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Abstract: We discuss the perspectives of designing implantable medical devices that have the
criterion of being symbiotic. Our starting point was whether the implanted device is intended to
have any two-way (“duplex”) communication of energy or materials with the body. Such duplex
communication extends the existing concepts of a biomaterial and biocompatibility to include the
notion that it is important to consider the intended functional use of the implanted medical device.
This demands a biomimetic approach to design functional symbiotic implantable medical devices that
can be more efficient in mimicking what is happening at the molecular and cellular levels to create
stable interfaces that allow for the unfettered exchanges of molecules between an implanted device
and a body. Such a duplex level of communication is considered to be a necessary characteristic of
symbiotic implanted medical devices that are designed to function for long periods of time inside the
body to restore and assist the function of the body. We illustrate these perspectives with experience
gained from implanting functional enzymatic biofuel cells.
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1. Introduction
The foundation to harness nanotechnology for the engineering of biomedical systems was
pioneered by Richard Zsigmondy in 1903, when he first used the term “nanometer” in the
characterization of the gold nanoparticles he made and then measured with his ultramicroscope [1].
Subsequently, the introduction of the concept of “biomimetics” by Otto Schmitt in the 1960s has
stimulated a great many possible applications for the engineering of biomedical devices [2]. Though
nanotechnology was not explicitly mentioned in the text of the famous lecture by Richard Feynman,
he described a future where small-scale machines might be constructed, controlled, and manipulated.
He highlighted the medical relevance for these types of machines by quoting his friend, Albert R.
Hibbs, who suggested the concepts of a miniaturized surgical device and “small machines that might
be permanently incorporated in the body to assist some inadequately-functioning organ” [3]. All
of those previous concepts introduced by Zsigmondy, Schmitt, Hibbs, and Feynman have provided
pillars upon which we can advance our ideas about nanostructured medical devices for implantation.
In this short review, we introduce the concept of “symbiotic nanostructured medical devices,” since
our starting point was whether the implanted device is intended to have any two-way communication of
energy or materials with the body. If the intended application is only one-way communication from the
medical device to the body, such as for the delivery of a drug, the challenge is to avoid the degradation or
encapsulation of the medical device. However, if the implanted medical device is intended to properly
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cells as the needs to increase power density, operational stability, and voltage output. To increase
power density, Xiao et al. [6] proposed to increase enzyme activities, to facilitate electron transfers, to
use nanomaterials, to design more efficient enzyme–electrode interfaces, and to combine enzymatic
fuel cells with (super) capacitors. To improve stability, they proposed the use of different enzyme
immobilization approaches, the tuning of enzyme properties, the designing of protective matrixes,
and the use of microbial surface displaying enzymes. To improve voltage output, they proposed
optimizing mediators, serial connection, and external boost converter electronic circuits [6]. However,
the implantation of devices brings the dimension of biocompatibility as perhaps the key challenge that
needs to be overcome to increase the life-time of implanted enzymatic biofuel cells. Our experience
from implanting enzymatic biofuel cells in mammals has shown that producing a biocompatible system
is the major issue to solve for enhancing the performance and life-time of implanted enzymatic biofuel
cells [7].
3. Biocompatibility is the Major Challenge for Symbiotic Implanted Medical Devices
Indeed, the issues of biocompatibility have remained largely unsolved since scientists such as B.
Ratner, R. Langer, J.M. Anderson, and D. Williams pioneered the fields of modern biomaterials and
biocompatibility issues [8–14]. Current thinking about biocompatibility pathways for a biomaterial
have included the ways in which the components of the biomaterial actually interact with cells of the
body [15]. Williams (2014) identified those components acting on the cell as having an origin from
the biomaterial (e.g., metal ions, polymer additives, nanoparticles, and contaminants), mechanical
and biophysical mediators of interactions (e.g., electromagnetic fields and structural/fluid stresses),
internalization mechanisms (e.g., phagocytosis, endocytosis, and pinocytosis), or material mediators of
interactions (chemical structure, elasticity, shape, volume, and topography). However, those mediating
components were considered as originating from, or derived from, the biomaterial. Nonetheless, such
a concept of biocompatibility subsumes a collection of individual phenomena that make it impossible
to consider that biocompatibility can be graduated into some form of a scale. Furthermore, even by
referring to a “biocompatible system” rather than a “biocompatible material,” Williams concluded that
the term “biocompatible system” remained imprecise and potentially misleading [16].
We suggest that such imprecision can be avoided if biocompatibility is defined by the intended
functional properties of the implanted device. Such a definition implies that the implanted device
would need the characteristics of duplex communication with the body in order for it to be a symbiotic
device and, hence, biocompatible. The value of re-defining the framework of a “biocompatible system”
is in considering the next generation of such symbiotic devices where long-term function is the
focus of the implanted system. An example of such a symbiotic device is a biofuel cell that can
also produce potentially irritant chemicals from its catalytic reactions. The enzymatic biofuel cell
needs to be designed to include a stable and permeable interface with the body. Nonetheless, an
implanted enzymatic biofuel cell will inevitably be enclosed by a fibrous capsule that follows the
usual foreign-body reaction (FBR), as is the case for all non-biodegradable implanted devices [17].
The formation of a fibrous capsule could be initiated by adsorption of a cluster of inflammatory
proteins [18]. However, that hypothesis does not completely explain the differences in biocompatibility
amongst all types of biomaterials. Indeed, the same material can initiate an in vivo reaction that
may not only include the encapsulation that follows the FBR [17]. Ratner’s group found that an
implanted non-porous slab of poly(hydroxyethylmethacrylate) hydrogel heals via the prototypical
FBR. In comparison, an implanted 34-µm porous poly(hydroxyethylmethacrylate) hydrogel has the
additional feature that the pores are infiltrated with a mostly cellular and slightly fibrous tissue
substance, but the implant is surrounded by a fibrous capsule, albeit one that is thinner and less dense
than the capsule surrounding the non-porous implant. For larger pores of 160-µm, there was a greater
fraction of fibrous tissue inside the pores [19]. Those observations provide a snapshot of the FBR,
since the different hydrogel samples were implanted for only three weeks. Nonetheless, those results
raised several interesting directions for finding a solution to minimize and/or eliminate the fibrous
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encapsulation of the enzymatic biofuel cell in order to maintain a stable and permeable interface for
the exchange of molecules of fuel.
The consideration of such directions is also important for the more general issue of implanting a
symbiotic device where there is the need to maintain a stable and porous interface between the device
and the body. Ratner did not use the term symbiotic, but he previewed the need to develop biomaterials
that heal and integrate by minimizing the FBR capsule. Minimizing such FBR encapsulation would
lead to better implant electrodes, longer-lasting implanted biosensors, consistent release for implanted
drug delivery systems, improved vascular prostheses, capsular contraction-free breast implants,
hydrocephalous shunts and glaucoma drainage shunts that do not fail fibrotically, and many other
advances for the millions of devices implanted in humans each year [17].
We can also gain further insights into the search for solutions to solve such biocompatibility issues
for symbiotic devices by referring to discussions about the challenges for implantation strategies to treat
diabetes [20]. The challenges in that field are to implant cells, tissues, or whole organs for the long-term
control of glucose–insulin metabolism, with the major biocompatibility challenge being to protect the
implants from the immune system. For that, potent immunosuppressing drugs are used for either
solid organ pancreas transplantation or pancreatic islet transplantation. Though immunosuppression
protects the grafts from the body’s immune system, the major side-effect problem is the vulnerability
to infections and malignancies [20]. Sneddon et al. described the approach of using a semipermeable
membrane/capsule to protect transplanted beta cells from the patient’s immune system while allowing
for sufficient mass transfer to maintain cell viability and ensuring favorable insulin secretion kinetics.
They also raised the major challenges for the successful design of next-generation cell encapsulation
devices as being the provisions of effective immunoprotection and of sufficient mass transfer between
the body environment and the encased islets. An interesting way to meet those challenges has been to
use a polymer-coated silicon membrane that includes nanopores formed by microelectromechanical
systems (MEMS) technology [21].
For several types of implanted devices, the largely unsolved requirement to maintain the transfer
of materials with the body leads to the more general challenge that the practical frontier for the
biocompatibility of a symbiotic implanted device continues to be the design of the membrane that is at
the interface of the implanted device and the body. Such a membrane needs to maintain an unfettered
exchange of materials to enhance the lifetime and performance of the implanted symbiotic device [4].
4. Choices of Membranes for Symbiotic Implanted Medical Devices
We illustrate this challenge by returning to the problem of an enzymatic biofuel cell. The membrane
needs to have appropriate mechanical properties, have selective permeability to biological “fuel”
molecules, and be easily constructed. Those requirements imply the usage of some form of a gel-like
polymer. Recent examples include a composite material that comprised PDMS (polydimethylsiloxane)
functionalized with a stable hydrogel layer of MPC (2-methacryolyl phosphorylcholine). This
composite gel can potentially improve the long-term biocompatibility of a medical device, since the
composite material is nontoxic to mammalian cells and strongly resists macrophage attachment and
bacterial colonization [22,23]. Additionally, a porous chitosan membrane coating, in combination with
either PTFE (polytetrafluoroethylene) or Nafion (perfluorosulfonic acid) supporting polymers, was
subcutaneously implanted in rats, and, after 100 days, it did not enhance the deposition of collagen but
did promote angiogenesis [24]. In that context of utilizing an appropriate polymer membrane, we
successfully implanted enzymatic biofuel cells and bioelectrodes that were enclosed using a chitosan
membrane [25–27]. An important consideration for the design of the chitosan membrane is the
environment of the bioelectrode. For example, an anode constructed using glucose oxidase releases
gluconic acid, which induces a decrease in pH that can hydrolyze the chitosan. The fabrication of the
chitosan membrane using cross-linking agents can help in stabilizing the membrane. Such a chitosan
membrane allowed for the optimization of the bioelectrode coating. The thinness (10–15 µm) and the
hydrophilicity of the chitosan membrane allowed for the rapid wetting of the bioelectrode. This rapid
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wetting effectively resolved the hydration problems of bioelectrodes that were previously constructed
using a cellulose acetate membrane [28,29]. Though successful for implantations up to six months,
those chitosan membranes may not provide the perfect solution for the challenge of biocompatibility.
Nonetheless, if not perfectly suitable as a protective membrane for an implanted enzymatic biofuel
cell, our recent results showed that chitosan provides an open structure that allows for the ingrowth
and integration of cells. Cells were able to migrate into the chitosan structure within three days in
culture, and they were able to adhere to the gel structure of the chitosan. These are properties of
chitosan that can be exploited for future enzymatic biofuel cell systems that require integration and
biocompatibility with tissues of the body. Indeed, a previous report indicated that treating the chitosan
with cold atmospheric plasma could enhance the infiltration and ingrowth of mesenchymal stem
cells for application in bone regeneration [30]. Such an exploitation of the capability of chitosan to
form an open architecture to provide conditions for the infiltration and ingrowth of cells is a novel
application compared to the usage of dense forms of chitosan as bioabsorbable implants for orthopedic
applications [31].
We can further consider several directions in which the membrane can be improved in order
to increase the lifetime, again using the example of improving the performance of the implanted
enzymatic biofuel cell. The key direction is to fabricate a membrane that should remain stable when
implanted for long periods. It is important to consider that even cross-linked chitosan is not the basis
for a perfectly stable membrane when implanted, because 100% crosslinking cannot be guaranteed over
the entirety of the membrane surface. For example, we observed that a biocathode can be implanted
for up to six months in a rat. However, even if the chitosan membrane looks intact macroscopically
and since it is difficult to ensure that there is 100% crosslinking in all regions, it is not possible to avoid
the degradability 100% of the time for such long period of implantation [32].
Though not directly for enzymatic biofuel cells and only for short-term in vivo usage, combining
chitosan with alginate to produce an outer protective membrane was shown to improve the response of a
glucose biosensor used for short-term in vivo sensing in a mouse [33]. An important consideration is the
time-course for implantation experiments to test the biocompatibility of membranes. In many reports,
the duration of implantation of membrane materials has been too short to evaluate the long-term
application for designing an implanted biofuel cell. For example, a macromolecule cross-linked
biocomposite scaffold composed of hydroxyapatite, alginate, chitosan, and fucoidan was only assessed
for a maximum of eight weeks when implanted in a rat [34]. Another potentially interesting membrane
that was formed from alkyl cross-linking of chitosan was only tested for seven weeks implanted in
rats [35].
An alternative is to use synthetic materials in designing a biocompatible system. Letourneur’s
team built vascular grafts made in polyvinyl alcohol (PVA) [36]. They showed that a cross-linked PVA
combined with gelatin slowed down platelet adhesion phenomena and improved the endothelialization
of a vascular prosthesis [37]. Inspired by Letourneur’s results, we designed hydrogels of PVA formed
by a freeze/thaw method [38], with the PVA membranes tuned to the needs of the enzymatic biofuel
cell. Indeed, the semi-crystalline structure of PVA allowed for the modification of the porosity and
mechanical properties by varying the parameters of the production process. We tuned the PVA
membranes to the needs of the enzymatic biofuel cell, which relied upon duplex communication for its
function. We analyzed the performance of PVA to provide an optimized coating that provided (i) a
solid and easily handled membrane, (ii) a porous membrane optimized for the diffusion of glucose and
oxygen to the bioelectrodes, and (iii) a protective membrane against proteins of larger dimensions than
the glucose (that was required to permeate the PVA) [38].
The PVA membrane has advantages in creating a biocompatible system and in retaining the
permeability to glucose. Our freeze/thaw protocol produced a PVA membrane that had a stable
permeability to glucose and that was similar to chemically cross-linked PVA [39]. As previously
described above, there is also an advantage in incorporating chitosan in the bioelectrodes for
enzymatic biofuel cells, since the open architecture assists in immobilizing the enzymes [25,27],
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and its three-dimensional structure encourages the ingrowth of cells. Indeed, the use of multiple
cross-linking agents with combined collagen/chitosan gels [40] could be useful in combination with
protective PVA membranes for fabricating stable implanted enzymatic biofuel cells.
5. Perspectives
For the appropriate long-term stable function of implanted symbiotic medical devices, it is
essential to develop a system that includes a membrane interface that maintains unfettered duplex
communication of materials with the body; this remains a major challenge for the field of implantable
enzymatic biofuel cells. Clearly, it is necessary to consider the technical electrochemical aspects to
improve the energy density, power density, and voltage output of the enzymatic biofuel cell. However,
the technical aspects of operational stability must be considered in parallel with developing the
enzymatic biofuel cell as a biocompatible system for implantation. Such a biocompatible system for
stable long-term function requires the combination of a 3D structured bioelectrode with a stable porous
protective membrane. The most promising directions are for the integration of 3D bioelectrodes that
utilize some form of cross-linked chitosan to provide the optimal environment for the stabilization of
enzymes combined with a protective membrane, such as those formed with PVA as the basis. This
type of approach will most likely optimize the design of gel-like polymer membranes to minimize the
fibrous encapsulation of implanted enzymatic biofuel cells [41]. Such an approach could include the
possibilities of either excluding biofouling with the PVA-based membrane or promoting cell adhesion
and hence integration with the body, e.g., by using modified chitosan or polyelectrolyte coatings [42,43].
Indeed, even materials like porous silicon could contribute to biocompatible systems after the porous
silicon is stabilized to avoid degradation in the body [44].
This practical experience of designing enzymatic biofuel cells for long-term and stable performance
when implanted provides directions to the general challenge of biocompatibility for symbiotic
implanted devices. Such symbiotic systems extend the classical biocompatibility concept to include
this functional requirement for the continuous two-way (duplex) communication of materials with
the body. It is probable that utilizing such a biomimetic approach could enable scientists to be more
efficient in mimicking what is happening at the molecular and cellular levels to create a porous
membrane that allows for the long-term exchanges of molecules between an implanted device and
the body (see Figure 1). Having this concept in mind will guide the research in a new field between
medical implant and regenerative medicine to create functional symbiotic devices for long periods
of implantation.
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