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Selective protein adsorption for implantable biomaterials:

A new road to bioactivity
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Most regenerative strategies rely on the use of tissue substitutes,
which act as scaffolds to stabilize the blood clot and promote and
support the organization of a provisional matrix that will eventually
allow the ingrowth of progenitors cells from neighbouring tissues and
the deposition of novel tissue [1-4]. To achieve this ambitious goal
biomaterials must provide a favourable microenvironment that is
conductive to cell attachment, proliferation and to the expression of an
adequate cell phenotype for the formation of the desired tissue. Unlike
natural tissues, exogenous biomaterials do not possess the structural
complexity of extracellular matrix to provide articulated biological
signals, however, upon their implantation into a receiving structure,
they do get in contact with blood and get enriched for proteins, which
in turn represent a first acquired biological layer capable to mediate
between the material and cells [5]. Strategies aiming at guiding the
selective adsorption of clinically useful proteins on biomaterials are
therefore much sought after. A viable approach that has long been
pursued in the creation of implantable scaffolds was the enrichment of
biomaterials and devices with bioactive molecules or fragments thereof,
such as adhesive peptides or proteins, e.g. fibronectin, fibrinogen or
vitronectin [6-9]. However, this approach is limited by the need to bind
molecules with often exceedingly large molecular weight and limited
stability and bioavailability and possibly by regulatory hurdles, as the
addition of bioactive molecules such as growth factors to a medical
device can pose questions as to their regulatory status. An alternative
approach for the selective enrichment of biomaterials is however the
addition of selective docking mechanisms on the device surface. The
underlying idea is that these docking points can capture relevant
molecules from the surrounding microenvironment and retain them
on the biomaterial. One possible advantage is that smaller and more
robust molecules can be used to capture and retain large proteins.
Moreover, target molecules are autogenous and no compatibility issues
may ensue. Furthermore, these docking points are structural elements
without pharmacological activity and cannot be considered drugs
for regulatory purposes. Several alternative approaches have been
proposed to achieve this goal [10]. Components of the extracellular
matrix, e.g. glycosaminoglycans or heparan sulfate, are known to retain
growth factors and bioactive molecules such as PDGF or TGFp by
interacting with specific domains [11,12]. Biomaterials have been then
grafted with such components to promote pre-implant loading [13] or
partially selective enrichment of the scaffold with bioactive molecules
[14]. Alternatively, streptavidin-biotin systems have been proposed to
support selective enrichment for target molecules [15], although this
approach is suitable only for pre-implant scaffold loading, as target
bioactive molecules require biotynilation prior to loading. A different
strategy was proposed by Freire [16,17] by immobilizing anti BMP2
antibodies on biomaterials, to promote selective binding of growth
factors on scaffolds. The use of antibodies may however be limited by
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the size of these proteins, by compatibility issues, by constraints in the
production of antibodies. To bypass these issues, aptamers were then
proposed. One such approach was reported by Galli, et al. [18] and
Parisi, et al. [19]. In these papers, anti-Fibronectin aptamers were used
as docking points on hyaluronic acid-polyethylenglycole hydrogels
and chitosan hydrogels respectively. This concept was pioneered by
Hoffman, et al. [20], who used aptamers to sort cells out the blood
flow using dyalisis membranes. Clearly Hoffman had a different aim,
i.e. to remove cells from blood for analysis or therapy purposes, using
an ex vivo approach, but this study highlighted the great potential of
aptamers for similar purposes. Aptamers are small molecules, often
oligonucleotides that can specifically bind to target molecules thanks
to their secondary structure. Although peptide or RNA aptamers
[21] do exist, most aptamers are either double or single-stranded
DNA molecules, such as in the papers mentioned above. The authors
showed that addition of aptamers against Fibronectin to hyaluronic
acid- polyethylenglycole (PEG) hydrogels, a substrate that offers
scant attachment to cells, improved cell retention and cell migration
inside the hydrogel, as Fibronectin is a molecule that possesses
integrin-binding domains. Interestingly, aptamers against Fibronectin
improved cell adhesion on chitosan as well. Chitosan is a derivative
of chitin, a structural polysaccharide commonly found in crustaceans,
insects and fungi [22]. Chitosan is capable to establish a wide range
of weak bonds with several molecules and adsorbs a great amount
of proteins when in contact with plasma [23]. The authors have also
shown that chitosan did abundantly bind Fibronectin from plasma in
the absence of aptamers, however attachment of murine osteoblastic
MC3T3 cells was impaired. Addition of aptamers did not increase
the amount of adsorbed Fibronectin, leaving open the possibility that
aptamers would actually improve the bioavailability of this molecule
by preserving a more functional conformation, possibly avoiding its
loss of 3D shape due to aspecific interactions with chitosan. Aptamers
would therefore create beacons of functional Fibronectin, which
would then serve as nucleation points for further molecule auto-
assembly, and subsequent cell attachment. This approach has clearly
still a lot of potential to be explored, especially if aptamers against
different molecules are to be employed, e.g. against growth factors
that are commonly found in wounds. Zhang et al have independently
proposed gelatin-PEG hydrogels containing anti VEGF aptamers,
capable to improve attachment of HUVEC cells [24]. Platelet derived
Growth Factor is another interesting option, as it is released in great
amounts from platelets when these get activated during clot formation.
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Biomaterials could then capture it from the plasma and get imbued with
this mitogen growth factor, thus attracting mesenchymal progenitors
into the scaffold, and harnessing the resources of the organism,
without resorting to providing recombinant or otherwise exogenous
replacement compounds. Polystyrene scaffolds enriched with aptamers
against PDGF as drug delivery systems for sustained release of growth
factors into wounds have been reported [25], although data on such
scaffolds capable to capture endogenous PDGF in wounds to promote
scaffold colonization are still missing.

We therefore appear to be at the eve of promising developments
for scaffold engineering, whereby structures can be created that recruit
endogenous components, to maximize biomimetics and eventually
ameliorate the clinical results of therapies.
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