
Contents lists available at ScienceDirect

Medical Hypotheses

journal homepage: www.elsevier.com/locate/mehy

Is selective protein adsorption on biomaterials a viable option to promote
periodontal regeneration?

Ludovica Parisia,b,⁎, Andrea Toffolia,b, Beatrice Mozzonia,b, Federico Rivaraa, Benedetta Ghezzia,b,
Miriam Cutreraa, Simone Lumettia,b, Guido M. Macalusoa,b,c

a Centro Universitario di Odontoiatria, Università di Parma, Parma, IT, Italy
bDipartimento di Medicina e Chirurgia, Università di Parma, Parma, IT, Italy
c Istituto dei Materiali per l’Elettronica ed il Magnetismo, Consiglio Nazionale delle Ricerche, Parma, IT, Italy

A B S T R A C T

Periodontitis is an inflammatory condition that can induce significant destruction of the periodontium, the set of specialized tissues that provide nourishment and
support to the teeth. According to the guided tissue regeneration principles, the periodontium can be regenerated if the spatiotemporal control of wound healing is
obtained, namely the tune control of cell response.

After material implantation, protein adsorption at the interface is the first occurring biological event, which influences subsequent cell response. With the regard
of this, we hypothesize that the control of selective adsorption of biological cues from the surrounding milieu may be a key-point to control selective cell colonization
of scaffolds for periodontal tissue regeneration.

Background

The periodontium is the set of specialized tissues that surround,
support and nourish the tooth. It consists of hard and soft tissue com-
ponents. Some structures serve the main purpose of anchoring teeth and
also proper force dissipation during chewing: the alveolar bone, within
which teeth alveoli are hosted, and the cementum and periodontal li-
gament (PDL), assuring the functional connection between tooth and
alveolar bone. The anatomy of periodontium is completed by con-
nective tissue and keratinized gingival epithelium that cover and isolate
the other components from the oral cavity, thus preventing con-
tamination and infection arising from the oral cavity [1,2].

However, in spite of this refined anatomy, periodontium is often hit
by destructive diseases, namely inflammatory conditions of bacterial
origin, recognized as one of the most common diseases of the mankind
[3]. Periodontal diseases, comprising gingivitis and periodontitis, affect
around 743 million people worldwide and according to the Global
Burden of Disease Study (GBD, 1990-2010) are the sixth most prevalent
pathological condition in the world, which affect not only the quality of
life of the patients, but also their overall health and systemic well-being
[4,5]. Without an adequate therapy, periodontitis leads to progressive
destruction of the periodontium. As a consequence, individuals affected
by periodontitis are at risk of multiple tooth loss, edentulism and
masticatory disfunction [6].

Periodontal regeneration and its challenges

The ultimate goal of periodontal treatment is the regeneration,
which includes the functional restoration of the tissue. However, the
complex anatomy of the periodontium, the avascular nature of root
surface and the demanding environment of the oral cavity, constantly
exposed to bacteria, make of periodontium one of the most challenging
tissues of the human body to regenerate.

With particular regard to the complex anatomy and physiology of
periodontium, in the early 1970s clinicians had already conceptualized
that the fast proliferation of gingival cells into the periodontal defects
impeded bone regeneration and periodontal reattachment [7]. In the
subsequent decade, the studies by Nyman and coworkers addressed the
necessity of a selective periodontal defect repopulation to promote re-
generation [8–11], leading to the formulation of the guided tissue re-
generation (GTR) principles. GTR consists in the use of a barrier
membrane to exclude the fast proliferative gingival cells, indeed 10
times faster than periodontal cells [12], impeding their ingrowth in the
surgical wound over the root surface. This exclusion leaves space and
time to the ingrowth of bone and PDL cells.

The clinical efficacy of GTR has been extensively validated in the
last 30 years in several studies [13]. However, true periodontal re-
generation, consisting of concomitant new cementum deposition, new
periodontal fibers attachment with insertion into the cementum and
new bone formation, is rarely achieved. The response of hard tissue
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components (bone, PDL and cementum cells) remains indeed un-
predictable and depends on the characteristics of the defect. More
specifically, cells often seem to repopulate the defect at random loca-
tions and moments, thus impeding sequential processes, but promoting
overlapping phases. Therefore, an ideal implant material for period-
ontal regeneration should be endorsed with bioactivity, namely the
capacity to establish a dynamic dialogue with the surrounding biolo-
gical milieu [14,15], consistently allowing a timely regenerative re-
sponse of the tissues.

The hypothesis

Proteins are the first molecules to interact with the material surface
after its positioning, thus rendering impossible the direct cell-material
interaction and determining the response of cells in term of adhesion,
growth and migration. Therefore, according to the previous discussion,
we believe that controlling the selective adsorption of proteins from
blood plasma, is a viable approach to design materials tailored for
periodontal regeneration.

Specifically, our hypothesis assumes that the selective adsorption of
blood plasma proteins can control the spatiotemporal adhesion of
progenitor cells, pushing the subsequent cascade of events to period-
ontal regeneration instead of periodontal repair.

Evidence supporting the hypothesis

The dynamics of protein when adsorbed on surfaces depend both on
the protein and the biomaterial properties and aim to minimize the
system energy [16]. In simple systems, namely when pure protein so-
lutions are applied, while proteins approach to a surface, they interact
with the substrate through the surface domains they exposed in native
conditions. Subsequently, driven by the need of more favorable con-
formational states, rearrangements of their original structure take
place, resulting in loss of the original secondary structure and in gain of
energy [17]. Protein adsorption onto surfaces is clearly complicated
when complex mixtures, i.e. blood or saliva, are considered. In those
cases, different proteins mutually compete for the adsorption on ex-
posed surfaces, each following the above-mentioned mechanisms, and
biomaterial surface will be eventually enriched of proteins presenting
the highest affinity to it, a process known as the Vroman effect [18]. As
a result of those dynamics, the final composition of the adsorbed layer,
which will also determine subsequent cell response, is randomized by
the type, the amount and the relative affinity of proteins recruited from
the surrounding milieu [8,19].

The hypothesis we propose concerns to the possibility to control the
adhesion and the response of cells in a spatiotemporal dimension by
selectively modulating protein adsorption at the interface of bioma-
terials.

Plenty of options are available to induce selective protein adsorp-
tion on biomaterials.

Since some proteins are preferentially adsorbed by specific chemical
groups, pioneering studies in the early 2000′s aimed to control protein
adsorption by enriching surfaces with functional groups. Tegoulia et al.
showed for example that the enrichment of a gold monolayer with thiol
(-SH) groups ameliorated fibrinogen adsorption and neutrophil adhe-
sion, without any significative effect on microorganism biofilm forma-
tion [20]. Still in vitro, Martins et al. observed that the combination of
an ideal percentage of hydroxyl-terminated alkanethiols was capable of
ameliorating albumin over fibrinogen adsorption, if compared to the
same surface enriched with methyl-terminated alkanethiols. No results
were reported for cell response as a consequence of this competitive
adsorption [21]. By using a similar approach, on the in vivo level, Tang
et al. demonstrated that due to a selective adsorption of complement
proteins, a stronger inflammatory response was triggered on a gold
surface if enriched with mercaptoglycerol or mercaptoethanol func-
tional groups, than if enriched with L-cysteine or with glutathione [22].

Some years later, Oliveira et al. paved the way to the possibility of
selectively binding proteins by means of surface receptors. In particular,
the authors immobilized at the interface of polycaprolactone (PCL) fi-
bers monoclonal antibodies (mAbs) recognizing different growth fac-
tors (GFs). Different mAbs were immobilized in different patterns and
designs, endorsing the surface with the capacity to selectively adsorb
the specific growth factor from a complex biological fluid on different
areas of the same surface. Furthermore, cell culture assays confirmed
the bioactivity of the bound molecules and the benefit to develop
platforms to implement personalized therapies to specific medical
conditions [23].

The use of mAbs, however, bears a high risk to elicit an adverse
response of the host immune system. With the regard of this, aptamers
represent a viable alternative that has been recently proposed to the use
of mAbs. Aptamers are short oligonucleotides that in the presence of a
target molecule are capable to adopt a specific three-dimensional (3D)
conformation in order to selectively bind it with high affinity.
Differently from the conventional view of nucleic acids as carriers of
genetic information, aptamers are thus more like globular molecules,
whose functionality is based on their complex 3D structure [24]. Ap-
tamers selected for recognizing cell surface receptors have been
exploited to confer biomaterials the capacity to sustain cell response
[25–27]. However, only in 2016, aptamers were used as selective
binding molecules to confer biomaterials the capacity to retain specific
cues from a complex mixture, thus triggering specific cell responses
[28]. A hyaluronic acid-based hydrogel with aptamers selected to re-
cognize fibronectin showed the capacity to sustain cell adhesion and
migration by selectively retaining fibronectin from the culturing serum.
Similarly, fibronectin-recognizing aptamers dramatically increased the
number of adhering cells to chitosan in a way proportional to the
quantity of aptamers used [29,30].

On a similar level, Zhang et al. has recently published the possibility
to mediate cell behaviors by a spatial and specific regulation of protein
adsorption at implant surfaces. In this case, materials were designed
with a non-uniform spatial distribution of charges on their surface. In
such instance, cell analysis showed that an increase in charge density
promoted cell adhesion and philopodia formation, if compared to non-
uniform distribution [31].

Taking together, different evidence from the literature pinpoint the
possibility to control the selective adsorption of proteins from complex
mixtures and to exploit this selective adsorption for tailoring cell re-
sponse in terms of adhesion. Translating this concept to the GTR prin-
ciples we previously discussed, we can thus speculate that tailoring the
biomaterial interface by inducing selective adsorption of proteins from
complex mixtures, i.e. blood, could be a viable method to control the
spatial response of cells. However, we still miss evidence if it could be
possible to control the adhesion also on a temporal dimension.

Evidence against the hypothesis

In spite of the numerous in vitro evidence that support the possibility
to control cell response by tailoring the adsorption of proteins at the
interface, we still lack sufficient in vivo evidence to justify the applic-
ability of this methodology in periodontal regeneration procedures.
However, there are plenty of in vivo evidences showing that the selec-
tive modulation of cell colonization and response through the use of
multi-phasic scaffolds is important to enhance periodontal regenera-
tion. Biphasic scaffolds, for instance, have been repeatedly developed to
facilitate the separate regeneration of alveolar bone and periodontal
ligament. On the other hand, the use of triphasic scaffolds, which fur-
ther supplies the presence of a compartment supporting cementum re-
generation has also been proposed. However, it still remains a vastly
unexplored area [13,32–36].

With the regard of this little discussion, we can thus reinforce the
hypothesis that a selective control of cell response is important to
support the regeneration of periodontium. Furthermore, we can also
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speculate that methods to control selective cell response should be
considered as potentially beneficial for promoting periodontal re-
generation.

Conclusions

Due to its complex and unique anatomy, which includes hard and
soft components at the interface of the oral cavity, periodontium is one
of the most challenging tissues to regenerate. Since protein adsorption
on biomaterials plays a key role in the modulation of subsequent host
reactions and consequent tissue regeneration, we hypothesized that its
control is the key point to obtain advanced multi-phasic biomaterials
capable of consistently eliciting periodontal regeneration.

On one side, evidence of the literature sustain our hypotheses at an
in vitro level, showing that the selective control of cell response through
different methods is a suitable method for controlling cell response,
particularly in terms of adhesion. On the other hand, we still miss
strong evidence on the in vivo counterpart. We can thus conclude that
the selective control of protein adsorption at material interface may be
a suitable method to tailor the bioactivity of materials for periodontal
regeneration. In particular, materials could be envisaged as able to
capture specific cues and mediators from patient’s own blood and to
concentrate them where they are needed and, in the quantity, they are
needed on material itself. However, on the opposite, evidence to sup-
port the possibility of controlling the temporal sequence of events when
dealing with complex structures like the periodontium and in vivo data
confirmation are required.
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