopadhyay, Bikramjit Basu; Interdisciplinary 

Engineering Sciences: Concepts and Applications to Materials Science, CRC Press, 

Boca Raton, USA; 2020. (ISBN:9780367333935) 
Tissue Engineering 

The tissue interactions at the molecular level involve predominantly weak interactions: 
(hydrogen bonding, electrostatic interactions and solvation effects), manifested in 
hydrophobicity. Such lower energy couplings are responsive and adaptive, facilitating 
rapid assembly and disassembly as well as changes in protein conformation. The self-
assembly of collagen, a primary component of the extracellular matrix (ECM) protein of 
hard tissues occurs sequentially from the expression of pro-collagen proteins to their 
eventual assembly into triple-helical fibres. The entire phenomenon is strongly dependent 
on the hydrophobic interactions within the physiological environment. The weak forces 
aid the dynamicity of tissues and the shock absorbing nature of cartilage can be attributed 
to the movement of water from a nexus of hydrophilic proteoglycan molecular chains. On 
the same note, the nucleation of hydroxyapatite into the nanodimensional gaps between 
collagen molecules tones up a bone. The proteins, like collagen and elastin, are stabilized 
by the enzymatic cross-linking of lysine, and the phenomenon, brought about by stronger 
covalent bonds between tissues, is known as covalent capture. However, apart from 
conglomerating the biological components into a structure, the ECM must essentially 
provide necessary instructive cues for sustenance of cell phenotype behavior. 

A plethora of biomaterials have been developed for tissue engineering, including various 
natural and synthetic, polymeric and ceramic biomaterials, and their composites. The 
most widely used techniques are electrospinning, self-assembly, etc. Subsequently, the 
techniques for enhancing biocompatibility of the scaffold are also important. Bioactivity of 
a substrate can be augmented either by direct topographical patterning or by surface 
treatment techniques, whereby surface nanofeatures can be introduced. It has already 
been widely appreciated that the bone cells respond to multidimensional cues, including 

http://www.cambridgeblog.org/2020/06/understanding-biomaterials-science-and-tissue-engineering
http://www.cambridgeblog.org/2020/06/understanding-biomaterials-science-and-tissue-engineering
https://doi.org/10.1201/9780429319631
https://doi.org/10.1201/9780429319631
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topography. Along with this, patterned surfaces influence cell responses, protein 
adsorption plays a role of in manoeuvring cell-substrate interplay.  

Tissue engineering combines the principles and methods of life sciences and engineering 
sciences to create materials and develop strategies to heal damaged tissues or create 
tissue replacement substitutes. The three main approaches of tissue engineering include 
the implantation of (a) engineered scaffolds, (b) only cells and (c) engineered scaffolds 
seeded and cultured with appropriate cells. The most ideal strategy for regeneration is 
tissue specific. For instance, cells are not always included in scaffolds for nerve repair as 
host axons need to connect with the target tissue to restore function. Cells injected directly 
do not survive, and invoke an immune response. The most common approach involves a 
scaffold with cells. The scaffold is a construct that supports cell growth and proliferation 
and allows adequate nutrient exchange, and ideally, degrades as it is gradually replaced 
by a functional tissue. Different biofactors (cells, genes, proteins) may be transplanted 
along with this scaffold, and stem cell and gene therapy approaches may be used to 
stimulate tissue repair. Depending on the type of tissue, the scaffold may be an elastomer 
(for soft tissue engineering involving skeletal muscles, skin etc.) or rigid polymers/ metals/ 
ceramics (for hard tissue engineering involving bones, teeth etc.)  

Tissue engineering offers a potential solution to many problems. Tissue and organ 
shortage is a severe challenge worldwide, and this gap is bound to exacerbate in the 
wake of an aging population. One of the aims of tissue engineering is also to achieve 
artificial organs, as the availability of donor organs and tissues is very limited. Tissue 
engineering offers a possibility of eliminating (or at least reducing) the need for organs by 
generating organ scaffolds and by regenerating the organ. Products such as tissue 
engineered skin, bone, blood vessels and pancreas exist as already approved therapies. 
Success in the field of tissue engineering can create tremendous financial opportunity. In 
this regard, the sales of regenerative biomaterials, which exceed USD 240 million per 
year, also hint at the tremendous potential that the field beholds. However, the 
complexities and the challenges involved in generating whole organs have largely given 
way to smaller, attainable goals. For instance, the goal to make an artificial heart has 
been replaced by a more realistic goal to replace coronary arteries, valves and 
myocardium.  

In a nutshell, tissue engineering is one of the most stimulating areas of interdisciplinary 
and multidisciplinary researchers today. Scaffold materials and fabrication technologies 
play a crucial role in tissue engineering, and are rapidly evolving. Many exciting materials 
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are developed for scaffold applications, and these include biodegradable and bioactive 
polymers, ceramics, glass-ceramics, hydrogels, electrospun nanofibers etc. As scaffolds 
play a vital role in tissue engineering, the feasibility of designing nanofeatured scaffolds 
is also studied. Although bone is a functionally diverse tissue, new biomaterials with 
promise to cure orthopedic problems are yet to be discovered. In conclusion, the 
promising arena of tissue engineering, unveiled via the usage of stem cells, in conjunction 
with the multitude of biomaterials and processing techniques, might bear possible 
solutions to therapeutic repair of bone tissues, both in preclinical and clinical human 
models. It can be envisaged that with relevant animal studies and coherent understanding 
of the principles governing cell-biomaterial interactions, the tissue engineering doctrine 
can be efficiently leveraged to revolutionize the current scenario of regenerative medicine. 

Additive Manufacturing of Materials 

Phenomenologically, additive manufacturing is described as a layer-by-layer fabrication 
technology of 3D physical structures of a material, based on machine-readable design 
files, for example, stereolithography (STL) files. Rapid Prototyping (RP) is a broad term 
for several manufacturing techniques, where 3D structures can be developed in a layer-
by-layer manner based on the computer-aided design (CAD) data. The main advantages 
of RP methods are the fabrication of complex 3D geometries with high reproducibility, 
waste minimization, extensive choice of materials domain (metals, polymers, ceramics, 
and composite), and customized product design. Furthermore, the RP processes can 
create micro- to nanometer details and are incapable of precisely controlling the pore 
size, shape, interconnectivity, and special distributions within the fabricated construct. 
There are several RP technologies available, such as STL, selective laser sintering (SLS), 
3D binder printing, electron beam melting (EBM), and laser-engineered net shaping 
(LENSTM). 

Although 3D printing can be accomplished in a number of different approaches, the 
generic process involves the following sequential steps. In the first step, a CAD model is 
created digitally, for example, using a CT scanner. Afterwards, from the CT scan data, 
the region of interest can be converted into a 3D design file, for example, STL file, by 
using MIMICS or CATIA. In the second step, the STL file is sliced (cross-sectioned) 
digitally into a number of 2D layers. In the slicing process, the layer thickness influences 
the model accuracy and the build time. Therefore, the layer thickness is an important 
parameter in this process. The model accuracy increases with a decrease in the layer 
thickness and an increase in the build time. In the third step, the design data for the sliced 
layers are sequentially passed to the 3D printing machine through a computer interface. 
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The prototype is made as a layer at a time over the top of earlier layers. Such a process 
is carried out until the entire model prints completely. 

Depending on the prototype composition, the post-processing treatment is followed as a 
last step to obtain 3D-printed prototypes with desired physical architecture and 
mechanical properties. Infiltration, high-temperature sintering, chemical conversion or 
combinations of them are among the common post-treatment processes. The STL-based 
manufacturing process was first invented by Charles W. Hull in 1986.  The process 
described the fabrication of a 3D solid geometry from the physical state of a fluid through 
selective photo-crosslinking in a layer-by-layer manner using UV radiation. The liquid 
phase used in STL is essentially a photosensitive resin or monomer solution (mainly 
acrylic or epoxy-based). The UV light (or electron beam) exposed onto the liquid resin 
layer is used to initiate the polymerization chain reaction within the monomers. The 
activated monomers are instantly converted to polymers and then, they solidify. The 
scanner system cured the liquid monomer by irradiating the UV laser beam, which is 
guided through the CAD modeling data.  

The STL machine consists of a build platform, which is connected with the moveable table 
and mounted in a vat of photopolymers. Initially the UV beam solidifies the topmost layer 
of the exposed resin surface. Once the layer has been scanned, the moveable table 
moves downwards by exactly one layer inside the resin and the next layer is exposed to 
the radiated beam. The energy of the photo-radiation and the exposure time are the 
parameters, which control the layer thickness and ultimately determine the mechanical 
properties of the final product. After fabrication of the entire structure, the unreacted resins 
are removed from the final product through heating or photo-curing to get the desired 
mechanical strength. Not only polymer-based materials, but also ceramic materials can 
be constructed using this technique. Ceramic particles are suspended within the 
photocurable monomers or resins and using the UV laser beam, the monomers are 
polymerized in a layer-by-layer manner similar to the above-described method. After 
construction, the polymer binder is removed by pyrolysis and sintering provides the final 
strength.  

SLS is an RP process, which allows us to generate a complex 3D structure using powders 
as raw materials. The machine consists of three major operative parts such as the powder 
delivery system, powder spreading roller, and the powder bed or build bed where the 
object is fabricated. The powder feed chamber is raised to supply the powder to the 
spreading roller (or scraper), which spreads the powder over the powder bed. The powder 
layers are selectively fused or sintered using the thermal energy of the laser beam. After 
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sintering of each layer, the fabrication piston is lowered and the powder delivery system 
is raised. The subsequent powder layers are spread over the top of the previous layer 
and sintered by using the laser beam. During fabrication, the entire powder bed is heated 
to provide thermal energy to the printed layers and facilitate fusion to the previous layer. 
In the commercial SLS system, either a CO2 or Nd:YAG laser is used, of power in the 
range of 25–50 W and the laser power depends on the type of materials under 
construction. 

The fabrication principle of 3D binder printing is similar to that of SLS. The binder printer 
consists of a moveable inkjet printhead, which selectively expels a stream of adhesive 
droplets to the powder layers. The binder binds the powder particles to form a solid shape. 
The main challenge of this process is to develop a suitable powder−binder system. After 
fabrication, the construct is heat treated for binder evaporation or chemically infiltrated, to 
get the final structure with desired mechanical strength. 

EBM is a RP technology to fabricate fully dense 3D metal constructs directly from metal 
powder. An electron beam selectively scans the thin metal powder layer which is spread 
in a layer-by-layer manner in a high vacuum. The electron beam column is made up of 
an electron gun and magnetic lenses. A thermionic or field emission electron gun is used 
as a source of electron beam, which is focused by using the electromagnetic lenses. The 
specimen compartment consists of powder hoppers to deliver metal powder on the build 
table and the powder distributor spreads the powder to form a thin layer. The electron 
beam sinters the specific areas of each powder layer as directed by the CAD file. The 
mechanical properties of the fabricated construct depend on the sintering strength which 
is controlled by the accelerating beam voltage, beam diameter, and exposure time. The 
vacuum environment is created to reduce oxidation and contamination of the fabricating 
materials. Generally, the electron beam gun compartment is kept in a higher vacuum 
(~10−7 Torr) compared to the specimen fabrication compartment (~10−5 Torr).  

Laser Engineered Net Shaping (LENSTM) is another RP technology that was developed 
by Sandia National Laboratories and Stanford University, and was commercialized by 
Optomec for metal 3D geometries. Using this technology, fully dense metallic structures 
can be developed. The powder delivery nozzles transmit the powder particles through a 
gas flow jet and a laser beam is used to melt the powder particles. The mounted substrate 
moves in a raster manner on an X–Y stage according to the CAD model. The important 
parameters of these processes are the powder flow rate, laser power, and layer thickness. 
The main advantage of LENSTM is the multilateral deposition for in-situ alloying, composite 
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material formation, wear and corrosion resistance surface coating, asymmetrical welding, 
and functionally gradient structure development. 

Most recently, 3D bioprinting has been investigated widely as a novel biofabrication 
method in regenerative tissue engineering to mimic the native-like tissue structure with 
specific dimensions and high reproducibility. Bioprinting technologies get enormous 
attention for the precise placement of living cells within biomaterials into preprogrammed 
geometries using a 3D bioprinter. The raw material of 3D bioprinting is called bioink, which 
is a combination of living cells, growth factors, nutrients, and printing media. 
Biodegradable biopolymers are the raw materials of 3D bioprinting. The biopolymers 
loaded with living cells are deposited in a layer-by-layer manner, similar to that done using 
a conventional additive manufacturing technique. Several types of bioprinting strategies, 
such as extrusion-based, inkjet/droplet-based, and laser/light-assisted bioprinting 
strategies have been developed in the past few years. Each of the printing technologies 
has some characteristic features which control the cell viability within the bioprinted 
construct. Extrusion-based bioprinting is considered as the most promising method 
because the process is simple; there is a large window of choice of materials and 
chemically relevant tissues and organs can be fabricated with high accuracy. This printing 
technology involves mechanical pressure to extrude the bioinks through the nozzle of a 
syringe in a controlled manner.  

Living cells, growth factors, and microcarriers are loaded in the biopolymer and are 
inserted to the syringe barrel and printed as a continuous filament. Inkjet bioprinting is 
based on the drop-on-demand method, where hydrogel-encapsulated cells are placed 
within the inkjet cartridge, and bioink droplets are deposited in a controlled manner. The 
two different approaches developed to generate the ink droplets from the inkjet printhead 
are thermal and piezo-electric. For droplet bioprinting, thermal energy is applied to the 
bioink chamber to generate small air bubbles. The bubbles create a pressure pulse within 
the ink and inks are ejected as droplets with different diameters.  

For piezoelectric inkjet bioprinting, an electric current is applied to a polycrystalline 
piezoelectric ceramic, which creates a transient pressure to expel ink drops to the building 
substrate. The main advantage of the piezoelectric printhead is that it can generate a 
more precise droplet size compared to the thermal printhead. However, many 
researchers prefer thermal inkjet printing over piezoelectric since the piezoelectric printing 
frequency within the range of 15–25 kHz can damage the cell membrane.  
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Laser-assisted bioprinting (LAB) is a nozzle-free approach, which allows bioprinting with 
a wide range of bioink viscosity (1–300 mPa/s) and high cell concentration in the order of 
1 × 108 cells/mL without nozzle clogging, such as conventional extrusion or inkjet 
bioprinting.The printhead setup comprises a ribbon that is typically a transparent glass 
slide or quartz. The donor side of the ribbon is coated with a laser-absorbing media (such 
as Ag, Au, Ti, and TiO2), and the cell-encapsulated hydrogels are sprayed on it. The 
absorbing media also protects the hydrogel encapsulated living cells from the high power 
laser pulse. The laser impulse focuses the absorbing media through the ribbon and the 
absorbing media is evaporated with the creation of high local pressure on the bioink film. 
The vapor pressure of the absorbing media generates cavitation-like bubbles toward the 
bioink film. The expansion and collapse of the bubbles creates jets within the bioink layer 
which leads to the creation of the bioink droplets, which are transferred to the printing 
substrate. The advantages of LAB are high printing resolution (≥20 μm) with no limitation 
on hydrogel viscosity and cell concentration. The process parameters of the LAB are the 
wavelength of the laser, pulse duration, beam focus diameter, viscosity and surface 
tension of hydrogels, and substrate properties. 
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• Fundamentals of Biomaterials and Biocompatibility
• Introduction to Tissue Engineering
• Overview of Additive Manufacturing technique

• High energy laser/e-beam
• 3D inkjet printing

• Case study
• Clinical study on the use of 3D printing in cranioplasty 

surgery
• Bioprinting
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Historical Evolution of Biomaterials



Defining terms...

Biocompatibility
- A holistic property rendering a biomaterial with most appropriate
beneficial cellular/tissue response for targeted clinical application

B. Basu; Biomaterials Science and Tissue Engineering; Cambridge University Press and IISc Press, 2017

Biomaterial
- Compatibility with living system (protein, blood, cell, tissue)

11



Experimental result showing cell-cell 
interaction on a soft polymeric substrate 

12
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'Biomaterials are those materials — be it natural or synthetic,

alive or lifeless, and usually made of multiple components —

that interact with biological systems.’ Biomaterials are often

used in medical applications to augment or replace a natural

function [Ref.1].

What is a Biomaterial?

Ref 1: Biomaterials, Accessed 12 April 2017. http://www/nature.com/subjects/biomaterials

A biomaterial is defined as a material of synthetic or

natural origin with engineered structural features, which

supports desired cellular functionality without any adverse

local/systemic immune response, for a targeted clinical

application. [IISc definition]

http://www/nature.com/subjects/biomaterials
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Biocompatibility refers to the ability of a biomaterial to perform its
desired function with respect to a medical therapy, without eliciting
any undesirable local or systemic effects in the recipient or
beneficiary of that therapy, but generating the most appropriate
beneficial cellular or tissue response in that specific situation, and
optimizing the clinically relevant performance of that therapy.

Biocompatibility describes the compatibility of material, both in vitro
(experiments conducted in physiologically simulated conditions in
glassware) and in vivo (when tested in whole organism, like in any
animal model).

Biocompatibility: A recent definition

David F. Williams, Biomaterials 29 (2008) 2941–2953.
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Biocompatibility  – some facts
Biocompatibility is the application specific, i.e. a material, which   may be 

biocompatible for bone replacement applications, may not   be 

biocompatible in other application, e.g. blood contacting devices

 The phrase, Biocompatibility should be carefully used. If a material can

support good cell adhesion/cell growth, it is better to describe it as

‘Cytocompatible’. Similarly, if a material does not induce thrombus

formation, when in contact with blood, such a property can be described as

‘haemocompatibility’.

 Depending on targeted clinical applications, Biocompatibility can be

experimentally evaluated using a spectrum of biochemical assays or molecular

biology protocols involving specific cell types, blood, etc. (in vitro) and pre-

clinical studies in animal models (in vivo)
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Biomechanics

Medical Science

Manufacturing 
Science

Human Healthcare

Toxicological Sciences Veterinary Science

Biomaterials 
Science

Materials Science

Biological Science

Interdisciplinary nature 

(Engineering, Biology and Medicine)
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Dental Implants

Shoulder prosthesis

Pacemaker

Lumbar disc replacement

Acetabular socket

Knee joints

Cochlear 

Implants

Contact 

lenses

Cardiovascular 

Implants

Prosthetic 

arthroplasty

Bone fixation

Current spectrum of clinical applications of biomaterials

Interactions

Implantable 

biomaterials
Living 

system

Engineering/

Physical sciences

Medical/

Biological sciences

Biomaterials Science

Structure-Composition-

Function Relationships

Foundational Sciences

More than 75% of implants
used in Indian hospitals/clinics
are imported. Need for high
quality indigenous implants!
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Interaction of a synthetic material with living system

Protein Cell Bacteria Red blood cells

Living system components

Biomaterial
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Any human disease is the outcome of the abnormal or temporal variation

in numbers or functionality (expression) of the components of the living

system.

Important Points to be Noted

Biomaterials, implants, scaffolds (often loaded with antibiotic or drugs)

used for disease treatment or restoration of the functionality of

anatomical parts.

A biomaterial is NOT a pharmaceutical drug!

Medical devices used for diagnostics. Example- blood sugar

measurement, cancer, other diseases.
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Example - Titanium and its alloy as Implants

Ref: Orient J Chem 2016;32(6)

 High strength

 Low density and better specific modulus or strength

 Resistance to corrosion

 Acceptable biocompatibility



21

Image courtesy: https://www.livescience.com/37009-human-body.html

Dental Implants

Cranioplasty Surgery

Urological neo-bladder

reconstruction

Stem cells-based 

Regenerative Engineering 

Biomaterials/ Implants for 

Musculoskeletal Reconstruction 

and Regeneration

Electrical/magnetic 

stimulation for 

Bioelectronic Medicine

Biomaterials Research landscape at IISc
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Tissue Engineering



Tissue Engineering

• Tissue engineering is defined as a concept encompassing
the modulation of organ specific multi-cellular
functionality towards tissue regeneration and integration
through vascularization and angiogenesis, aided by
biophysical/ biochemical cues. [IISc definition]

• Tissue engineering can be conceptualized as the means of

orchestrating cells, engineering materials and suitable

biological factors to enable relevant biological functions.

24



Bone: Functionally graded biocomposite
 Natural bone, a composite of hydroxyapatite and collagen, known for its

gradient porosity from cortical to cancellous side.

 Porosity gradient also in 3D space (shape, size and distribution).

25
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Cell functionality/Strength vs. Porosity

Pore size 
(µm)

Biological response

20 - 50 Physiological liquid exchange

50 - 150 Hepatocytes cell functionality

150 - 400 Fibroblast cell colonisation and vascularization leading to tissue 
formation

400 – 1200 Extensive osteoblast functionality, substantial bone formation with 
bone in-growth

S. Simske, R. Ayers, T. Bateman, Mater Sci Forum 250 (1997) 151-182 S. Hollister, Orthod. Craniofac. Res. 8 (2005) 162-173
E. Damien, K. Hing, S. Saeed, P. Revell, J Biomed Mater Res A 66 (2003) 241-246 Zhang t al.,J Biomed Mater Res 54 (2001) 407-411

Osteogenesis* is governed by vascularization and is determined by

pore size and total porosity; however at the expense of mechanical

properties. For example, increase in porosity from 32 to 62% in

TCP scaffolds decreases compressive strength from 37 to 0.43 MPa.

*Barralet et al. Biomaterials 2002;23(15):3063–72

26



Nature Materials 4, 518–524 (2005)

Science 338 (6109), 2012, 921-926

27



 Bone is a vascularized tissue with various level of porosity and pore architecture 

Ideally, scaffold architecture,
mechanical and physical
properties, and efficacy of
diffusion of nutrient allows
cells to penetrate into pores,
migrate, proliferate, and
differentiate.

Freeze casted 
scaffold

Porous scaffold for orthopedic application

28



Vascularization in tissue and relation of diffusion 
length of oxygen with distance between blood 

capillaries 

Esther C. Novosel , Claudia Kleinhans, Petra J. Kluger, Vascularization is the key 
challenge in tissue engineering. Advanced Drug Delivery Reviews 63 (2011) 300–311
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Implants and Scaffolds
Scaffolds are defined as a physical structure of synthetic/biological

materials or both, wherein the biological cells are often implanted or

'seeded' with an aim to facilitate three-dimensional tissue formation in

vitro.

An implant is a synthetic biomaterial, which restores the

physiological function of damaged/injured tissues. [IISc
definition]

A scaffold is a 3D biomaterial platform with interconnected

porosity, which supports cell functionality and aids tissue

ingrowth. [IISc definition]
30



Implant vs. Scaffold
Implant Scaffold

An implant is a synthetic non-
porous biomaterial, which would
remain in a living system for a
longer timescale, unless it fails
under biomechanical stresses.

A scaffold is a porous implantable
biomaterial platform, which would
support cell functionality.

An implant provides
biomechanical support to the
surrounding osseous system.

A scaffold is non-permanent and
degradable in a biological system.

Depending on porous architecture, a scaffold has weaker mechanical
properties, but has better biocompatibility than an implant.

31



G. Harry van Lenthe, Henri Hagenmuller, Marc Bohner, Scott J. Hollister, Lorenz Meinel, Ralph Muller,, 

Biomaterials 28 (2007) 2479–2490.

Similarity with cancellous bone structures 

An example of a scaffold

32



Schematic of interaction of cells in a 3D scaffolds 
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Scaffold architecture and cellular orientation

Stevens, M.M., and George, J.H. Exploring and engineering the cell surface interface. Science 310, 1135, 2005

• Electrospinning affords easy functionalization of fibers by surface conjugation or by

direct incorporation of proteins and genes and thereby, boosts sustained delivery of

bioactive molecules (cytokines, proteins, drugs etc.) to cells over longer duration.

34
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Different Bone Graft Materials

Stevens, M.M. Biomaterials for bone tissue engineering. Mater Today 11, 18, 2008
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Electrospun inorganic nanofibers Bone-mineral like apatite

Morphological features of rat BMSCs

H.W., Kim, H.E., and Knowles, J.C. Production and potential of bioactive 
glass nanofibers as a next-generation biomaterial. Adv Funct Mater 16, 
1529, 2006

Biomineralisation and cell functionality
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Gelatin-Siloxane Nanofibers 

Song, J.H., Yoon, B.H., Kim, H.E., and Kim, H.M. Bioactive and degradable hybridized 
nanofibers of gelatin–siloxane for bone regeneration. J Biomed Mater Res Part A 84A, 875, 
2007



Complexity in 3D scaffolds cannot be introduced using traditional scaffold fabrication
methods.

In this context, additive manufacturing methods such as 3D plotting, 3D powder
printing, and high energy beam melting are found suitable to produce the tissue
specific implantable 3D porous scaffolds.

http://www.cellsupports.com/
http://www.techno-isel.com/LMS/ApplicationStories/Biotek.htm

Conventional  3D porous scaffold 3D printed  porous scaffold

Additive manufacturing in tissue engineering

38



Advantage of rapid prototyping over 
conventional processing

Properties Conventional processing Rapid prototyping

Approach Replacement of affected bone with 

implant with limited integration with 

living tissue

Better integration with living tissue 

around the scaffold due the presence of 

deep interconnected pores at the surface

Structural

complexity

Very limited Can produce very complex structural 

features

Porosity Difficult to control the porosity 

distribution

Gradient porosity can be introduced

Mechanical 

strength

Generally stronger than 3D printed 

prototype

Porosity  and absence of sufficient 

pressure during scaffold design is 

responsible for decreased strength

Time Time consuming process Build speed is faster

39



Evolution of additive manufacturing

Melchels et al, Progress in Polymer Science, 37 (2012) 1079– 1104
40



Variants of additive manufacturing

AM represents a wide spectrum of manufacturing techniques, computer aided
design (CAD) driven layer-by-layer addition of materials in a programmed manner.

Wong et al, ISRN Mechanical Engineering, Volume 2012, Article ID 208760 41



Rapid prototyping techniques

42Scott J. Hollister, Nature Materials, Vol . 4, July 2005

Stereolithography

3D printing

Selective laser sintering

3D printing can be adopted for scaffold fabrication at ambient condition.

However, universal binder formulation and quantitative understanding of

the process physics poorly appreciated!



Electron beam 
melting, 1997

Manuela et al, Additive Manufacturing 19 (2018) 1–20 

Harrysson et al, Materials Science and Engineering C 28 (2008) 366–373

High Driving voltage 
~ 30 – 60 kV, 
utterly expensive!

(a) Cubes with 40% relative 
density (60% porous) 

(b) Cubes with relative 
densities of 8.0%, 5.0%, 
and 3.8%

(c) Bending specimens with 8 
mm and 6 mm cell sizes 
(7.3% and 11.9% relative 
density)

(d) hip stems with mesh 
configuration, hole 
configuration, and solid

Rest process methodologies are
identical as SLS/DMLS

Koike et al, Journal of Materials Processing Technology 211 (2011) 1400–1408
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Multimaterials: in-situ alloying,
composites, asymmetric welding of
different class of materials

LENS-fabricated dual-material 
structure

https://www.youtube.com/watch?v=3KrfIBEOuvw

Obielodan et al, Int J Adv Manuf Technol (2013) 66:2053–2061

Transition joints

Laser Engineered Net Shaping (LENS™), 1997
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I.M. Hutchings, G.D. Martin, John Wiley & Sons, 2012

Thermal 3D inkjet powder printing, 1993
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An example of a clinical study

47



Evaluation of Implant Properties, 
Safety Profile and clinical Efficacy of 
Patient-Specific Acrylic Prosthesis in 

Cranioplasty Using 3D Binderjet
Printed Cranium Model: A Pilot Study 

48



Clinical relevance for cranioplasty 

Source: Global Data, based on secondary research and primary research, including interviews.
https://www.prnewswire.com/news-releases/global-cranial-implants-market-2017-2021---key-tend-in-the-market-is-growing-
demand-for-3d-printingmodeling-300560974.html

Craniomaxilliofacial Devices: Key Metrics in US and Europe 

2013 Market Revenue ($m) 2020 Market Revenue ($m)

49



Ref: https://www.toppr.com/content/story/amp/meninges-of-the-brain-2707/

Structure of Brain

50

https://www.toppr.com/content/story/amp/meninges-of-the-brain-2707/


Traumatic Brain Injury (TBI)

Disruption in the normal function of the brain

In India,

• 1.5–2 million persons are injured and more

than a million succumb to death every year.

• Road traffic accidents: leading cause (60%)

followed by falls (20%–25%) and violence

(10%).

• Alcohol involvement is known to be one of the

confounding factors among 15%–20% of TBIs

at the time of injury.
Ref: Kirankumar et al., 2019.  DOI: 10.4103/JCSR.JCSR_65_19; 

51



How TBI affects daily life?

Symptoms of a TBI can be mild, moderate, or severe, depending on the extent of

damage to the brain.

As a result of TBI, intracranial hypertension causes major complications and death.

Ref: https://www.hopeforthewarriors.org/newsroom/the-daily-effects-of-traumatic-brain/ 52

https://www.hopeforthewarriors.org/newsroom/the-daily-effects-of-traumatic-brain/


Decompressive Craniectomy
• Strategy for managing intracranial pressure in patients with TBI.

• Removal of the portion of the skull that is causing the pressure on

the brain. This is usually area of the skull that covers the injury.

• Reduce the risk of severe brain damage (life-saving).

Ref: Journal of the Mechanics and Physics of Solids 96, 2016, 572-590 53

https://www.sciencedirect.com/science/journal/00225096
https://www.sciencedirect.com/science/journal/00225096/96/supp/C


Front View Superior  ViewLateral View

3D CT Scan 

Images showing 

craniotomy defect

Back View

I

Intraoperative Implant Fixation

A B C D

II

Clinical study on cranioplasty surgery in Bangalore
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Fabrication of customised PMMA implant
3D CT Scan Images 

Conversion of DICOM data to *.stl file by 3D Slicer

3D Printed Skull model PMMA prosthesis fabrication

Front View Superior  ViewLateral ViewBack View

55



Materials in Cranioplasty
An ideal cranioplasty material must have the following features:

• It must fit the cranial defect and achieve complete closure

• Radiolucency

• Resistance to infections

• Not dilated with heat

• Strong to biomechanical processes

• Easy to shape

• Not expensive

• Ready to use

56



Polymethylmethacrylate (PMMA):acrylic bone cement
Advantages:

• Cost-effective

• Easily available

• Radiolucency

• Acceptable biocompatibility

• Minimum reaction

• Tight adherence

• MRI compatible

• Prepare intra-operatively

• DPI – RR Cold Cure powder was mixed with methylmethacrylate

(MMA) solvent to produce a viscous translucent plastic material with 

strength comparable to native bone. 

PMMA used for present study

57



3D binderjet printing in healthcare

Conversion of DICOM data to *.stl file using 3D Slicer

3D Printed defective half skull mould

Brain Tumour

Injury

Stroke

Intra-operative clinical images during Cranioplasty surgery

10 patients

58

Clinical trial performed at two hospitals in India
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3D Printing

Polymer

Metal

Ceramic

Living cells
61



1. www.smartechpublishing.com; www.unos.org

2. https://www.organdonor.gov/statistics-stories-

statistics.html;

3. Bajaj et al. Annual review of biomedical 

engineering 16 (2014): 247-276.

Cells Biomolecules

Bioprinting in Tissue Regeneration

62

http://www.smartechpublishing.com/
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https://www.organdonor.gov/statistics-stories/statistics.html /
https://www.organdonor.gov/statistics-stories/statistics.html /


Tissue Regeneration Using Bioprinting

1. Park et al. Tissue engineering and regenerative medicine 13, no. 6 (2016): 622-635.

2. Datta et al. Biotechnology advances 36, no. 5 (2018): 1481-1504.

Step 1 

imaging

Step 2 

design approach

Step 3

material selection

Step 4

cell selection

Step 5

bioprinting

Step 6

application
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1. Ding et at. ACS Biomaterials Science & Engineering 4, no. 9 (2018): 3108-3124.
2. Adapted from: He et al. Scientific reports 6 (2016): 29977

Process Control and Parameters

64



Process Physics of Extrusion Bioprinting

1. Adapted from: Shafiee et al. Applied Physics Reviews 6, no. 2 (2019): 021315.

2. Adapted from: Zhang et al. Applied Physics Reviews 5, no. 4 (2018): 041304.
3. Panwar et al. Molecules 21, no. 6 (2016): 685
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Bioprinted hydrogels
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Nerve graft

• A nerve from another source that matches
the damaged nerve in terms of size and
structure and stitching the appropriate
ends together to bridge the gap.

Great auricular nerve
a local option for donor 

nerve graft.

41-year-old female patient 
with adenoid cystic 

carcinoma of the parotid. A 
vascularized nerve to vastus 

lateralis was harvested

Ref: *Peripheral nerve conduits: Technology update, Medical devices, 2014:7, 405-424 67



(a) (b)

(c)

CNS

PNS

Autograft/allograft approach3D Bioprinting approach

Scaffold

Cells

Biofabricated nerve 
conduit 

Peripheral nerve injury

(d)

Nervous System
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Our Team regularly interacts with clinicians in Hospital
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