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Biomaterials are being used for the healthcare applications
from ancient times. But subsequent evolution has made them
more versatile and has increased their utility. Biomaterials
have revolutionized the areas like bioengineering and tissue
engineering for the development of novel strategies to
combat life threatening diseases. Together with biomaterials,
stem cell technology is also being used to improve the existing
healthcarefacilities. These conceptsand technologiesare being
used for the treatment of different diseases like cardiac failure,
fractures, deep skin injuries, etc. Introduction of nanomaterials
on the other hand is becoming a big hope for a better and
an affordable healthcare. Technological advancements are
underway for the development of continuous monitoring
and regulating glucose levels by the implantation of sensor
chips. Lab-on-a-chip technology is expected to modernize the
diagnostics and make it more easy and regulated. Other area
which can improve the tomorrow’s healthcare is drug delivery.
Micro-needles have the potential to overcome the limitations
of conventional needles and are being studied for the delivery
of drugs at different location in human body. There is a
huge advancement in the area of scaffold fabrication which
has improved the potentiality of tissue engineering. Most
emerging scaffolds for tissue engineering are hydrogels and
cryogels. Dynamic hydrogels have huge application in tissue
engineering and drug delivery. Furthermore, cryogels being
supermacroporous allow the attachment and proliferation of
most of the mammalian cell types and have shown application
in tissue engineering and bioseparation. With further
developments we expect these technologies to hit the market
in near future which can immensely improve the healthcare
facilities.

Introduction

Biomaterial in medical terminology is “any natural or synthetic
material (which includes polymer or metal) that is intended for
introduction into living tissue especially as part of a medical
device or implant” (for example artificial heart valve or joint).
Biomaterials from healthcare perspective can be defined as
“materials those possess some novel properties that makes them

*Correspondence to: Ashok Kumar; Email: ashokkum@iitk.ac.in
Submitted: 03/22/13; Revised: 04/16/13; Accepted: 04/16/13

Citation: Bhat S, Kumar A. Biomaterials and bioengineering tomorrow’s
healthcare. Biomatter 2013; 3:e24717; PMID: 23628868; http://dx.doi.
org10.4161/biom.24717.

www.landesbioscience.com

Biomatter

appropriate to come in immediate contact with the living tis-
sue without eliciting any adverse immune rejection reactions.”
Definition of biomaterials when intended for implant device pur-
pose in accordance to Food, Drug, and Cosmetic Act (1976) is
“an instrument, apparatus, machine, implant or other similar or
related article, including any component, part or accessory which
is intended for use in diagnosis of disease or in cure or prevention
in man or other animals, and which does not achieve any of its
principal intended purposes through chemical action within or
on the body of man or other animals and which is not dependent
upon being metabolized for the achievement of any of its prin-
cipal intended purposes. These devices or any type of biomate-
rial is used to physically replace any hard or soft tissue which
has undergone any accidental damage or destruction through
some pathological processes. In addition to use of biomaterials
as implant devices they have also shown applicability in other
healthcare related areas like disposable medical devices, diagnos-
tic kits, polymeric therapeutics, etc. So in general biomaterials are
the devices those are used to improve the general healthcare of
society and are fabricated by the process that employs or mimics
biological phenomenon. Over the time biomaterials have played
an imperative role in the area of bioengineering or biomedical
engineering to improve the overall healthcare of society. Area of
bioengineering encompasses two closely related areas of interest
i.e., (1) it applies the principles of engineering science to under-
stand how living organisms function and (2) it applies engineer-
ing technologies to design and develop new devices like diagnostic
or therapeutic instruments or formulation of novel biomaterials
for medical applications, design of artificial tissues or organs and
development of new delivery systems. Overall bioengineering
focuses on the uses of biomaterials or similar types of materials or
principles to improve the healthcare services. With the advent of
bioengineering concepts there has been a technological evolution
in two key aspects of healthcare i.e. in diagnostic imaging and
implanted therapeutic devices. Diagnostic imaging technolo-
gies have developed as novel methods to non-invasively view the
abnormalities in living system or during the developmental state
(in womb). Additional improvement with these technologies
have revolutionized the healthcare and made the early treatment
of diseases possible. Such imaging techniques like computed
axial tomography (CAT), magnetic resonance imaging (MRI) or
diagnostic ultrasound has substantially reduced the patient mor-
bidity, so improving the healthcare.! Implantable medical devices
e.g. cardiac rhythm management stimulator, prosthetic heart
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valves, vascular stents, orthopaedic implants, implanted drug
pumps have substantially enhanced the average life expectancy.
More developments are expected in coming years towards the
development of treatment strategies for life threatening diseases.

Emergence of Biomaterials in Healthcare

Biomaterials are being used in healthcare area from a long
period of time. However, visible progress was made in the area
of biomaterials since 1940s and substantial development has
been observed in therapeutic medical technologies and implant
devices over the past 25 years.>? Over the years there is a transi-
tion from the use of metals to natural tissues or their derivatives
and mechanical valves are being replaced by prosthetic valves
made from bovine tissue or harvested porcine valves. The major
limitation with the use of these tissues is that they fail after 5-7
years of implantation. But research has shown that chemical and
mechanical modification of these valves can improve their per-
formance, so these implants are also being tried with younger
patients. Also healthcare technology which is revolutionized
by bioengineering concepts from past 25 years is pacemaker
technology for arrhythmia management.* Developments with
sensor technology and software algorithms have now enabled
the pacemakers to automatically respond to varied levels of
patient’s physical activity so that they can alter the stimulation
rate accordingly. In 2001, the first cardiac resynchronization
therapy (CRT) devices were commercially available.>® CRT has
proved to be a life saver for the patients with chronic heart fail-
ure. Advances in implant technologies have provided treatment
to some life threatening disease like neurological abnormalities.
As the blood brain barrier does not allow medication to enter the
central nervous system (CNS), fully implanted programmable
pumps are used to deliver precise doses of drugs like morphine
to reduce severe pain. These implantable pumps are also being
used for the treatment of non-malignant and cancer pain.” One
of the most remarkable applications of biomedical engineering
in the area of healthcare over last decade is deep brain stimula-
tion for the treatment of degenerative diseases like Parkinson.
Techniques involve the insertion of thin electrode to a target
site in brain whose other end is connected to a high frequency
stimulator.® Due to stimulations, symptoms like uncontrolled
tremor, rigidity, slowness etc., disappear which improves the
patient’s life quality. One of the recent advancement in degen-
erative disk disease is the use of metal spinal cages employing
bone in-growth inducing strategies. In this approach collagen
plugs containing recombinant bone morphogenetic protein
(rBMP) are inserted into metal cages which encourages bone
in-growth for spinal disk repair.’ In addition to above men-
tioned technological advancements, polymers (both natural
and synthetic) have shown potential applications in healthcare.
Polymethylmethacrylate has emerged as an efficient material
for the fabrication of contact lenses. Biocompatable polymers
like polytetrafluoroethylene (PTFE) is widely being used in the
engineering of vascular system and soft tissue reconstruction.
Other types of polymers those are being used for medical appli-
cations are polypropylene, polycarbonates, polyurethanes, etc.
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Biomaterials for the delivery of drugs or bioactive molecules
emerged in 1970s and this area is showing newer developments
with time. Four basic models of drug delivery are; oral, trans-
dermal, pulmonary, site-specific delivery. Oral delivery mode
is conventionally used for many pharmaceuticals. Transdermal
mode delivers drug through skin by the process of diffusion but
is limited for the delivery of small molecules like nicotine, etc.
Pulmonary delivery systems include aerosol based systems like
nasal sprays. Out of these delivery modes polymeric implants
are the focus of research and are expected to further develop in
coming years which can boost up the healthcare. Few products
based on these concepts are already available in market e.g.,
NorPlant for fertility regulation and Lupron Depot for treat-
ment of prostate cancers. Further developments are expected
in this area which can improve their market and consumer
applications.’

Types of Biomaterials

From healthcare perspective, biomaterials can be divided in
following categories: (1) Synthetic (metals, polymers, ceram-
ics, and composites); (2) Naturally derived (animal and plant
derived); (3) Semi-synthetic or hybrid materials. All these types
of biomaterials are being used in healthcare from a long time
period, but ensuing developments have enhanced their util-
ity in healthcare. Metals are the class of materials those are
widely used for load bearing applications. Some of the examples
include wires and screws to fracture fixation plates and artifi-
cial joints."! During hip replacement femoral components are
usually manufactured from Co-Cr-Mo or Co-Ni-Mo alloys or
titanium alloys. Polymers as implants or biomedical devices
are used as facial prostheses, tracheal tubes, kidney and liver
parts, heart components, etc. Ultrahigh molecular weight poly-
ethylene (UHMWPE) has shown application in knee, hip and
shoulder joints. Table 1, lists the polymers those are being used
in the healthcare.?

Ceramics have revealed application as dental implants or fill-
ing materials. As ceramics have poor fracture toughness they
have limited applications as load bearing materials. Composite
materials are extensively used for prosthetic limbs, due to the
combination of low density and high strength. Few types of
composite materials like bisphenol A-glycidyl-quartz/silica filler
and polymethyl methacrylate-glass filler are widely being used
for dental restorations.”® Naturally derived polymers like col-
lagen, gelatin, alginate, hyaluronic acid, etc are widely used in
the areas of healthcare for the fabrication of three-dimensional
(3-D) scaffolds to support cell growth and proliferation. Such
3-D cell seeded scaffolds mimic the native host tissue so has
significant applicability in the area of regenerative medicine."
As naturally derived biomaterials have limited mechanical
strength it restricts their applications at load bearing regions.
So such materials are being modified chemically to improve
their mechanical properties. Examples include collagen chains
modified with lysine and hydroxyl-lysine,” PEGylated fibrino-
gen (PF),' etc. Hybrid biomaterials are showing a substantial
evolution for application in healthcare sector.
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Table 1. Commonly used polymers for biomedical applications

S. no. Polymer Application
1 Ultrahigh-molecular-weight polyethylene Knee, Hip, Shoulder Joints, Dental bridges
2 Silicone rubber Finger Joints
3 Cells/PTFE, Cells/PET, PET/collagen Vascular grafts
4 Bioglass/PU, Bioglass/PS, CF/PS Spine cages, plates, rods, screws, discs
5 PET/PU, PET/collagen Abdominal wall prosthesis
6 PET/PHEMA, KF/PMA, KF/PE, GF/PU Tendons/ligaments
7 PET/PU, PTFE/PU, CF/PTFE Cartilage replacement
8 Polydimethyl siloxane, polyurethane, PVC Facial Prostheses
9 Polymethylmethacrylate Bone Cement

Abbreviations: PVC, polyvinyl chloride; PTFE, polytetrafluoroethylene; PET, polyethylene terephthalate; PS, polysulfones; PU, polyurethane; CF, carbon
fibers; PHEMA, Poly(2-hydroxyethyl methacrylate); KF, kevlar fibers; PMA, polymethacrylate; PE, polyethylene, GF-glass fiber. Reproduced with permis-

sion from reference 12.

Third Generation Biomaterial and their Applications
in Healthcare

First generation of biomaterials evolved during 1960s and 1970s
for their application as medical implants. Basic goal during
the fabrication of these biomaterials was to maintain a balance
between physical and mechanical properties together with mini-
mal toxicity to host tissue.”” Ideal properties of the first generation
biomaterials sought by surgeons were (1) appropriate mechanical
properties; (2) resistance to corrosion in aqueous environment;
and (3) should not elicit toxicity or carcinogenicity in living tis-
sue. But second generation biomaterials were developed to be bio-
active. A substantial progress was observed in the application of
these materials for orthopedic and dental usage. Examples include
bioactive glasses, ceramics, glass-ceramics and composites. Other
types of materials those were developed as second generation bio-
materials were resorbable. Examples include resorbable fracture
fixation plates and screws used in orthopedic surgeries.'® Further
developments with the biomaterial technology are now translat-
ing into the expansion of third generation biomaterials those can
stimulate specific cellular response.”” Examples include bioactive
glass (3rd generation) and porous foams those are designed in a
manner that they activate genes those can stimulate regeneration
of living tissues. Efforts are also being made to develop scaffold-
ing materials those possess nanoscale features in order to mimic
the native extracellular matrix of the host. Currently major focus
of the researchers is the development of artificial tissues (as bio-
materials) those have architectural features same as the natural
counterpart. Development and use of biomaterials is expected
to augment in coming years. New prognostic methods are being
developed and are becoming available to assist the progress of
innovative approaches for an affordable healthcare.

Application of Bioengineering to Healthcare
Healthcare is developing fast and a paradigm shift is being seen
from replacement to regeneration using the concepts of tis-

sue engineering and regenerative medicine. Tissue engineering
works using three approaches for the repair of damaged tissue;
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(1) only cells (stem cells, autologous cells, etc.); (2) 3-D scaf-
fold with or without cells which mimics native tissue. Tissue
engineering promises a spectacular medical care for thousands
of patients annually at reduced medical costs. Limitation with
the conventional healthcare methods e.g., organ transplantation
will be taken care by the emerging newer technologies or tissue
engineering and regenerative medicine. Engineered organs could
evade the problems associated with organ transplantation, so can
prove to be a boom to tomorrow’s healthcare. Looking at the tis-
sue engineering market in Figure 1, few tissue engineering areas
have an excellent market potential for future. So in this review we
have tried to focus on some of these areas.

Myocardial tissue engineering. Recently cell therapy and
tissue engineering are evolving as potential therapies for cardiac
repair. Research activities have attempted to regenerate the ailing
heart with epicardial implantation of bioengineered tissue patch
pre-seeded with bone marrow cells or BM-derived mesenchymal
stem cells.?® Both natural and synthetic polymers like collagen,
fibrin, PGA, PLGA etc are being used for these applications.
Animal derived tissues like bovine pericardia in combination
with engineered cell sheet to create a sandwich like cardiac patch
is also being used to regenerate ischemic heart in rat model.?! A
typical approach for the fabrication of cardiac patches is depicted
in Figure 2.

Recently in situ cardiac tissue engineering using inject-
able biomaterials is being used for the repair of infracted myo-
cardium.? This approach has certain advantages like it is less
invasive and promotes repair by improving donor cell retention
and neoangiogenesis.”? Alternative cell source can be adipose-
tissue derived stem cells those can spontaneously differentiate
into functional cardiomyocytes.”* Other potential cell source
is cardiac stem cells (CSC) which has opened new avenues in
the repair of cardiac injuries. CSC’s have been isolated by vari-
ous research groups from human heart biopsies or murine heart
using explants culture techniques and are named as cardio-
spheres (CSs). These CSs have differentiation potential to form
bands of myocardium with varied degree of organization in vivo.
Myocardial tissue engineering using cardiac stem cells is still in
its infancy but a scaffold free tissue engineering approach using
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Worldwide Tissue Engineering & Cell Therapy Market, by Segment
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Figure 1. Worldwide tissue engineering and cell therapy market for year 2012 and 2018. Reproduced
with permission from reference 81.
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Figure 2. Schematic representation of use of cardiac bandages for treatment of ischemic heart. Repro-
duced with permission from reference 21.

CSC’s was introduced by Bartosh et al.”> These cell sheets have
shown potential to restore the functions of infracted myocar-
dium in rat model. In addition to the above mentioned upcom-
ing approaches to repair the ischemic heart gene therapy and
nanotechnology hold great promises for future. From a clinical
perspective a minimally invasive technique will be preferred. But
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bigger goals can only be achieved by
employing a combination of stem
cells with the appropriate biomateri-
als due to their associated benefits.
Orthopedic and musculoskeletal
medicines. Metals (titanium alloys,
stainless steel, etc.), ceramics (alumi-
num oxide, calcium phosphate, etc.),
polymers (silicon, polylactide, etc.)
and composites (ceramic-reinforced
polymers) are widely being used for
orthopedic applications.** But with
the advent of third generation bio-
materials for bone tissue engineer-
ing, substantial progress has been
observed in this area. This new class
of biomaterial has an osteoinductive
capacity. Osteoinductive property
can be introduced into the scaffolds
by methods like surface modifica-
tion, incorporation of growth factors
e.g, TGEFB (transforming growth
factor ), BMP (bone morphogenetic
protein) and VEGF (vascular endo-
thelial growth factor), seeding bone
marrow stem cells. Recent research
work has shown that BMP-2 and
VEGEF co-loaded scaffolds enhanced
vascularisation together with forma-
tion of a new bone.”” Recently gene
therapy is being explored to modu-
late the osteoinductive properties
of growth and transcriptional fac-
tors. Collagen sponge seeded with
BMP-9 gene transfected MSC’s
when implanted in mice have
shown promising bone gap bridg-
ing results.”® Other factor which is
important in bone tissue engineering
and is being modulated is resorption
of the scaffolds. One approach can
be the use of amorphous calcium
phosphate (ACP) which degrades
faster and creates a calcium rich
environment for faster apatite depo-
sition. Sustained delivery of biomol-
ecules from a porous scaffold is an
emerging concept and can have wide
implications for tomorrow’s health-
care. Micropores in the scaffold can

be optimized in such a way that capillary action of the pores will
avoid the burst release of the biomolecules. So release will occur
in a time-dependent manner which will be dependent on the
degradation rate of the scaffold. Combination of biomolecules
can be tried those can enhance tissue integration and new bone
formation.” Emerging materials those are considered to be the
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future generation orthopedic biomaterials are called as nanophase
biomaterials where grain size is in nanometer range. These mate-
rials have shown good osteoclast adhesion, bone remodelling,
enhanced osteoblast proliferation and new bone formation.*
These materials have surface and mechanical properties similar
to bone so have potential for bone tissue engineering.

Current gold standards for repair of musculoskeletal injuries
are intense surgical processes which either repairs or replaces
the damaged tissue. Recent approach for cartilage repair is the
expansion of cells in vitro and their subsequent implantation at
the defect site. This approach has been commercialized by com-
panies like, Genzyme which provides the services to expand the
autologous cells in vitro. But use of autologous cells has associ-
ated limitations which put three dimensional scaffolds (seeded
with cells) to the forefront for the production of an engineered
tissue. The cell source in this approach can be primary cells,
bone marrow derived mesenchymal stem cells, cord derived mes-
enchymal stem cells, embryonic stem cells, etc.’® Scaffolds fab-
ricated from natural (gelatin, chitosan, agarose, hyaluronic acid,
etc.) and synthetic (PLA, PLGA, etc.) polymers have been used
for musculoskeletal tissue engineering. More recent approach
is the use of nonmaterials in which structural dimensions are
less than 100 nm.*? Introduction of nanomaterials for musculo-
skeletal tissue repair has two advantages. (1) It is a biomimetic
approach which mimics the nano-dimensional architecture of
the native tissue. So these materials generate a micro-environ-
ment which signals the infiltrating cells to differentiate and form
a neo-tissue.?? (2) Mechanical properties of the nano-composite
materials can be tailored to match the native tissue. Successful
development of nanobiomaterials in future may lead to next gen-
eration musculoskeletal substitute materials those will be appli-
cable to biomedical device industry and can improve general
healthcare.>

Strategies for skin tissue regeneration. Current gold standard
for the repair of full thickness skin injuries is autologous skin
grafting. But lately skin substitutes are being utilized to recreate
the aesthetics of damaged skin tissue. These skin substitutes have
cells seeded on a biocompatible and biodegradable 3-D scaffolds.
One of the most used bioengineered products is Dermagraft
(Shire Regenerative Medicine) which has a tendency to stimu-
late angiogenesis.” Other commercial product is Apligraf which
has been approved for the treatment of diabetic foot. In addi-
tion there are large numbers of other skin regeneration substi-
tutes commercially available in market. Nanotechnology is an
emerging technology which holds promises for future medical
care and diagnostics. As already mentioned physical properties
of material shows dramatic changes when it is reduced to nao-
metric level. These nanomaterials can even be mixed with the
polymeric matrix in order to improve the performance of the
resultant system. Stem cell technology is emerging as a power-
ful technique for the treatment of wide spectrum of diseases
including skin maladies. Bone marrow (BM)-derived stem cells
have shown a potential to differentiate into fibroblasts of skin
indicating their prospective as alternative cell source for skin tis-
sue engineering application. Mesenchymal stem cells (MSC’s)
in co-culture system have shown to differentiate into ligament
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fibroblasts due to synthesis of key ligament ECM component.®®
Adipose derived stem cells (ADSCs) is other potential cell source
which has shown a capacity to stimulate both collagen synthe-
sis and migration of dermal fibroblasts together with improved
wrinkling and wound healing property in vivo.?” Currently avail-
able skin regeneration templates can partially repair the protec-
tive barrier functions of skin. But these templates are incapable
of restoring the other important function of skin like touch, tem-
perature sensation, excretion, perspiration, etc. Current advances
in the area of biomaterials and stem cell technology may give us
a hope that such products will develop in near future leading to a
considerable evolution to the area of skin tissue engineering and
healthcare sector.

Disposable and other medical devices. With the advances in
technology we are putting a huge burden on our environment
at a global scale. Large numbers of disposable medical devices
fabricated from non-degradable biomaterials pose a serious envi-
ronmental and economic issue. Advanced technologies in the
area of bioengineering and biomaterials can be applied to tailor
the biodegradability of a material in order to render them non-
toxic to our environment. Biodegradable polymers like PLA,
poly(glycolide), poly D,L-(lactic-co-glycolide) have emerged as
promising materials for use as disposable medical devices and are
environmental friendly.*® These and other biodegradable poly-
mers are being widely used for the fabrication of disposable medi-
cal devices which will improve the healthcare in future and will
be safe to our environment too. As biodegrade polymers degrade
by simple hydrolysis of ester bonds and hydrolytic products are
non-toxic to mammalian tissue, they also have applicability as
medical devices. Synthetic degradable polyesters have been used
as suture materials, bone fixation devices, etc. Furthermore
absorbable systems have many advantages when compared with
metallic implants e.g., second surgery is not required for their
removal from the patient’s body.* Further advances in polymer
technology and biomaterials can lead to the development of more
promising biodegradable medical devices which can improve the
healthcare substantially.

Drug eluting stents. One of the latest techniques to treat ath-
erosclerotic lesions is the implantation of stents. But bare metal
stents have limited clinical use as many patients experience reste-
nosis (narrowing of blood vessels). Lately drug eluting stents
have emerged as potential biomaterials those can deliver drugs
in a controlled fashion to reduce the cell proliferation ensuing
implantation of metallic stent. Desirable drug or drugs can be
incorporated into stents by number of ways like embedded and
released from within polymeric material, surrounded and released
% Due to the limitations with the first and sec-
ond generation drug eluting stents efforts are being made into the

through a carrier.

development of newer stents those can reduce the patient com-
plications. This can be achieved by developing a stent which is
biocompatible. This can be achieved by coating the stent surface
with endothelial cell/endothelial progenitor cells, CD34 anti-
bodies (known to attract endothelial cells), corticosteroids.?+4*
Biodegradable stents have good future potential, they can either
be completely biodegradable or are coated with a biodegradable

polymer on a conventional metallic stent. In either case goal is
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Figure 3. Drug eluting stents (A) Stent is mounted on a catheter and inserted at the diseased area. (B) Balloon is inflated which expanded the stent.
(€) Balloon is then deflated leaving the drug eluting stent as a scaffold. (D) Catheter with deflated balloon is removed leaving the stent at the diseased
site which then releases the medication. Reproduced with permission from reference 45.

to avoid the generation of an immune response. Examples of
polymers used for this purpose includes PLLA, PDLLA, PLGA,
etc. Major examples of biodegradable drug eluting stents those
have been approved by Conformite Europeence (CE) include
BioMatrix, BioMatrix II, Infinnium, etc. More recent type of
drug eluting stents have microfabricated reservoirs for drugs.
Reservoirs in such stents are created using laser machine tech-
niques, wherein laser beam removes 0.1-0.5 wm polymer or
metal creating microchannels those can act as drug reservoirs.*
Promising class of stents which has potential for future are gene
eluting stents. Nucleic acid based therapeutics, usually DNA or
RNA molecules can be delivered locally to block the specific reg-
ulatory gene or genes those are responsible for pathophysiology of
restenosis.** Other alternative method is the delivery of siRNA to
inhibit the corresponding mRNA from producing proteins those
have a key role to play in the pathophysiology in restenosis. Gene
eluting stents are developing as future drug eluting stents and
have huge potential in healthcare. Figure 3 shows a typical drug
eluting stent.”

Implantable biosensors for healthcare. Biosensors work on
the concept of bio-Micro Electron Mechanical System (MEMS)
and are emerging as potential non-invasive approach to detect
and monitor biomarkers. Biosensors are clinically being used for
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the early detection of diabetes, cardiovascular diseases and can-
cers.*® Present technology for monitoring elevated glucose level
is the use of glucose meter but this is not an efficient method to
monitor the levels continuously. So many efforts are being made
in the development of non-invasive continuous glucose monitor-
ing system (CGMS). Widely investigated florescence sensor is
based on plant-sugar-binding protein, concanavalin A (Con A).”
Alternatively other types of CGMS are boronic acid or diboro-
nonic acid based sensors those can be implanted under the skin
and fluorescence could be detected through the skin. For the
early diagnosis of cardiovascular diseases cholesterol biosensors
are used for the estimation of free and total cholesterol.*® But
technological advances in microelectronics are likely to speed up
the development of more sensitive biosensors. Biosensor technol-
ogy has huge applicability for the early detection of cancer which
can increase patient survival and quality of life. Affymetrix a
commercially available biosensors is widely used for early detec-
tion of cancer. But technological advances are expected to make
this technology more efficient which can augment healthcare
facilities.

Polymer therapeutics. Complex multicomponent polymer
based drugs or delivery systems like polymer-drug and polymer-
protein conjugates, etc. are termed as polymer therapeutics. Large
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Table 2. List of polymeric therapeutics and conjugates those are currently under clinical development

S. no. Product Name Description Clinical use
1. VivaGel Lysine-based dendrimer Microbiocide
2. CT-2103; Xyotax Poly glutamic acid Cancer
3. Opaxio (PGA)-paclitaxel Cancer
4, Prolindac (HPMA-copolymer-DACH platinate) Cancer
5. NKTR-102 (PEG-irinotecan conjugate) Cancer-metastatic breast
6. PEG-SN38 (Multiarm PEG-camptothecan derivative) Cancer
7. NKTR-118 (PEG-naloxone) Opioid-induced constipation
8. XMT-1001 (poly(1-hydroxymethylethylene hydroxymethylformal) -camptoth- Cancer

ecin conjugate)

PGA, Poly glutamic acid; HPMA, N-(2-Hydroxypropyl)methacrylamide; DACH, cytotoxic diaminocyclohexane. Modified from reference 51.

number of natural, synthetic or semi-synthetics polymers have
been proposed as therapeutics. Table 2 lists the polymeric ther-
apeutics those are in clinical trials and are expected to be the
future drugs for the treacment of life threatening diseases.

Polymer based probes have shown application in diagnostics
and are widely being used as imaging agents. Dendrimers have
been widely studied for MRI imaging agents due to their capacity
to carry high load of imaging probes.”” An important and rapidly
growing area is the use of polymeric probes for positron emis-
sion tomography (PET) which has revolutionized the imaging
technology.”® Polymeric therapeutics are currently being studied
for the treatment of chronic and debilitating diseases. Emerging
examples are Cimzia for rheumatoid arthritis, Macugen for age
related macular degeneration, and Puricase for gout. Another
promising application is the use of multivalent dendritic poly-
glycerolsulfate (dPGS) as anti-inflammatory agent by inhibit-
ing leukocyte trafficking. Polymeric therapeutics are also being
explored to make the diagnostic techniques more sensitive which
can help in the early detection of disease.”

Lab-on-a-chip (LoC). LoC is a device which integrates one
or several lab functions on a single chip. These chips fall under
the sub-set of mirco-electron mechanical system (MEMS)
and are also termed as micro “total analysis systems” (WTAS).
During last decade there has been extensive research on the
fabrication of LoC’s using polymers like polydimethylsilox-
ane (PDMS), polycarbonate (PC), polymethylmethacrylate
(PMMA), polycarbonate (PC), etc. These materials are cheaper
than conventional ones and are suitable for the fabrication of
disposable devices.”? Use of Loc’s for genomic analysis has rap-
idly evolved after the completion of human genome project.
LoC based assays for nucleic acid analysis has a huge gamut of
applications in molecular diagnosis and in the identification of
human pathogens. LoC’s for the detection of mutation has been
developed which can help in the identification of genetic dis-
orders. LoC based immunoassays is other emerging area which
can make the diagnosis fast. Microfluidic cartridge based LoC
concept has been developed which can carry out blood group
determination in 2 min utilizing agglutination assay.” As many
research groups are focusing on the development of these chips
we expect a large number of commercially available, disposable
microfluidic devices in near future. Furthermore, in future we
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expect widespread usage of cheap and easy use lab-on-chips con-
nected to complex diagnostic software for data analysis which
will be connected to medical database in reference medical cen-
ters at different locations. This whole procedure can reduce the
cost, and enhance the efficiency of diagnosis both at large and
remote medical centers/hospitals. So this technique has huge
promise for future healthcare.”

Emerging Applications of Bioengineering
to Diagnostics and Healthcare

Drug delivery by microneedles (MN’s). Limitations with con-
ventional hypodermic needles for the drug or vaccines have put
microneedles in spotlight. MN’s are fabricated using the concepts
of microelectronics from silicon, metals, polymers, glass and
ceramics. Different types of MN are used for different applica-
tions. For example solid MN’s are used for skin pre-treatment
so that drug formulation when applied to skin can penetrate via
slow diffusion. In contrast coated MN’s are coated with water
soluble formulation or drug for its delivery. Coated MN’s aid in
the delivery of drug to skin after which MN is removed. Other
type of MN’s are classified as dissolving MN’s those degrade
or dissolve in skin while they release the drug payload. Hollow
MN’s are used for the infusion of liquid formulations or drugs
into skin.’* By by-passing stratum corneum, MN’s make the
delivery efficient across the skin. They have been employed for
the delivery of low molecular weight drugs (lidocaine), biothera-
peutics (insulin), vaccines (BCG tried in pigs). Figure 4 is the
schematic representation of different types of MN’s.

Prominent MN products available include Dermaroller,
Microhyala, Soluvia, etc. Microhyala are hyaluronic acid con-
taining needles those are used to treat skin wrinkles so have huge
cosmetic demand. In addition to the delivery of drugs to skin,
MN’s are being studied for ocular delivery. Implantable MN’s
fabricated using biodegradable polymers and methotrexate are
being studied for vitreoretinal lymphoma.” Solid MN’s have
been developed for the delivery of drug in blood vessel walls for
the treatment of restenosis.”® Efforts are being made for the fabri-
cation of coated metal MN’s for the delivery of parathyroid hor-
mone (PTH) which can benefit osteoporosis patients in future.”
Area of MN’s has matured enough that many MN systems are

e24717-7



Stratum Corneum ——

Epidermis

Dermis ——>

toward making gene therapy avail-
able for large number of other dis-
eases those need an immediate cure.
So we expect more types of such gene
therapy products in market in near
future to improve the current health-
care facilities.

Bioseparation. Polymeric hydro-
gels are widely used for the process
of bioseparation which can have
diagnostic potential. Bioresponsive
hydrogels fabricated by the pro-
of biomolecular

cess imprinting

have been used for the detection of

tumor markers like a-fetoprotein,

a fetal protein (AFP). This was

Reproduced with permission from reference 54.

Figure 4. Schematic representation of different types of microneedles (MIN's) used for the drug delivery.

done by conjugating lectin Con A
and polyclonal anti-AFP antibod-

available for academic and clinical use. But there are few such
systems those are progressing to clinical trials in humans. In
future we expect this area to grow more and translate into clinics
and for medical practitioners.”

Gene therapy for healthcare. Combination of gene delivery
uses the concepts of tissue engineering in order to repair the ail-
ing tissue or organ.’® This is done by the incorporation of genes
into the polymeric three-dimensional matrices followed by their
implantation or injection which can later promote tissue healing
or regeneration. Recently researchers have tried to transfect cells
present in local environment of damaged tissue using both viral
and non-viral delivery modes to induce the formation of a new
tissue. But due to the associated limitations with the viral transfer
like patient safety, efforts are being made toward the development
of non-viral modes.” In this approach plasmid DNA is incorpo-
rated within biodegradable polymers which promote sustained
delivery to promote expression over a desired period of time. Type
I collagen was the first polymer used to deliver plasmid DNA
encoding for BMP’s and human parathyroid hormone (PTH).
Approach is also used for the repair of surgical incisions by the
incorporating DNA into suture materials. Other biodegradable
synthetic polymer employed for delivery of DNA is PLGA. PLGA
matrices were studied for the delivery of platelet derived growth
factor (PDGF) which showed effects on the formation of granu-
lation tissue and vascularisation. Alginate being a biodegradable
polymer has a huge potential in this area as it can be used to
promote expression of the incorporated DNA in a specific time.
Other potential polymeric systems are poly-vinyl and N-methyl-
2-pyrrolidoma, PVA etc. Polymers like poly [D,L-(lactide-co-
glycoide) can interact with DNA to form coated particles which
protects DNA from nuclease attack and promote its delivery to
cells.® First gene therapy product which is approved by European
Commission can be of great help to patients suffering with famil-
ial hyperchylomicronemia. This will be marketed under the trade
name of Glybera by an Amsterdam based company called unique
(http://blogs.nature.com/news/2012/11/gene-therapy-hits-euro-
pean-market.html). Final approval of Glybera marks a major step
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ies into the gels which introduces
the recognition sites for specific biomarker binding site. These
gels being bioresponsive shrink in response to AFP molecules
which enables accurate and visible detection of biomarker mol-
ecules. Furthermore, polymeric micro/nano-spheres and micro/
nano-fibers have gained popularity as potential substrates for the
immobilization of biomolecules which can have applications in
diagnostics and bioseparation. Due to their large surface area and
small size these materials are more suitable for the immobiliza-
tion of more compact biomolecules which reduces the device size
and enhances the process sensitivity.® We expect a colossal prog-
ress to be made in this area in near future which can make the
diagnostics more easy and sensitive.

Hydrogels and Cryogels as Promising Scaffolds
for Healthcare Applications

With the advances in material science and bioengineering new
scaffold technologies are emerging. These 3-D scaffolds are being
studied as potential materials for tissue regeneration, biosepartion,
drug delivery, etc. So these are future materials those can revolu-
tionize the healthcare by regenerating an ailing tissue or organ.
Hydrogels. Hydrogels are the broad class of crosslinked
polymeric networks those absorb large amount of water or any
other biological fluid without showing any alternations in their
3-D architecture. Retention of water by hydrogels makes them
appropriate for various biomedical applications as the whole sys-
tem tends to mimic the extracellular matrix environment of soft
tissues. Hydrogels are being used in the area of healthcare from
ages but with time hydrogels have evolved from static implants
and devices to more dynamic responsive scaffolds and drug deliv-
ery vehicles. These dynamic hydrogel devices or implants have
huge potential for future healthcare.®® Even though static, inert
contact lenses have been successfully used for the correction of
vision but developments with this technology have led to the
emergence of dynamic, bioresponsive designs those are being
studied for ophthalmic drug delivery, measuring or regulating
ophthalmic pressure and altered glucose levels.”>® Hydrogels
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composed of natural polymers like hyaluronic acid and collagen
are being widely explored for tissue engineering applications.
Due to the associated limitations with the natural polymers,
strategies are being developed for the biofunctionalization of
synthetic polymers to make them suitable for biomedical applica-
tions.** To induce the dynamic response in hydrogel materials,
different mechanisms are being employed, these user-controlled
mechanisms such as temperature or electromagnetic fields have
been applied to clinical applications. Hydrogels fabricated using
responsive synthetic polymers like poly (N-isopropylacrylamide)
(PNIPAAm) demonstrate lower critical solution temperature
(LCST) behavior near physiological temperature which makes
them potential materials for healthcare applications.”” Okano et
al. exploited this behavior of PNIPPAm for the fabrication of 3-D
stacks of functional cardiac tissue which showed improvements
in systolic functions and neovascularisation when implanted into
rat.®® With further improvements this polymer can have huge
clinical demand for ischemic heart in future. Responsive hydro-
gels are also being studied for the development of on demand
drug delivery technologies with remote triggers that will enable
the patients with chronic diseases to control the frequency and
dosage of drug. In this direction iron oxide nanoparticles have
been incorporated into PEG methacrylate and PNIPAAm hyro-
gels. Due to alterations in the magnetic field local temperature
increases which results in the deswelling of the gel to release the
drug, this approach can be a potential future strategy for remote
drug delivery.”” This delivery mode has also been studied for
the release of anti-cancer drugs like Paclitaxel. Dynamic hydro-
gels are currently being tested in animal models and have huge
potential to translate into clinical applications in near future. In
extension to the above discussed technologies, materials are being
designed to respond to endogenous signals from cells or tissues.
One prominent approach is to control the hydrogel behavior using
proteolysis phenomenon. These proteolytically degradable hydro-
gels have been studied for cell-medicated delivery of growth fac-
tors and therapeutics like VEGF, chemotherapeutic agents, etc.
Other physiological stimulus is pH which has been studied for the
delivery of insulin. Peppas et al. developed hydrogel complexes of
poly (itaconic acid) (PIA) and PEG, hydrogen bonding between
carboxylic acid group in PIA and oxygen in PEG leads to the for-
mation of a compact network at acidic pH which protects insulin
and releases it at a more neutral pH in intestines which retains the
bioactivity and enhances absorption.®®*® Dynamic pH responsive
hydrogels are being fabricated those can serve as sensors for the
detection of pathological condition during the early stages of dis-
ease. For example high partial pressure of CO, in stomach can be
an indicative gastrointestinal ischemia and this elevated level can
alter the pH which can be detected by the sensor system. This
sensor has an immense potential to be translated into future diag-
nostics where it will be used as a tool by incorporating the sensor
system into a catheter. Hydrogel sensors are the potential materi-
als to monitor, and intervene in biological crisis situation. These
sensors are currently studied for the cardiac patients. During the
progression of heart disease, valve interstitial cells (VIC’s) respond
to chemical and physical signals and differentiate from dormant
fibroblast phenotype to active myofibroblasts. Calcification is
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a major problem during the progression to valve disease which
influences the mechanical properties of microenvironment and
surrounding extracellular matrix. In these types of pathological
conditions a sensor which can read the changes related to matrix
mechanical properties will be of great use.”’ It will provide new
insights into the pathologies of other diseases and will help in
developing new strategies for their treatment.

Cryogels. Cryogels are the emerging matrices for biomedi-
cal applications and can be the tools for tomorrow’s healthcare.
These supermacroporous gel matrices are synthesized at sub-zero
temperature (-12°C) which results in the formation of intercon-
nected porous network allowing the cell migration and prolifera-
tion. Over a decade’s time our group has been working on the
fabrication of these gel matrices for different biomedical appli-
cations like tissue engineering, cell separation, bioartificial liver,
etc. These matrices can be synthesized using both natural and
synthetic polymers employing different types of crosslinkers at
an optimized concentrations. Ideal properties of these matrices
like large pore size (10~100 pm) together with good mechanical
properties make them appropriate for large number of tissue engi-
neering applications. An additional benefit with these gel matri-
ces is that they can be fabricated in different formats like sheets,
monoliths, discs, beads, etc.”' as shown in Figure 5A. Flexibility
with respect to design makes them apposite for varied number
of biomedical applications. These matrices have excellent swell-
ing capacity so can take up large volumes of solvent. This prop-
erty augments the applicability of these matrices for biomedical
applications. Further diversity with respect to applicability can be
included by modifying the gel matrices which involves coupling
of various ligands to their surface, grafting of polymer chains to
the surface or fabrication of interpenetrating networks of two or
more polymers. Cryogel matrices can also be modified by the sur-
face modification phenomenon which improves their interactions
with cells. Full interpenetrated network of polyacrylonitrile with
gelatin was prepared for biomedical applications. These matrices
showed initial cell attachment and other appropriate properties
so can be utilized for tissue engineering applications.”* As these
matrices possess interconnected networks they have been used
as chromatography columns for the biosepartaion. Our group
has established a protocol for the separation of stem cells from
umbilical cord blood. For this application cryogel columns of
polyacrylamide and polydimethylacrylamide were fabricated
and functionalized to immobilize protein A ligand. Target cells
labeled with specific antibody when allowed to pass through the
column attached to the matrix through affinity to protein A. This
procedure can be used as a generic type-specific cell separation
approach which has potential in diagnostics and cell therapeu-
tics.”” Cryogel matrices have been studied extensively for dif-
ferent tissue engineering applications. As these matrices possess
large and interconnected network they allow the proliferation and
migration of most of the mammalian cells. Cryogel matrices fab-
ricated using the combination of natural polymers like alginate,
agarose, gelatin, chitosan, etc., have shown encouraging results
for their utility as matrices for cartilage tissue engineering. These
matrices allow the growth and proliferation of goat chondro-
cytes together with the formation of neo-cartilage on them.*”
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Figure 5. Digital images of cryogels
showing their flexibility to be fabricat-
ed in different formats (A). Fluorescent
microscopic image of cryogel section
showing interconnected porous net-
work (B). Reproduced with permission
from reference 71.

These matrices have also shown a significant healing of cartilage
defects when implanted in New Zealand white rabbits indicating
their potentiality for treating the subchondrial cartilage defects
(unpublished results). Results with these matrices indicate that
synthesized cryogel matrices hold great promise for the patients
suffering from accidental injuries of cartilage or other cartilage
degenerative diseases. These matrices have also been studied for
their application in bone tissue engineering. For bone tissue engi-
neering we have fabricated novel organic/inorganic composites
using polyvinyl alcohol-tetracthylorthosilicate-alginate-calcium
oxide (PTAC). These scaffolds supported the growth and pro-
liferation of human osteosarcoma cell lines (MG 63) indicat-
ing their potential for the regeneration of bony tissue.”® These
matrices have shown healing of cranial defects when implanted
in the skull of Wistar rat (Unpublished results). So these com-
posite cryogels have great prospective in future for the repair of
bone defects. Other tissue engineering applications that are being
explored include neural tissue engineering, cardiac tissue engi-
neering, skin tissue engineering.””’® Applicability of cryogels in
tissue engineering is facilitated by their interconnected porous
network as shown in Figure 5B.

In addition to tissue regeneration our group is involved in
the fabrication of bioartificial liver devices using cryogels for the
patients with acute liver failure. These devices can bridge the gap
till an appropriate transplant becomes available for the patients.
Cryogel matrices have also been employed for the production of
therapeutics (monoclonal antibodies) using a continuous culture
system.”” Research is also being performed by other groups for the
fabrication of injectable cryogels®® for clinical applicatiosn like
gene therapy, tissue engineering, dermal fillers, drug delivery, etc.

Looking at the current research scenario cryogels are expected to
evolve fast so that they can be used in clinics and diagnostics in
near future.

Concluding Remarks

Current healthcare and diagnostics has many constraints like it
is expensive, has limited accuracy or there is no strategy to treat
some of the diseases (e.g., cancer). So there is a great demand
to improve the current healthcare facilities. Research is being
performed to improve the existing methods and for the develop-
ment of new approaches. Bioengineering is one of the most viable
option which has a potential to improve the existing healthcare
scenario. It uses biomaterials and tissue engineering concepts for
the repair of damaged tissue. Major goal here is to repair or regen-
erate the tissue or organ than to remove it. Bioengineering has
also shown a good progress in diagnostics and newer methods are
being developed which can make the detection easy and accu-
rate. With the current progress in biomaterials we expect a future
healthcare which will be available at an affordable price and with
better services.
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