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Summary

• Biological response to implants

• Methods to reduce adverse effects

• Regulations governing medical devices

• Testing of implantable devices
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Sequence of Response

1. Injury

2. Blood/Material Interactions

3. Provisional Matrix Formation

4. Acute/Chronic Inflammation

5. Granulation Tissue Formation

6. Foreign Body Reaction

7. Fibrosis/Fibrous Capsule Development
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Injury

• Implantation of the device is likely to 
damage blood vessels in the vicinity

• Initially damaged blood vessels constrict 
(haemostasis) and clots can form

• Secondly the walls of surrounding blood 
vessels can dilate and become porous 

• This lets out exudate containing 
inflammatory cells and factors.
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Blood/Material Interactions

• Platelets and proteins like fibrin and 
fibronectin interact to form clots

• These can coat the surface of the device as 
well as preventing further blood loss 

• Platelets release growth factors and other 
chemicals that attract inflammatory and 
immune cells to the injury
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Provisional Matrix Formation

• Proteins released due to injury to 
vascularised tissue form the matrix

• In a normal injury this forms the basis for 
the healing process

• For an implant this means almost 
immediate protein biofouling

• This can be a problem for a sensor
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Acute Inflammation

• Inflammation is named for the redness, 
swelling, and temperature change

• This is caused by the flooding of the injury 
site with blood and exudate

• This also allows antibodies and immune 
cells to get to the site of the injury

• The first to arrive are neutrophils
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Neutrophils

• Polymorphonuclear leukocytes/neutrophils 
- most abundant type of white blood cell

• Phagocytes are designed to  
detect and consume bacteria 

• They also release products to 
attract and stimulate other  
immune cells to the injury
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Phagocytosis

• Neutrophils engulf 
attackers

• Granules inside contain 
anti-bacterial agents

• Oxidation generates 
toxins
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Neutrophil Chemotaxis

• Invading bacteria are 
“tagged” with anti-
bodies

• Chemicals attract 
phagocytes

• Chemotaxis is 
movement up a 
chemical gradient
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Neutrophil Chemotaxis

• Invading bacteria are 
“tagged” with anti-
bodies

• Chemicals attract 
phagocytes
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chemical gradient

11



Stewart SmithBiosensors and InstrumentationU-Tokyo Special Lectures

Macrophages 

• Monocytes are attracted to the wound site 
within a few hours/days of injury

• Growth factors present  
encourage them to mature 
into macrophages 

• Much larger than neutrophils

• They consume pathogens  
and damaged tissue
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Chronic Inflammation

• Inflammation should be a short term 
process or healthy tissue can be damaged

• Foreign bodies like medical implants can 
lead to unwanted chronic inflammation

• Chemical and physical properties of an 
implant are important considerations

• Movement of the implant can affect healing
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Granulation Tissue

• Fibroblasts and endothelial cells proliferate 
at the implant site within a day or so

• Together with immune cells they  
form granulation tissue, with red 
and granular appearance

• This consists of a fibrous tissue  
matrix and new blood vessels
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Angiogenesis

• Fibroblasts and other cells in the 
granulation tissue require oxygenation

• Vascular endothelial cells at implant site 
form capillaries to supply blood 

• This process is known as angiogenesis or 
neo-vascularisation
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Foreign Body Reaction

• Phagocytes will not be able to engulf a 
typical implant due to size disparity

• Macrophages activated at  
the implant surface will  
produce corrosive enzymes

• They can also coalesce  
to form multi-nucleated 
foreign body giant cells
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Fibrosis/Fibrous  
Tissue Formation

• Macrophages and FBGC may exist at the 
device surface for the lifetime of implant

• Beyond this the fibroblasts will gradually 
begin to produce a collagen matrix

• This fibrous tissue can eventually 
encapsulate the implant and seal it away

• This may not happen with porous materials
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Impact on Implanted Devices

• Protein biofouling can lead to immediate 
reduction in sensor sensitivity 

• Macrophages and FBGCs can release 
factors that degrade the implant

• Fibrous capsule formation can cut off a 
sensor from the environment

• Neo-vascularisation during granulation 
tissue stage could increase sensitivity
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Implanted Drug Delivery System
19
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Impact on Biosensor
20

N. Wisniewski, M. Reichert / Colloids and Surfaces B: Biointerfaces 18 (2000) 197–219198

ing to reduced analyte diffusion and perfusion to
implanted sensors which ultimately causes a de-
crease in sensor response. Fig. 2 shows two exam-
ples of declining glucose sensor response. In one
case the sensors were immersed in heparinized
blood (Fig. 2(A)); in the other case, the sensors
were implanted subcutaneously (Fig. 2(B)). In
both instances the level of sensitivity loss due to
exposure to a biological medium ranged from
minimal to extensive. The decay of the sensor
signals seen in Fig. 2(A and B) is typical for tissue
contacting or blood-contacting sensors.

Membrane biofouling is phenomenologically
distinct from electrode fouling [16], often called
electrode passivation. Membrane biofouling is
driven by adsorptive and adhesive interactions of
proteins and cells at the outer sensor surface,
whereas electrode passivation occurs when
molecules are able to penetrate the sensor and
come in contact with the electrodes. Passivation is
caused by small molecules [17,18], whereas mem-
brane biofouling can be caused by large and small
molecules as well as by cells.

The majority of membrane fouling studies have
involved materials employed in bio-processes such
as membranes for microbial suspension [19], hor-
mone separation [20], protein fractionation [21],
cell separation [22], waste water treatment [23],

oligosaccharide bioreactors [24], protein ultrafil-
tration [25], and dairy processing [26]. There are
however a number of studies specifically concern-
ing implantable sensor membrane biofouling. Un-
fortunately, the biomedical sensor community is
dispersed throughout several disciplines, and
many of the pertinent papers on sensor fouling
are deceptively difficult to identify. For example,
if one performs a Medline search of the literature
combining ‘sensor,’ ‘membrane’ and ‘fouling’ only
two reports will arise [12,22]. Even worse, a Med-
line search combining ‘biosensor’ and ‘fouling’
yields no papers. Although a Medline search on
sensors and biosensors yields over 6000 papers,
the vast majority do not address biofouling at all.
Considering the enormous number of sensor stud-
ies reported in the literature, one finds that rela-
tively few studies have systematically compared
two or more sensor membranes and that mem-
brane materials are generally chosen out of
convenience.

Biocompatibility is a vague concept for which a
variety of definitions exist. In the context of im-
planted sensors, biocompatibility encompasses the
body’s reaction to the implanted sensor as well as
the sensor’s reaction to the body. The latter phe-
nomenon is coined sensocompatibility and is the
subject of two recent reviews [14,15]. Currently,

Fig. 1. Schematic illustration of glucose molecules exiting a capillary and diffusing to a subcutaneously implanted needle-type
glucose biosensor. In addition to normal component failure such as electrical failure, enzyme degradation, and membrane
delimination, the sensor can fail from several physiologically related causes, such as membrane biodegradation, electrode
passivation, fibrous encapsulation, and membrane biofouling.
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Engineering Tissue Response to 
Implants

• Different approaches and techniques are 
required to control different effects

• Protein biofouling is the first adverse effect 
on an implanted sensor device

• Proteins adsorb more onto hydrophobic 
surfaces so use hydrophilic materials?

• Poly(ethylene) glycol (PEG) is a possibility
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Surface Modifications

• Hydrogels are polymer networks that are 
highly absorbent to water

• Typically they do not affect diffusion of 
analytes to a sensor membrane

• They can be modified with ligands to 
promote certain cells to adhere

• Growth factors to control angiogenesis and 
fibrosis could also be incorporated
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Drug Delivery

• Controlled release of growth factors or 
other drugs from implant surfaces

• Biodegradable microspheres are one 
possible delivery method

• VEGF - Vascular Endothelial Growth Factor

• Dexamethasone - anti-inflammatory and 
anti-fibrotic drug
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Nitric Oxide Release

• Nitric oxide (NO) is a naturally occurring 
compound that causes vasodilation

• It is also involved in the inflammatory 
process and wound healing

• It has been shown to promote angiogenesis 
and reduce fibrous capsule formation

• Possible interference with chemical sensors
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Physical Modification

• The micro and nano-scale topography of 
materials influences the tissue response

• Porous surfaces can encourage tissue 
ingrowth but pore size is very important

• Small pores increase fibrous encapsulation

• Large pores encourage inflammatory cells

• Ideally the pores should encourage capillary 
development around the sensor
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Sensor Adaptions
26

Sakai provides a thorough review of all these characteri-
zation methods and also discusses a variety of models to
describe membrane transport [100]. The extensive litera-
ture on membrane-protein interactions in the kidney dial-
ysis field may contribute to our understanding of biosensor
membranes, however, the relationship between biofouling
in dialysis and sensors has not been firmly established.

Part II Strategies to improve sensor biocompatibility

Bioanalytical sensors have over the years proved to be in-
adequate for long term in vivo applications, with mem-
brane biofouling playing a significant role in sensor insta-
bility. A companion paper reviews sensor modifications
intended to reduce in vivo sensor membrane biofouling in-
cluding hydrogels, phospholipid-based biomimicry, flow-
based systems, Nafion, surfactants, naturally derived ma-
terials, covalent attachments, diamond-like carbons and
topology [28]. However, biofouling is just part of the in
vivo performance problem, and such modifications should
be used in combination with approaches for addressing
other aspects of sensor biocompatibility. The following
section presents sensor modifications intended to reduce
protein adsorption, increase integration of the sensor with
the surrounding tissue, and encourage tissue responses
such as angiogenesis.

1 Modifications to reduce protein adsorption

One simple strategy to improve sensor biocompatibility
would be to reduce protein adsorption. This can be
achieved by modifying the surface of the sensor or adding
a new layer of a special material [28]. Simple surface
modifications can be performed by creating functionali-
ties such as hydroxyl, carboxyl, amine, sulfonate or phos-
phate groups on the surface [101]. As a result, adsorption
of some molecules may be reduced. However, because so
many different proteins are present at the sensor/tissue in-
terphase (i.e. the transitional region between the sensor
and its surrounding tissue), it is unlikely that all total re-
sistance to protein adsorption could be achieved. It is also
not known which proteins lead to biocompatibility or bio-
incompatibility [31]. Therefore, it is unlikely that a single,
simple surface modification alone will suffice.

One approach to surface modification of a biosensor
attempted by Quinn et al. [70] consists of incorporating
poly(ethylene glycol) (PEG) into a polyhydroxyethyl-
methacrylate (PHEMA) membrane. The PEG chains (also
often called polyethylene oxide (PEO)) tend to line up
parallel to each other and perpendicular to the surface to
present a water rich phase that resists penetration by many
proteins [102]. Quinn et al. demonstrated that PEG in the
outer membrane induced less fibrous encapsulation after
subcutaneous implantation in rats, compared to the same
membranes without PEG, but did not report the resulting
change in sensor performance [70, 103].

Another strategy to reduce protein adsorption has been
the coating of the surface of biosensors with phosphoryl-
choline (PC) groups to mimic the red blood cell surfaces
and therefore to transfer the non-thrombogenicity of the
red blood cells to the biosensor’s surface. The diminution
of protein adsorption on PC coated surfaces has been
demonstrated [38, 73, 104–106]. The antifouling charac-
teristics are believed to be due to the ability of the PC
groups to render the surface extremely hydrophilic, so
that proteins have difficulty adsorbing on the surface be-
cause of the layer of bound water. Using this approach,
Nishida [18] showed that subcutaneously implanted bio-
sensors could measure the glucose concentration in hu-
mans for up to 14 days. However, in vivo re-calibrations
were required after 7 days due to the loss of sensitivity,
thus limiting the benefit of this approach for long-term
implantation. Other methods to reduce protein adsorption
include the use of a very slow flow of phosphate buffer
over the tip of the sensor [107], so-called “inert” materials
such as diamond-like carbon that have reduced material-
tissue interactions [51], and modification of membrane
with surfactants [17].

Since the loss of sensor function caused by the tissue
response to the implant is a complex phenomenon, it is
likely that strategies more sophisticated than simply re-
ducing protein adsorption are needed. For many im-
plantable biosensors, the loss of function is also a conse-
quence of inflammation and fibrosis with loss of vascula-
ture resulting from the tissue trauma and long term for-
eign body response caused by the sensor implantation and
by reactions within the tissue. The next generation of im-
plantable biosensors may find it useful to borrow new
strategies from the rapidly expanding field of tissue and
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Fig.2 Schematic illustration of potential options for modifications
of an implantable biosensor to improve its biocompatibility. De-
picted are proposed interactive surface hydrogels with bound ad-
hesion ligands and TRM, biodegradable TRM-release systems,
and surface texturing. Incorporating some or all of these new sys-
tems should enhance the sensor’s function and lifetime in vivo by
suppressing inflammation and fibrosis as well as enhancing blood
vessel density around the sensor
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Regulating Implant 
Biocompatibility

• Medical devices are heavily regulated by

‣ Food and Drug Agency (FDA - US)

‣ European Medicines Agency (EMA - EU)

‣ Medicines and Health Regulatory Agency 
(MHRA - UK)

• Standards are set by the International 
Standardisation Organisation (ISO)
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Active Implantable  
Medical Devices

• European commission directive 90/385/EEC

• Revised in 2007 with directive 2007/47/EC

• Covers the placing on the market and 
putting into service of active implantable 
medical devices (AIMDs)

• Active means they use electrical energy or 
some other power source to operate
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AIMD Directive

• Sets out which standards the active 
implants must follow

• This includes things like sterilisation, 
labelling and other supplied information

• The bulk of the standards applied concern 
evaluation and testing of implants

• These are set out in ISO 10993
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Standard ISO 10993

• There are 18 parts to ISO 10993 

• The most import for implants are:
1. Evaluation and testing within a risk management 

process
4. Selection of tests for interactions with blood
5. Tests for in vitro cytotoxicity
6. Tests for local effects after implantation
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Standard ISO 10993

• Continued:
9. Framework for identification and quantification 

of potential degradation products
10.  Tests for irritation and delayed-type 

hypersensitivity
11.  Tests for systemic toxicity
12.  Sample preparation and reference materials
13.  Identification and quantification of degradation 

products from polymeric medical devices
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Standard ISO 10993

• Continued:
16.  Toxicokinetic study design for degradation 

products and leachables
17.  Establishment of allowable limits for leachable 

substances
18. Chemical characterization of materials
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Medical Device Categorisation

• ISO 10993-1:2009 categorises devices by 
level of tissue contact and contact duration
‣ Surface devices - Skin, mucosal membranes or 

breached/compromised surfaces

‣ External communicating devices - Blood path 
(indirect), tissue/bone/dentin or circulating blood

‣ Implant devices - Tissue/Bone or blood

• Limited (<24 hours), Prolonged (1-30 days), 
Permanent contact (>30 days)
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In-Vitro Testing

• ISO 10993-5:2009 - Tests for in vitro 
cytotoxicity

• Cells are cultured directly on samples of 
implant material

• Lysing of cells, cell rounding and/or growth 
inhibition indicates cytotoxicity

• Cell lines used are defined in the standard
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Cage Method for  
In-Vivo Testing

• Material to be tested is implanted within a 
stainless steel wire mesh cage (rat)

• Exudate is collected from 
the cage and analysed for  
inflammatory cells 

• This data is compared with  
empty controls or controls  
with “safe” materials
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Post-Explantation  
Testing

• Implanted sensors used in in-vivo testing 
should be recovered 

• The function of the device after 
explantation needs to be confirmed 

• Thickness of the fibrous capsule and other 
histopathological testing is required
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Summary

• Biological response to implants

• Methods to reduce adverse effects

• Regulations governing medical devices

• Testing of implantable devices
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