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Abstract

This article raises central questions about the definition of biocompatibility, and also about how we
assess biocompatibility. We start with the observation that a porous polymer where every pore is
spherical, ~40 microns in diameter and interconnected, can heal into vascularized tissues with little
or no fibrosis and good restoration of vascularity (i.e., little or no foreign body reaction). The same
polymer in solid form will trigger the classic foreign body reaction characterized by a dense, collag-
enous foreign body capsule and low vascularity. A widely used definition of biocompatibility is ‘the
ability of a material to perform with an appropriate host response in a specific application’. With
precision-porous polymers, in direct comparison with the same polymer in solid form, we have the
same material, in the same application, with two entirely different biological reactions. Can both re-
actions be ‘biocompatible?’ This conundrum will be elaborated upon and proposals will be made
for future considerations and measurement of biocompatibility.
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Introduction

Medical implants made of synthetic materials or modified natural
materials are used in millions of procedures each year worldwide,
save millions of lives and improve the quality of life for millions more
(Table 1). A central concern with all these devices is biocompatibility.
But the definitions we have of biocompatibility are fraught with am-
biguity and imprecision hampering our ability to use this term to
make accurate statements about the healing and integration of medi-
cal devices. This article will examine biocompatibility in the early
21st century and offer suggestions for a definition of biocompatibility
that will be more useful and accurate.

A definition of biocompatibility as applied to medical devices is
‘the ability of a material to perform with an appropriate host re-
sponse in a specific application’ [1].

This definition, though accurate, offers little insight into the
meaning of the word—e.g., it offers no guidance into how to test for
biocompatibility or how to improve the biocompatibility of a mate-
rial or device.

Let us start with a consideration of the bioreaction to an implanted
‘biocompatible’ biomaterial or medical device. The outcome observed
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(after about 2 weeks of implantation in a mammal), the foreign body
reaction (FBR), has been reported since well before 1970 [2] and is
characterized by the implant surrounded by a dense, collagenous cap-
sule, low vascularity in and around the capsule and inflammatory cells
at the implant surface. Figure 1 suggests the etiology of the FBR seen in
most of the biocompatible implants.

Because this FBR is ubiquitous for implanted materials, and be-
cause we put millions of devices into humans every year with all de-
vices that are implanted for over 2 weeks exhibiting this reaction,
why should there be a concern? In spite of our overall success with
medical implants, there are hundreds of thousands of reports each
year to the regulatory agencies of complications or adverse outcomes
with implanted medical devices (in the year 2015, the United States
Food and Drug Administration (US FDA) received well over 900 000
adverse event reports). Furthermore, the FBR capsule is associated
with walling off of implanted electrodes (impeding electrical signals),
walling off of implanted biosensors, walling off of drug delivery sys-
tems, capsular problems around breast implants, fibrotic occlusion of
glaucoma drains, poor healing of devices in bone, highly encapsulated
pacemaker lead healing that complicates revision surgeries, vascular
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graft sheaths that may inhibit endothelialization, device centered in-
fection and many other complications as well. How many of those
900000 reports of adverse events might be attributed to poor (fi-
brotic) healing increasing the chance of infection, device failure, de-
vice extrusion and other complications?

Given the concerns associated with the FBR, why do we accept
this FBR as biocompatible? We base our acceptance of the FBR on
ISO standards deeming this reaction as acceptable and regulatory
agency approvals that equate the uncomplicated FBR with nontoxic
and inert. If the implant, after ~30 days, is found in a thin (50-200
micron) fibrous capsule with little or no additional evidence of reac-
tion at the implant site, we call it biocompatible. Yet, instead of the
body accepting the implant (biocompatible) the body is isolating the
implant as an object to be removed from contact with active systems
within the body.

Table 1. Estimates of number of medical devices used worldwide
each year

~14 million
125 million

Intraocular lenses
Contact lenses

Vascular grafts ~400 000
Hip and knee prostheses 2 million
Catheters >1 billion
Heart valves 300 000
Stents (cardiovascular) >1 million
Breast implants ~600 000
Dental implants 3 million
Pacemakers 600 000
Renal dialyzers ~1.2 million
Left ventricular assist devices >20 000

Implantation: time =0

time = 2-3 weeks

Figure 1. Time course of the FBR to implanted materials.
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Implants that heal without the foreign
body reaction

As early as 1973 it was demonstrated that the same material in a
solid form or in a porous form will heal differently after implanta-
tion with more blood vessels around the porous material [3].
Although many papers on this subject were published in the years
following that 1973 study, the relationships between pore size, pore
structure and healing were never clearly established.

In the early 1990s, the University of Washington Engineered
Biomaterials program at the University of Washington set out to better
define this relationship. A class of materials was developed where every
pore was spherical, the same size and pores were interconnected (Fig. 2).

Upon implantation, it was noted that materials with pores in
30-40 micron range healed with vigorous new blood vessel growth
and little fibrosis [4, 5]. Materials with larger and smaller pores had
fewer blood vessels and more fibrosis. Such porous materials with
30-40 micron pores were found to heal well (i.e., nonfibrotic, vascu-
larized, reconstructive) into skin [6], heart [7], bone, sclera and vagi-
nal wall. A common feature of these proregenerative materials is that
they stimulate invading macrophages to the M2 (proregenerative) po-
larization [5, 7-9]. Other strategies have also demonstrated nonfi-
brotic healing and associated M2 macrophages [10, 11].

Implications of materials that heal without the
foreign body reaction

Comparing the healing of a solid slab of cross-linked poly(2-hydroxy-
ethyl methacrylate) to the same polymer with 40 micron pores, we
see two different bioreactions: fibrotic, avascular isolation of the
solid implant versus nonfibrotic, vascularized tissue integration of

time = 48 hrs
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Figure 2. A scanning electron microscopy cross-section through a precision-
porous biomaterial where every pore is the same size and pores are intercon-
nected (image by Kelsey Willson).

1.1
%= (A)(Cr )(To) M) (MM,)(0)

» = "Biocompatibility Number”

A = angiogenesis (blood vessel density)
C; = capsule thickness

Cy = capsule collagen density

M = number of macrophages
M,/M, = ratio of M, polarization to M,
O = other cell types (complex term)

Nate: appropriate scaling factors needed

Figure 3. A suggestion for an equation to quantitatively express
biocompatibility.

the porous implant [5]. Yet, the only word we have for these two
tissue reactions is biocompatible. The healing reactions are so
different—how can we call both biocompatible?

This inconsistency in our ability to accurately describe these
healing reactions leads to the proposal of two definitions for the bio-
logical reaction to implanted materials:

Biocompatibility: The ability of materials to locally trigger and
guide normal wound healing, reconstruction and tissue integration.

Biotolerability: The ability of materials to reside in the body
for long periods of time with only low degrees of inflammatory
reaction.

The millions of medical devices that now are routinely used in
clinical medicine and have regulatory agency approval are tolerated
by the body. This is ‘biotolerability’. A future generation of devices
will be made from materials that can seamlessly integrate into tissues
in a vascularized, nonfibrotic manner and will be genuinely compati-
ble (integrative) with living organisms—this is biocompatibility.

To further refine the definition of biocompatibility, we can envision
a quantitative expression that will allow us to understand just how bio-
compatible a biomaterial is (are all

biomaterials  equally

biocompatible?), and provide a basis for improving or optimizing bio-
compatibility. Such an equation is suggested in Fig. 3.

The use of an equation such as suggested in Fig. 3 necessitates
new assays and immunological stains needed to acquire the quanti-
tative data from the explanted implant. Some of the parameters such
as angiogenesis might be further qualified by considering the size of
new vessels formed and the quality of those blood vessels.
Furthermore, each of the terms in the equation may not contribute
equally to the phenomenon called biocompatibility, so scaling fac-
tors may be necessary.

Conclusions

The field of biomaterials has made possible medical devices that
save millions of lives and improve the quality of life for millions
more. However, there are large numbers of adverse outcomes in the
healing of such implants and many procedures are impeded by fi-
brotic, nonintegrative healing. The potential now exists to bypass
the FBR and achieve a reconstructive, integrative healing that may
minimize complications. However, the assessment methods we now
use for the routine measurement of biocompatibility of biomaterials
and devices are inadequate for measuring these new, desirable out-
comes. Similarly, our vocabulary for expressing these nonfibrotic,
proregenerative outcomes falls short of giving us accurate terminol-
ogy to describe these outcomes. This article proposes new defini-
tions that describe a ‘biocompatibility of the future’ and still permits
us to discuss the fibrotic healing of today’s medical devices. In addi-
tion, thoughts are presented on a quantitative expression for bio-
compatibility that may permit us to rank the performance of
implant materials and guide the development of improved
biomaterials.
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