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Article history: Receptor-ligand interactions (RLIs) are at the base of all biological events occurring in living cells. The under-
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summarizes and analyzes RLIs in some cutting-edge biomedical fields, in particular, for the preparation of novel
stationary phases to separate complex biological mixtures in medical diagnostics, for the design of ultrasensitive
biosensors for identification of biomarkers of various diseases at early stages, as well as in the development of in-
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Receptor lated, because their success depends on a proper choice, combination and spatial disposition of the single
Affinity chromatography components of ligand-receptor pairs on the surface of appropriately designed support.
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1. Introduction antigen-antibody interactions, enzymatic reactions, transmembrane

transport of various substances, among others. From a general point of
Highly specific molecular recognition is one of the fundamental view, molecular recognition is a key concept of supramolecular chemis-
principles of functioning of living systems being involved in all the try. It can be described as a process of high affinity interaction and selec-
most important biological processes, such as hormone-receptor and tive binding of a ligand by a receptor [1]. Usually the ligands are
_ o ) relatively simple substances of various nature, for example, peptides,
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cial compounds and drugs. On the contrary, receptors are water-soluble,
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complex 3D structure [2-5]. Ligand-stimulated alterations of cell recep-
tors' state result in physiological responses, which constitute the biolog-
ical activity of various biomolecules, as well as the action of
pharmaceutical drugs [6,7].

Receptor and ligand form a complementary pair with relatively
strong non-covalent bonds formed by Van der Waals forces, hydropho-
bic, Tt-, ionic or electrostatic interactions. The type of this interaction de-
pends on the structural and energetic compatibility of the biopartners
[8]. Receptor-ligand pair formation is a complex process and may in-
clude different stages. For protein-protein interaction, that is one of
the most complicated cases of receptor-ligand pair formation, it consists
of (1) primary recognition of receptor by corresponding ligand at the
large distance by means of electrostatic forces, (2) orientation and
change of structural conformation in order to achieve the proper inter-
face contact, and (3) physical binding of two molecules [9] (Fig. 1).

Sometimes the ligands contain multiple recognition sites and thus
might bind to clustered receptors. This multivalent binding can drasti-
cally enhance the affinity of receptor-ligand interaction [10,11].

Upon receiving the signal generated by binding of a ligand to its
complementary receptor, a cascade of chemical reactions occurs. The
high affinity receptor-ligand pairs form in the cell an extremely complex
network of interacting molecules [12]. One signaling molecule can acti-
vate multiple downstream signaling pathways through different recep-
tors, while one receptor might propagate various signals depending on
ligand partners.

Ligand-receptor interactions are fundamental for the communica-
tion of a cell with its neighbours and the whole organism and initiate
not only dynamic processes, such as proliferation, apoptosis, movement,
but also maintain cell homeostasis and equilibrated functioning of all
cell systems.

The research carried out during the last decades allowed noticeable
improvement of our knowledge concerning the mechanisms of interac-
tion between biomolecules, that was caused by huge progress in genetic
engineering, X-ray crystallography, computational and various physico-
chemical techniques [13-15]. The information, which can be gathered
by identification and characterization of RLIs, is of paramount impor-
tance for discovering new receptors and ligands, understanding patho-
genesis and molecular mechanisms of endogenic ligands' and
pharmaceutical drugs' action, as well as for the development of novel
approaches to the treatment of a wide spectrum of various diseases.
Various ligand-receptor pairs and RLIs of living cells can be used to cre-
ate so-called smart biomaterials for a plenty of physicochemical and
biomedical applications in the fields of life sciences, industrial biotech-
nology and pharmacology, tissue engineering, design of highly sensitive
diagnostic tools, etc. In particular, three nanotechnological areas have
been influenced to the major extent by the advancing of our knowledge
on peculiarities of RLIs and discovery of new cell signaling pathways: 1)
high affinity separations; 2) construction of ultrasensitive biosensors; 3)
design of biomaterials for tissue engineering and regenerative medicine.
Though being very far at a first glance, all these nanotechnological fields,
are closely related. Indeed, all of them are based on the receptor-ligand
interactions, where one of the components of ligand-receptor pair is
immobilized on a solid support, as for stationary phase in affinity
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Fig. 1. Ligand-receptor complex formation (from left to right): primary recognition,
orientation and physical binding.

chromatography and sensing surface of biosensors, or it can be located
on bioactive surfaces or live cell membranes in tissue engineering. In
all three cases the choice, combination and disposition of the compo-
nents of receptor-ligand pairs on the interfaces are of crucial importance
for the desired outcome. In the case of biomaterial design, the target is
not only to form a high affinity ligand-receptor complex, but also to cre-
ate a bioactive surface or bulk material in order to induce a controllable
response in biological environment, which can result in regulation of
cell adhesion, migration, proliferation, etc. Thus, the creation of bioma-
terials aimed to be used in living systems is the highest and the most
complicated level of bionanotechnology, where a number of various pa-
rameters have to be taken into account, including the interaction with
neighbouring cells and tissues, as well as the cross-talk with other li-
gand-receptor signaling queues.

This review represents an attempt to summarize and classify the
huge amount of more and more sophisticated approaches of
bionanotechnology from the point of view of ligand-receptor interac-
tions lying on their base. We moved from the simplest (affinity
chromatography) to the most complicated (advanced biomaterials)
field to show how to govern in vitro and in vivo behaviour and function-
ality of modern artificial media using the unique principle of
biocomplementarity. This knowledge is fundamental for the creation
of the artificial constructs aimed to be incorporated into the living sys-
tems without affection of the metabolic processes. Here, we tried to
summarize and analyze various types of ligand-receptor pairs used in
different fields of bionanotechnology and biomedicine and to highlight
the importance of RLIs for their future development.

2. RLIs in bioseparation
2.1. Monolithic stationary phases

The discovery of the principle of highly specific molecular recogni-
tion and the understanding of the fundamentals of interaction between
biomacromolecules stimulated the development of a number of highly
efficient and fast methods for separation of complex biological mixtures,
as well as for purification of low-abundant biomolecules. Affinity chro-
matography is one of the most powerful tools applied for analysis and
purification of biological products of different classes, such as enzymes,
hormones, receptors, recombinant proteins, DNA, etc., where one of the
components of the affinity pair, i.e. ligand or receptor, is immobilized on
a stationary phase, whereas another one is dissolved in a flowing liquid.
Among three above mentioned bionanotechnological fields it repre-
sents the easiest case, since the modification of solid support with the
components of ligand-receptor pairs is aimed to achieve only a selective
adsorption followed by a desorption of targeted molecules (Fig. 2).

A plenty of various bioseparation approaches have been developed
in the last decades due to the improvement in our knowledge about
the peculiarities of ligand-receptor complex formation, the strength of
non-covalent bonds inside the complex and how to arrange in space
the components of receptor-ligand pairs in order to achieve the highest
affinity for target molecules [16-18].

The efficiency of affinity chromatography depends not only on the
proper selection and spatial disposition of the components of the li-
gand-receptor pair, but it is also closely related to the characteristics
of solid support and the mechanism of mass transfer between liquid
and solid phases. Therefore, a big attention has been paid to the devel-
opment of new generations of stationary phases, where the influence of
solid support on kinetics and thermodynamics of ligand-receptor inter-
action was minimized [19]. At present, a variety of sorbents have been
proposed for the immobilization of biospecific ligands, for example, nat-
ural polymers (cross-linked highly swelling agarose and dextran), syn-
thetic polymers (polyacrilamide), inorganic porous supports (silica gels,
macroporous glasses), as well as different composites. Among these
conventional materials monolithic stationary phases, both organic and
inorganic (mostly silica-based), are of particular interest because of



892 1. Guryanov et al. / Materials Science and Engineering C 68 (2016) 890-903

Fig. 2. A scheme of affinity bioseparation process.

the absence of void volume (the space between packed particles) and,
therefore, improved fast convection mechanism of mass transfer in-
stead of slow diffusion taking place in conventional packed columns
[20-24]. Polymeric macroporous monoliths, directly synthesized in a
separation device by free radical copolymerization of various mono-
mers in presence of pore forming substances in the shape of ultra
short columns (CIM disks or membranes), rods, tubes, microfluidic
chips, microarray platforms, etc., showed to be very effective for fast
bioaffinity separations/detection of various complex biomolecules,
such as glycoproteins, immunoglobulin G, trypsin, DNA, various pep-
tides and even entire viral particles and parts of cells. [25-31].

The adsorption sites in the monolith structure can be introduced by
direct synthesis on the surface (divergent approach), or after one- and
multi-step functionalization by means of various chemical reactions
(convergent modification) [32]. Such systems, for example, were suc-
cessfully used for the isolation of recombinant tissue plasminogen acti-
vator (TPA), where both direct solid phase peptide synthesis on the pore
surface of glycidyl methacrylate-co-ethylene dimethacrylate (GMA-
EDMA) monolith and covalent attachment to the same epoxy-bearing
support of a series of the same pre-synthesized peptide ligands recog-
nized by TPA were studied [33]. All peptides, chosen from the structure
of TPA binding site of its natural substrate plasminogen, showed very
high affinity to the protein of interest independently on the way of
monolith modification, and were proposed for on-line detection of accu-
mulation of recombinant TPA in a cell supernatant (monitoring of its
biotechnological production), and further for highly selective and highly
productive isolation of final product directly from a complex medium in
a scaled-up mode.

In another work immobilization of the peptide His-Trp-Arg-Gly-Trp-
Val on the tentacle-type monolith was used for the high-performance
immunoglobulin G purification [26]. To this purpose glucose-based
long polymer chains were grafted on the inner pore surface of highly
porous monolithic support with their further modification with the
peptide. Such immobilization allowed distinguishing the enhanced col-
umn permeability, structure stability and higher peptide peptide densi-
ty, respectively to the un-grafted monolith, and to increase the
adsorbing capacity of immunoglobulin G up to 101.8 mg/ml.

An interesting method for selective glucose oxidase extraction was
developed by modification of hydrophilic polymeric monoliths on the
base of polyether ether ketone (PEEK) with lectin from Lens culinaris
hemagglutinin [30]. It allowed reaching the column binding capacity
up to 2.2 mg/column of glucose oxidase.

Short monolithic columns showed to be also very promising for iso-
lation and fine purification of viruses and viral vaccines, when usual
chromatographic methods had low efficiency because of the restricted
diffusion mobility of relatively big viral particles. For example, hemag-
glutinin-sialic acid ligand-receptor pair was used for the specific binding
both of virus model and the live virulent influenza virus A [34]. Sialyl de-
rivatives were attached to the monolith surface directly or after its mod-
ification with various macromolecules, such as protein ceruloplasmin,
synthetic biocompatible copolymer of 2-deoxy-N-methacrylamido-D-
glucose (MAG) with 1-vinyl-2-pyrrolidone (VP) and diethylacetal of
acrolein (DAACc), as well as polysaccharides chitosan and heparin. It
was shown a complete functional and sterical equivalence of synthetic
virus-like model, based on latex nanoparticles and modified by hemag-
glutinin, and the real virus, which can facilitate the process of develop-
ment of the stationary phases for purification of vaccines for the
treatment of diseases caused by highly infectious viruses. Similarly,
streptavidin functionalized monolith was used for the capturing and pu-
rification of Moloney Murine leukaemia virus, commonly used in the
preparation of gene therapy vectors. It was achieved a 425-fold increase
in the virus titre [35].

A simple method of controlling the efficiency of ligand-cell receptor
interaction using affinity chromatography on macroporous monolith
has been developed by modeling cell adhesion on a solid support with
subsequent cell proliferation and bone tissue formation [36]. The
biospecific peptide GRGDSP played a role of a model ligand immobilized
on the solid support, whereas cells were simulated by polymer (polysty-
rene) microparticles bearing complementary peptide
EDYPVDIYYLMDLSYSMKDD (a fragment of RGD-binding site of integrin
receptor). Thus, the monolithic ultrashort column represented a simpli-
fied model of a scaffold with biospecific properties. The data obtained in
the work indicated a high specificity of biological pairing, which was
later confirmed by the results of cell culture experiments [37].
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The use of monolithic supports may be a very promising approach
for the quality control and quality assurance in the industrial production
and purification of various therapeutic substances, as it was shown, for
example, in 38. The immobilization of peptide-N-glycosidase F (PNGase
F) on GMA-EDMA monolithic polymer allowed efficient release of N-
linked glycans from various glycoproteins, such as ribonuclease B, chick-
en albumin, human immunoglobulin G. In this way it was obtained an
enzymatic reactor, that was coupled with MALDI-ToF MS system and
used for the fast glycan analysis. The immobilization of trypsin and
endoproteinase LysC, allowed reducing time of proteolysis of various
proteins, such as cytochrome C, bovine serum albumin, human immu-
noglobulin G, for their characterization and identification in quality con-
trol [39]. The same approach was used for the immobilization of trypsin
on poly(acrylamide-co-methylen-bis-acrylamide) monolith and
allowed shortening the digestion time from 24 h to 20 s [40].

Thus, modern fast affinity chromatography using monolithic station-
ary phases allows not only efficient isolation of target biomolecule, but
can serve as simple and robust method for quantitative evaluation of li-
gand-receptor pairs aimed to be used for the construction of efficient
systems of different biomedical applications.

2.2. Artificial receptors: molecular imprinted bioadsorption sites

Despite a high binding efficiency and selectivity of the molecular rec-
ognition of natural ligand-receptor pairs, the significant efforts have
been applied to construct artificial receptors, which lack many draw-
backs of original systems, such as high thermal sensitivity and low sta-
bility at extreme pH values [41,42], as well as the risk of a change of
the native biomacromolecule conformation after covalent immobiliza-
tion, that is especially important for proteins.

Water compatible molecular imprinted polymers (MIPs) have
emerged as artificial “macro” receptors with specific recognition sites
for the detection of various substances - from small organic and inor-
ganic molecules to large proteins, and are facing various analytical ap-
plications [43]. In this relatively simple technique a 3D polymer
matrix is formed around target (template) molecules (Fig. 3).

Upon their removal, the cavities with precisely defined shape can
recognize and then bind the initially used template. MIPs have a number
of advantages over the other conventional liquid phase separation ap-
proaches due to their high mechanical, thermal and chemical robust-
ness and resistance, as well as low cost and easy preparation. A
combination of above mentioned monolith technology with MIP ap-
proach has further improved the selectivity, robustness and perfor-
mance of stationary phases for solid phase extraction of target
compounds and separation of complex biological mixtures [44-46].

High selectivity and sensitivity, as well as increased stability of mo-
lecularly imprinted polymers make them a powerful tool for the crea-
tion of the detecting unit of chemosensors, that can be used in the
corresponding structural elements of biosensors (see part 3. RLIs in
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biosensor design) [47]. Indeed, bioreceptors often suffer from many
drawbacks, such as a risk of the degradation in the inappropriate condi-
tions (pH, temperature, organic solvents). High cost of the bioreceptors
can be also a limiting factor [48]. Thus, MIPs can be a convenient alter-
native for the natural receptors in the construction of the sensing de-
vices. In this case, the ligand binding cavities of the receptors are
mimicked by the artificial smart biomaterials [49].

To the present time a number of works aimed to improve various
steps and sensitivity of MIP technique has been published, both for
chemosensor design and (to the less extent) for the preparation of the
high affinity sorbents [50]. Despite still limited commercial application,
alot of very interesting and promising examples of the use of the molec-
ularly imprinted polymers can be found in the literature.

For instance, a water compatible MIP to detect 3-nitro-L-tyrosine (a
marker of oxidative stress) in urine samples was prepared by bulk poly-
merization of methacrylic acid and acetonitrile as porogen [51]. A solid-
phase extraction of the biomarker allowed reaching the detection limit
of 0.7 pg/ml in the linear range of 2.5-55.0 pg/ml with high recovery
yield. A similar approach has been used for detection and quantification
of trifluorperazine (TFP) in biological liquids [52]. In this case, a 3D ma-
trix with TFP-binding cavities was prepared from methacrylic acid and
porogenic chloroform and showed very high sensitivity to the drug. A
rapid and simply automated method of insulin detection was developed
by combination of MIP cartridge for the solid phase on-line extraction of
hormone with HPLC analysis. A high recovery and good selectivity to in-
sulin with low detection limit up to 0.03 ng/ml were thus achieved [53].

A capacitive chemosensor with ultrathin artificial receptor layer
was designed for highly selective creatinine detection. In this case, an
alkane thiol modified gold electrode surface was used for the
acrylamidomethyl propanesulphonic acid monomer polymerization in
presence of creatinine template [54].

An interesting method for the MIP preparation was used in the de-
sign of chemosensor for the detection of pro-inflammatory immune re-
sponse biomarker neopterin [55]. Two different functional monomers
were copolymerized in presence of neopterin template. One of them
contained bithiophene fragment derivatized with boronic acid for cova-
lent bonding of diol moiety of neopterin, whereas another one had cyto-
sine fragment for the formation of the complex with the pterin moiety
of the ligand by Watson-Crick type hydrogen bonding. This molecularly
imprinted polymer allowed neopterin determination in the range of
0.15-2.5 mM with a detection limit of 22 pM and was suitable for clini-
cal analysis. Analogously, the bithiophene boronic acid derivative con-
taining monomer was used for the complexation of D-arabitol for its
determination in urine during a fungal infection [56].

A metal coordination bond and hydrogen bonding in the recognition
cavity of the molecularly imprinted polymer was used for the prepara-
tion of the sorbent for solid phase extraction for the selective determi-
nation of the trace amounts of a-amantin in serum of the patients
with the poisoning with Amanita fungi [57]. In this case it was possible

Monomer for
polymerization

Fig. 3. A scheme of MIP preparation: (1) formation of a pre-polymerization complex with a template and addition of functionalized monomers, (2) polymerization, (3) ligand removal.
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to reach the limit of detection of 3.0 ng/ml and 88.5-95.9% of a-amantin
recovery.

The application of removable nanoparticles as porogens has shown
to be a very promising approach for creation of polymeric macroporous
structure with enhanced accessibility of the analyte to the binding sites.
A number of examples of the use for this purpose both organic and inor-
ganic nanoparticles (NPs) can be found in recent literature. A molecular-
ly imprinted film (MIF) has been designed for the quantitative
determination of testosterone in urine with the polystyrene NPs [58].
Upon their removal a robust macroporous 3D matrix was formed,
which allowed decreasing the limit of detection of testosterone up to
10~ 5 g/ml.

Molecular imprinted photonic hydrogels (MIPH) were prepared
with silica nanoparticles to construct a novel colorimetric sensors for
vanillin, ketamine and atropine detection [59,60]. In this case, a Bragg
diffractive shift after the guest molecule binding was used in sensing
platform to detect it with high selectivity and sensitivity. The photon-
ic-sensitive colloidal crystals were formed by photo-polymerization
under UV light in a presence of guest ligands with following silica nano-
particles etching by hydrofluoric acid. Constructed by this way smart
chemosensors allowed cheap, handle and fast screening of the analyte
in semi-quantitative manner (visible evaluation of the polymer color)
in a wide range of concentrations.

3. RLIs in biosensor design

The specific ligand-receptor interaction and high affinity recognition
of one molecule by another one have been successfully used at develop-
ment and implementation in medicine of a huge number of ultrasensi-
tive biosensors intended for the detection of biomarkers in complex
biological fluids at early stages of various deceases [61-65]. Advance-
ments in biosensor design allowed reaching the detection limit of sever-
al biomolecules at the attomolar level [66,67]. However, despite the
intensive research, the development of reliable and highly sensitive
quantitative assays and biosensors for efficient determination of low-
abundance biomarkers still remains a key problem. The diagnostic de-
vices need to meet several requirements, such as high selectivity and
sensitivity, accuracy, reproducibility, long-term stability, fast response,
low cost of fabrication, etc. Moreover, they should be user friendly and
allow getting all necessary information in point-of-care manner without
any discomfort for the patients. Typically, biosensors consist of three
spatially connected units: (1) a detector, which receives a signal, (2) a
transducer, and (3) an amplifier with signal processing system [68]
(Fig. 4).

Recently the new types of reagentless biosensors, where the detec-
tion and signal-transducing unit were combined into one supramolecu-
lar domain, have gained attention allowing noticeable simplification of a
whole system [69,70]. Various groups of biosensors can be classified, de-
pending on the type of transducer, such as electrochemical [71], optical
[72], microgravimetric [73], thermal [74], and magnetic [75], or biosen-
sors, where a combination of various approaches is used for the conver-
sion of biological signal to the electrical output.

A detecting unit is a fundamental part of biosensor, where high affin-
ity biorecognition takes place. It defines the selectivity, sensitivity and
stability of the biosensor [76]. Therefore, a big attention has been paid
to the rational design and the development of this biosensing compo-
nent and careful selection of the most efficient ligand-receptor pair. De-
pending on detector's recognition element, the biosensors can be
classified as (1) catalytic or enzymatic type, where enzyme-substrate
pair is used, and (2) affinity type (immunosensors, DNA sensors, etc.)
with receptor-ligand interaction involving DNA or RNA, antibodies,
aptamers, whole cells, synthetic or natural receptors [77,78].

From a general point of view, the specific analyte, which has to be
detected, can be considered as a ligand, whereas a receptor, which is
usually immobilized on a surface, plays a role of a capturing unit of
the detector. Upon the formation of ligand-receptor affinity complex
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Fig. 4. A general scheme of a biosensor.

in the sensing domain, a change of the physicochemical properties of
the detector takes place, which is converted and amplified by transduc-
er. Myriads of biosensors aimed to detect and quantify various bio-
markers have been described. Some of the most interesting and recent
examples of them are gathered in Table 1.

The most known catalytic biosensors are based on the enzymes of
oxidase type, such as horseradish peroxidase (HRP), glucose oxidase
(GOD), uricase, the catalytic cycle of which includes easily detectable
hydrogen peroxide. A disadvantage of the enzyme-based sensors is
the dependence on many environmental factors, including pH, ionic
strength, temperature, etc. Nevertheless, these ligand-receptor systems
are often used in other types of biosensors for signal transduction and
amplification. For example, fast simultaneous measurement of several
cancer biomarkers was achieved at extremely low range of 5-50 fg/ml
by using an electrochemical microfluidic chip [67]. In this case, a “sand-
wich” structure with the layers of gold and magnetic nanoparticles
upon biomarker binding allowed their ultrasensitive electrochemical
detection.

Recent advances in the surface plasmon resonance (SPR) technique,
made it one of the most powerful analytical approaches for detection
and monitoring of RLI events [102]. The modification of SPR-localized
surface plasmon resonance (LSPR) combined with immunoassay has
been shown as a promising label-free approach for fast detection of var-
ious biomolecules, for example, tumour marker a-fetoprotein (AFP) in
human serum samples [79]. The biosensor, which was prepared by in-
terference lithography and modified by covalently immobilizing AFP
antibody on the surface of gold nano-mushroom arrays (GNMA),
allowed highly sensitive detection of AFP with the limit of detection of
24 ng/ml.

Another detection method, based on electrochemiluminescence
(ECL), has shown to be a powerful tool for the creation of highly sensi-
tive and selective solid-phase and solution-phase RLI-based biosensors
due to a number of advantages of ECL technique over many other ana-
lytical methods, such as absence of a background optical signal, precise
control of reaction kinetics by controlling the applied potential, compat-
ibility with solution-phase and thin-film formats and possibility to en-
hance its intensity with nanomaterials [103]. For example, an
ultrasensitive and quantitative ECL assay for the determination of HIV
biomarkers to monitor AIDS progression, as well as for the study of
binding affinities and binding ratios of corresponding receptor-ligand
complementary pairs, was developed by Xu et al. [88]. For this purpose,
a high affinity interaction between T-lymphocytes' surface protein CD4
and glycoprotein gp120 of HIV-1 was used. This approach was also
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Table 1
Examples of RLIs used for biosensor design.

Affinity pair

Alpha-fetoprotein (AFP)/antibodies

Human thyroid stimulating hormone (hTSH), growth hormone (hGH), follicle
stimulating hormone (hFSH), luteinizing hormone (hLH)/antibodies

Oxidized low density lipoprotein (oXxLDL)/CD36 receptor

Detector Disease Sensitivity Ref
Optical (surface plasmon Testicular and liver cancer 24 ng/ml [79]
resonance, SPR)
Optical (SPR) Hypothyroidism, acromegaly, 1-6 ng/ml [80]
reproduction and developmental
disorders
Optical (SPR) Atherosclerosis - [81]
Optical (SPR) Myelodysplastic syndrome, acute 25 ng/ml [82]

Vascular endothelial growth factor receptor (sVEGFR-1)/VEGF

Uric acid/uricase

Optical (Fluorescence)

myeloid leukemia
Uric acid disorders, leukemia and
pneumonia

125 nmol/ml  [83]

Folate receptor/folic acid Optical (Fluorescence) Various types of cancer and 30 pM [84]
inflammatory diseases
SNAP-25 peptide/Botulinum neurotoxin serotype A light chain (BoNT-LcA) Optical (fluorescence Botulism 1 fg/ml [85]
resonance energy transfer,
FRET)
Prostate specific antigene (PSA), Interleukin 6 (IL-6)/antibodies Optical Prostate cancer 0.25-1.00 [86,87]
(electrochemiluminescence, pg/ml; 4.20
ECL) fg/ml
HIV envelope protein gp120/CD4/antibody Optical (ECL AIDS 16 fmol/ml [88]
Apurinic/apyrimidinic endonuclease 1 (APE-1)/antibody Optical (ECL Various types of cancer 0.3 fg/ml [66]

Cardiac troponin I (cTnl)/antibody
8-Hydroxy-2’-deoxyguanosine (8-OHdG)/antibody

Carbohydrate antigen 15-3 (CA15-3)/antibody
Vascular endothelial growth factor (VEGF)/antibody
Thyroid hormone receptor (TRB) mutants/various agonists

Ferritin/antibody

)
)
Optical (ECL) Myocardial injury
Optical (ECL)

0.083 pg/ml  [89]
Various types of cancer, diabetes, 0.085 ng/ml  [90]

neurological disorders

Optical (ECL) Metastatic breast cancer 0.033 pg/ml  [91]

Optical (chemiluminescence) Various types of cancer 60 pg/ml [92]

Optical (colorimetry) Resistance to thyroid hormone, - [93]
weight loss, hair loss, short stature

Microgravimetric (quartz Various types of cancer 0.1 ng/ml [94]

crystal microbalance, QCM)

Folate receptor/folic acid
Bacterial lipopolysaccharides (LPS)/anti-LPS peptides
Human epidermal growth factor receptor (HER-3)/antibody

Microgravimetric (QCM)
Microgravimetric (QCM)
Electrochemical (impedance,

Various types of cancer 430 cells/ml  [95]
Bacterial endotoxin detection - [96]
Various types of cancer 4 pg/ml [97]

voltammetry)

Epidermal growth factor receptor (EGFR)/GE11 peptide

Electrochemical (impedance) Various types of cancer

0.037 pg/ml  [98]

Dengue virus/C-type lectin domain family 5 receptor Electrochemical (impedance) Dengue fever 9.5 x 10° [99]
pfu/ml
IL-6, IL-8,VEGF, VEGF-C/antibodies Electrochemical Various types of cancer 5-50 fg/ml [67]
(amperometry)

Immunoglobulin A (IgA)/antibody
Glucose/glucose oxidase

Electrochemical (impedance)
Electrochemical (impedance,

Immunodefficiency
Various diseases

0.01 ng/ml [100]
35nmol/ml  [101]

voltammetry)

Cholera toxin B (CTB)/ganglioside GM1

Magnetic

Cholera 40 pM [75]

successfully applied to determine the binding affinity of CD4 with
monoclonal antibody (mAB), aiming the identification of potential neu-
tralizing agents for HIV treatment to block the interaction of gp120 with
CD4 and to prevent host T-cells infection by HIV. CD4 was conjugated
with [Ru(bpy);]> "-NHS ester to prepare CD4-tag via a ruthenylation re-
action. Electroluminescence of [Ru(bpy)s]*™ in a presence of TPA
allowed quantitative determination of CD4 content in a wide
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concentration range (0-2 nM) in solution with a high sensitivity
(16 fmol). Moreover, it was shown that mAB could potentially neutral-
ize the HIV infection of T-cells by blocking the binding of gp120 to CDA4.

The different approach was used for the construction of ultrasensi-
tive solid-state ECL biosensor to determine apurinic/apyrimidinic endo-
nuclease 1 (APE-1), a multifunctional gene regulatory protein, which
can serve as a biomarker in cancer [66]. In this case, an enhancement
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Fig. 5. Schematic illustration of solid-state ECL immunosensor preparation process based on the new Ru(bpy)3 */bi-Arg system (left) and ECL responses of the immunosensor to different

concentration of APE-1 (right) [66].
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of ECL signal was achieved by using bi-arginine as co-reactant for
[Ru(bpy)s]**-based detection system (Fig. 5). Graphene oxide (GO)
with Ru?* complex and onion-like mesoporous graphene sheets (O-
GS) modified with bi-arginine were used to construct two main biosen-
sor layers containing antibodies against APE-1. The interaction between
these layers upon their linking by APE-1 induced strong
electrochemiluminescence with linear dependence on the amount of
biomarker at extremely low level in the range of 1.0 fg/ml-5.0 pg/ml.

RLI-based biosensors and accurate quantitative real-time determi-
nation of biomolecules as biomarkers of various metabolic processes
in cells, as well as the quantification of the cells without affecting cell vi-
ability, have an enormous potential in tissue engineering and regenera-
tive medicine [104,105]. This approach is especially important for the
control of the concentrations in the supporting liquids of glucose as a
marker of the cell activity, hydrogen peroxide as a marker of oxidative
stress and hypoxic conditions, and various cell signaling molecules,
such as growth factors, metalloproteinases, ATP, ADP, etc.

4. RLIs in biomaterials design

A property of cells to respond to extracellular stimuli triggered by li-
gand-receptor interactions have been widely used for the construction
of smart biomaterials with a wide range of physicochemical and bio-
medical applications in biotechnology and pharmacology, tissue engi-
neering, etc. Although the biomaterial structure can also favour the
desired direction of biosystem development [106], the presence of low
molecular weight or/and macromolecular (proteins) ligands, which
can regulate downstream signaling events, is a crucial factor for bioma-
terial fabrication. The various approaches have been developed to intro-
duce the components of ligand-receptor pairs into the structure of such
artificial matrices mimicking extracellular environment. The construc-
tion of various signaling ligand-receptor pairs into cell/biomaterial sys-
tems can be achieved by different ways, including (a) modification of
biomaterial with ligands (both immobilized and in soluble form), en-
abling to bind to cell receptor to provide the desired cell signals, and
(b) the use of co-culture system-based biomaterials, where the interac-
tion between different types of cells occurs with reciprocal signaling
pathways activation (Fig. 6).

This is probably the most complicated case of RLI-based
bionanotechnological field, where the created bioactive materials are
intended to be used in the living systems with their complex signaling
pathway network, which can lead to undesired side effects or complete-
ly change the biological response. Therefore, along with the choice of
the ligand-receptor pair, a number of other factors have to be taken
into consideration while designing biomaterials to be incorporated in
living organism, such as biomaterial structure and the presence of adja-
cent cells (co-culture systems).

Cell-cell indirect
signaling
Biomaterial-cell 4
e : : o .
indirect signaling -

&l

U4 Cell-cell
: direct signaling

Biomaterial-cell i
direct signaling

Fig. 6. Structure of cell-biomaterial system with various RLI-based signaling pathways.

Along with soluble and fixed cell signaling factors of extracellular
matrix (ECM) and cell-cell interactions, the contact surface between
cell and artificial support or matrix usually is involved in cell homeosta-
sis regulation and cell signaling pathways. Cell adhesion to the extracel-
lular artificial matrix, as well as the fate of the cell, are strongly
dependent on the structure of the support and its physicochemical
properties, such as charge, hydrophobicity, morphology and mechanical
properties [107]. A number of excellent reviews are devoted to the bio-
material characteristics necessary for different biomedical applications
regarding to tissue engineering and repair [ 108-110]. The ideal material
for cell support in tissue engineering and regenerative medicine should
act as artificial extracellular matrix and protect the cell from external
mechanical stress, be biocompatible and promote cell adhesion, prolif-
eration and, if necessary, differentiation with the aim of different extra-
cellular physical, biological and chemical cues. In the case of three-
dimensional structure, it has to allow vascularisation of new forming
tissue, free access of nutrients and the removal of metabolic products.
The temporary support has to be degraded to non-toxic products within
the time necessary for the formation of self-supporting matrix. The nu-
merous biomimetic materials of different type have been applied in tis-
sue engineering and tissue repair. These biosupports can be divided into
biomaterials originated from metals, such as stainless steel or titanium
[111], ceramics and glasses, hydroxyapatite, tricalcium phosphate, calci-
um carbonate, zirconia [112,113], polymers of various types [114-116],
inorganic-organic hybrids [117] and have various morphology, ranging
from nanoparticles to bulk materials. Surface modification of cell
supporting matrix can be based both on non-covalent interaction be-
tween biomolecules and support, such as electrostatic or van der
Waals forces [118], or covalent immobilization [109,119], depending
on the final application of designed material and desired biological re-
sponse [120]. It can include the enhancement of cell adhesion or its pre-
vention and cell detachment, cell migration to the desired location,
increase of the time of the signaling event and ligand-sustained release
for cell proliferation and differentiation.

The growing interest to co-culture constructs is explained by better
fitting to the natural tissues, where different cell types are co-existing
and interacting with each other, though it is not very easy to regulate
all the processes taking place in such complex systems. There are
many parameters and multiple interactions, which have to be taken
into account when working in cell multi-cultures, such as cell ratio,
cell number, contribution of different cell types in cell proliferation
and differentiation [121]. Nevertheless, co-culture systems have been
used in many approaches to tissue engineering and regenerative medi-
cine, such as promotion of osteogenesis, vascularisation, stem cells dif-
ferentiation etc. For example, a cross-talk between human and rat
long bone osteoblast-like cells (HOB and LOB) and HUVEC with para-
crine VEGF stimulation, mediated by endothelial cells was observed
during ontogenesis [122]. VEGF-mediated paracrine signaling between
endothelial cells and mural cells with increased junction formational
complexes formation and increased resistance of endothelial cells to ap-
optosis was also observed [123]. Co-cultured with HOBs and mesenchy-
mal stem cells HUVECs stimulated their proliferation and this effect was
more pronounced in direct co-cultures, rather than in indirect ones,
probably due to the contacts between cell membranes and direct mech-
anism of signaling transduction [124]. Cells migration was induced by
co-culturing of human vascular smooth muscle cells (hVSMCs) with
wound-healing phenotype monocytes into porous polar hydrophobic-
ionic polyurethane. It was shown, that hVSMCs alone remained at the
perimeter of the scaffold, whereas in co-cultures system they are
translocated into the pores of matrix. Moreover, the increase of cells at-
tachment and their viability was observed [125]. Biomaterials of differ-
ent structure for bone tissue engineering were used as scaffolds for co-
cultured cells to investigate the process of vascularisation with human
dermal microvascular endothelial cells (HDMEC). It was shown that
HDMEC cells alone do not form microcapillary-like structures, whereas
the addition to the biosystem of HOS or osteoblast-like cells MG-63
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promoted a tissue-like self-assembly of cells with a strong PECAM-1 ex-
pression at the cell surfaces and pre-vascularization. Interestingly, the
addition of exogenous angiogenic stimuli did not affect the
microcapillary-like structure formation [126]. More complex multi-cell
culture system was designed by three-dimensional printing and layer-
by-layer technique in a solid gel composed of sodium alginate-collagen
and calcium chloride. The bioprinted constructs, containing human am-
niotic fluid-derived stem cells, canina smooth muscle cells and bovine
aortic endothelial cells, maintained cell survival, proliferation and dif-
ferentiation to form functional vascularised tissue [127].

4.1. Receptor-ligand interactions in direct signaling

Direct signaling mechanism, which is mediated by receptors and li-
gands located on adjacent surfaces, is widely used in different biomi-
metic approaches for the cells attachment to natural or artificial
surfaces or matrices. For this purpose, various ligands, receptors and
macromolecules found in extracellular matrix and plasma membrane
can be incorporated into biomaterials.

4.1.1. Immobilization and modification of adhesive ligands

There are many macromolecules, such as matrix proteins (elastin,
collagen, fibronectin, vitronectin), glycosaminoglicans, glycoproteins,
which act not only as a cell support and cell adhesion molecules
(CAM), but also participate in signal transduction and are involved in
cell proliferation, growth, differentiation and mobility [128,129]. A
number of ligands recognized by these biopolymers have been used
for the biomaterials fabrication in order to induce various effects. The
primary cell plasma membrane receptors, which are involved in cell ad-
hesion to the extracellular matrix and signal transduction, are integrins.
They recognize certain small peptide sequences, such as REDV [130],
IKVAV [131], YIGSR [132], PHSRN [133], and RGD [134], which have
been routinely used in different tissue engineering approaches and re-
generative medicine [135].

The presence of RGD-containing molecules in the scaffold structure
promotes cells adhesion to the surfaces of various types, as well as
their migration and proliferation. For example, RGD-containing ligand

A B g

immobilized on poly(e-caprolactone) (PCL) not only enhanced fibro-
blasts adhesion and well-spreading on the solid support, but also
changed their morphology and induced the formation of filopodia
[136] (Fig. 7, 1).

The opposite effect (detachment from the biomaterial surface) can
be achieved, when necessary, by the shielding of RGD ligands, as, for ex-
ample, in the case of construction of multi-domain structures with two
complementary leucine zippers, which enable heterodimer formation
[137]. The shielding of adhesion surface was achieved by covalent mod-
ification by RGD motif with one of leucine zipper domains, whereas the
second one was attached to PEG polymer in a solution. The heterodimer
formation led to covering of the surface with PEG and inaccessibility of
RGD ligand to the cellular integrin receptors. Deshielding of the support
with following cell adhesion took place after addition of excess of first
leucine zipper molecule. When the excess of second leucine zipper
was added to the cells already attached to the support, cells detachment
was observed.

Often it is necessary to block cell adhesion, in order to reduce inflam-
matory response and to prevent tissue rejection in different transplan-
tation approaches. This is particularly important at the design of
biomaterials contacting with cardiovascular system. For example, the
blockage of an adhesion mediated by ICAM-1, VCAM-1, VLA-5 with
monoclonal antibodies could significantly improve the results of the
transplantation [138]. The easiest way to design an inert biomaterial is
to cover the surface ligands or receptors with immunosuppressive coat-
ings, for example, polyethylene glycol. Immunological camouflage with
the aim of methoxypoly(ethylene glycol) grafting to allogeneic lympho-
cytes showed effective immunosuppression and thus can have a poten-
tial for donor tissue engraftment [139]. The same approach was used to
hide antigenic determinants of red blood cells [140].

When using RLI in the design of biomaterials for tissue engineering
and repair, it is important also to take into consideration the effect of li-
gand density and patterning on support surface [141]. The immobilized
ligand gradients can govern cell adhesion that was demonstrated with
RGD-modified gold nanoparticles. Particle spacing gradients with the
range 50-250 nm allowed determination the minimal gradient strength
necessary for sensing by the cell. It was found, that cells could feel the

Fig. 7. Scanning electron microscope micrographs (A and E - PCL; B and F - PCL-NH,; C and G - PCL-GA-GYDGR; D, H, and I - PCL-GAGRGDY). Confocal laser scanning microscope images of
phalloidin staining the microfilaments (J - PCL; K - PCL-NHy; L - PCL-GA-GYDGR; and M - PCL-GA-GRGDY). The scale bar is 50 um [136].



898

spatial variations with the distance of <1 nm between RGD molecules.
Ligand patch spacing strongly influenced the cell morphology from ra-
dial, well-spread adherent cells at about 50 nm to elongated distant
cells at 80 nm [142]. Moreover, the RGD ligand nanospacing can pro-
mote cell differentiation. It was shown, that increased RGD-RGD dis-
tance attenuates cell adhesion and spreading of mesenchymal stem
cells, but was beneficial for osteogenesis and adipogenesis [143]. As it
was shown for dendrimer-bound RGD, nanoclustering of ligand, even
in a solution, can noticeably improve cell adhesion [144]. The local dis-
tribution of RGD motifs on the surface influences both cell adhesion and
motility. The dependence of cell migration speed was observed for clus-
tered YGRGD peptides. The clustering of ligand significantly reduced its
density necessary for cell migration [145].

The cleavable RGD motif was shown not only to promote cell adhe-
sion and survival, but also induce cell differentiation in PEG hydrogels.
The specific matrix metalloprotease (MMP-13) cleavable linker was
used to mimic native differentiation timeline of encapsulated human
mesenchymal stem cells and to adjust the time of release of RGD con-
taining molecule in order to enhance hondrogenesis [146]. The cleav-
able metalloproteinase-sensitive RGD-containing ligand was used to
construct the scaffold based on PEG-heparin matrix for the primary en-
dothelial cells encapsulation. It was shown that a gradual degradation of
the ligand and reorganization of biomaterial impaired the cell spread-
ing, viability and three-dimensional cell growth [147].

The presentation of different ligands and their concentration can in-
duce different effects on cell behaviour. They can both enhance and sup-
press the action of each other. For example, the introduction into
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biomaterial structure of fibronectin-derived peptide PHSRN along with
RGD strongly influenced the normal human osteoblasts differentiation.
It was shown that they have synergic effect and enhanced differentia-
tion in alginate gel containing >33% of RGD. The presence of these two
ligands also enhanced the calcium deposition, which depended on
their ratio and relative distribution [148]. In the case of EGF and RGD,
the growth factor can act either as an adhesion enhancer or its suppres-
sor, and stimulate cell growth, depending on its concentration, RGD
density, duration of action or the form of application (immobilized or
soluble forms) [149]. The ligand density is particularly important
when working with the stem cells, which can change their fate depend-
ing on the structure and amount of the ligand on the surface of
supporting matrix that was observed for the case of cyclic and linear
RGD peptides (Fig. 8) [150].

The level of alkaline phosphatase (a marker for osteogenesis), as
well as the expression runt-related transcriptional factor 2 (Runtx2),
specific for osteoblasts, was noticeably higher for higher concentration
of high affinity cyclic ligand. On the contrary, in the case of linear RGD
peptide, the lower affinity and density on a gold support caused the dif-
ferentiation to neuron-like cells, whereas the high density of this ligand
led to the expression of miogenic marker genes.

The receptor clustering, along with the orientation and gradient of
adhesive ligands, can also be involved in RLI. As it was shown for TGF-
P, such effect can be used for a spatial control of cell attachment to the
support and signal transduction [151]. TGF-3 takes place in different
cell regulation pathways and its interaction with TBRI and TRRII recep-
tors is initiated by the receptor oligomerization. It was shown that
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Fig. 8. The density and affinity of adhesion ligand influence the differentiation of mesenchymal stem cells. Cells were cultured on monolayers presenting either the cyclic (high affinity) or
linear RGD (low affinity) peptide at high (1%) or low (0.1%) density and differentiation was analyzed using (a, b) immunofluorescence imaging of markers for osteogenesis (Runx2),
myogenesis (MyoD1) and neurogenesis (b3-tubulin), and (c) expression analysis by RT-PCR of lineage specific transcripts; (d) the Table summarizing the preferred differentiation

outcome for cells cultured on the four monolayer surfaces. Scale bar is 20 um [150].
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sensibilization of these receptors by specific peptides promoting cell-
surface contact led to potentiating and amplification of TGF-{3 signaling
followed by the epithelial-mesenchymal transition.

4.1.2. Immobilization of growth factors

Unlike adhesion ligands, the function of many growth factors and
morphogenic proteins requires cell internalization upon binding and ac-
tion in indirect way via paracrine or autocrine mechanisms [152]. Nev-
ertheless, their signaling pathways very often are bound to cell adhesion
and their covalent immobilization on a solid matrix in many cases can
promote both cell spreading and survival more strongly than the same
soluble molecules [153]. For example, covalently bound to a glass sur-
faces or to PEG hydrogel TGF-f3 strongly increased matrix production
with vascular smooth muscle cells even in the absence of adhesive li-
gands and better than with the same concentration of soluble growth
factor [154]. A tethering of brain-derived neurotropic factor (BNDF)
onto poly(e-caprolacton) nanofibers had stronger effect on proliferation
and differentiation of neural stem cells toward neuronal and oligoden-
drocyte specification than its soluble form [155]. A macroporous scaf-
fold on the base of Sponceram® (zirconium dioxide ceramic)
covered with 2-deoxy-N-methacrylamido-D-glucose was designed
for immobilization of MC3T3 and human mesenchymal stem cells.
Covalent modification of polymer surface with bone morphogenic
protein (BMP-2) to promote cell differentiation demonstrated to be

effective for the osteogenesis induction [32]. Encapsulation of bone
morphogenetic proteins BMP-2 and BMP-14 into thermoresponsive
elastin-like nanoparticles was used for sustained release of these
growth factors for 14 days. Effective delivery with synergic effect
and increased bioactivity were observed when using both signaling
molecules [156] (Fig. 9).

In other cases, the prevention of the internalization of ligand-recep-
tor pair by the immobilization of one of the components can lead to the
blocking of one of signaling pathways, if the ligand promotes different
effects, or even blocks completely its action. It can happen, when li-
gand-receptor pair initiates the signals from different locations within
the cell, for example, activated by NGF TRK receptors [157]. Cell survival
response triggered by NGF and initiating on plasma membrane was in-
creased in the case of covalent attachment of NGF to a solid support,
when internalization of ligand-receptor pair is not required, whereas
the neuronal differentiation promoted within endosomes was strongly
decreased [158].

A creation of growth factors gradients, as well as the presence
of different immobilized growth factors, showed to change signal-
ling pathways and the activity of signalling, as in the case of nerve
growth factor (NGF) and neurotrophin-3 (NT-3) co-localized in
poly(2-hydroxyethylmethacrylate) and poly(L-lysine) matrices,
where a cooperative function of these two factors was observed
[159].

Fig. 9. Alizarin Red mineralization staining of showing sites of calcium-phosphate deposits (orange colour) in C2C12 cell line differentiated into osteoblast after 14 days of culture with
particles loaded with BMP-2 (A), BMP-2 and BMP-14 (B), and the positive controls of BMP-2 (C) and BMP-2 + BMP-14 (D) added to culture media, at 2.5 pg/ml. Unloaded particles
did not showed any mineralization (E). Unstained cells treated with particles loaded with BMP-2 + BMP-14 showed osteoblast morphology (F) [156].
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4.1.3. Immobilization of other ligands

Another interesting approach to induce direct cell signals in bioma-
terial design is the immobilisation of Delta/Jagged ligands on the cell-
biomaterial surface contact or co-culture of Delta and Jagged ligand-
containing cells in order to activate Notch signaling cascade, which is
known to be crucial for the determination of hematopoietic stem cells
(HSCs) fate and T-cells development. In this case, it was shown the im-
portance of a proper orientation of ligand-receptor pair [160]. Recombi-
nant chimeric protein Jagged-1-Fc, modified with Fc-domain of
immunoglobulin G, was immobilized on aminated glass substrate
using orienting protein A and was used for the induction of proliferation
and differentiation of HSCs. A comparison of the effect on cell prolifera-
tion between oriented (immobilized) and randomly distributed (coat-
ed) ligands showed for second case the absence of cell lines derived
from HSC and no Notch signaling.

Jagged-1 modified poly(2-hydroxyethyl methacrylate) was shown
to promote tight clustering and differentiation of human-derived
keratinocytes and appeared to be sensitive to cell density. It was
found also, that affinity-bound ligand was more effective than directly
bound one, probably, due to the proper orientation toward the Notch
receptor, as well as due to the inherent clustering of the ligand on the

antibody used for the immobilization [161]. T-cells development from
mouse bone marrow hematopoietic stem cells was observed, when
Notch ligands were covalently immobilized or absorbed on the solid
support [162].

A layer-by-layer molecular assembly approach was used for the at-
tachment of DL-1 Notch ligands into porous polyacrylamide hydrogel
scaffold with subsequent human stem cells immobilization. In this
case, the effective cell differentiation was also observed [163]. More
complex cell support with spherical pores (inverted colloidal crystal,
ICC), forming highly organized 3D structure, was designed to mimic
the thymic tissue [164]. The same layer-by layer technique was applied
for coating of a scaffold surface with several layers of clay and
poly(diallyldimethyl ammonium chloride) with following deposition
of DL-1. It was found, that the artificial 3D-matrix not only efficiently
supported the adhesion of mononuclear and CD34 + cells, but also in-
duced the development of pre-erythrocytes and T-cell differentiation.
On the contrary, the “naked” scaffold could not promote cell attachment
and most pores were empty (Fig. 10).

Eph/ephrin ligand-receptor pair has also been used for the prepara-
tion of biomimetic scaffolds, though not so often as the other ligand-re-
ceptor pairs involved in juxtacrine direct signaling. For example,
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Fig. 10. SEM images after 15 days of culture. Mononuclear cells (A, B). (A) Various cell types coexist deep inside pores. (B) Development of pre-erythrocyte and migrating dendritic-like
cells across pores. (C, D) Isolated CD34 + cells from bone marrow-derived mononuclear cells. (C) The DL-1 Notch-ligand immobilized pore surface densely covered with cells. (D) Due to
similar morphology and size, it is hard to distinguish developing T-lymphocytes from CD34+ HSCs under SEM. (E, F) Control experiments of 15-day-cultured CD34 + cells. (E) ICC
scaffolds could support cell adhesion without a DL-1 Notch ligand coating. (F) Without a clay/PDDA LBL coating (bare hydrogel), ICC scaffolds could not allow any cell adhesion [164].
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immobilized in poly(ethylene glycol)-diacrylate hydrogel ephrin-A1 li-
gand induced cell adhesion and endothelial tubule formation in endo-
thelial cell culture as early stage of angiogenic process [165].

4.2. Indirect signaling in tissue engineering and repair

Indirect signaling, which is mediated by the flux of extracellular mol-
ecules or vesicles, can be applied in tissue engineering and repair by in-
troduction of signaling molecules, such as growth factors (EGF, VEGF,
FGF), bone morphogenetic proteins, cytokines and chemokines, into ex-
tracellular matrix. These molecules have very short half-life in biological
liquids and are rapidly degraded in vivo. Therefore, different approaches
and delivery systems have been developed to induce indirect signals ac-
tivated by these proteins to increase their longevity.

Along with the addition of these molecules to the designed
biosystems in soluble form, they can be incorporated into a biomimetic
scaffold with their temporal and spatial release and triggering or modu-
lation of tissue formation, cell differentiation, adhesion or mobility. Pas-
sive release of signaling molecules can be achieved by their
encapsulation in the matrix by simple adsorption, by complexation or
by using of hydrolysable or pH-dependent covalent binding to the sup-
port. Permanent covalent immobilization of ligands or receptors, which
are involved in the indirect mechanism of signal transduction, can in-
crease their retention time and time of life due to the prevention of en-
docytosis and enzymatic degradation. It can form by that their local
store, which is a doubtless advantage, when it is necessary to achieve
their continuous action. Nevertheless, covalent immobilization can
lead to the activation of other signaling pathways. For example, the
comparison of the effects caused by vascular endothelial growth factor
covalently bound to the matrix in bioactive orientation and the same
protein in a solution triggered phosphorylation of VEGFR-2 receptor,
but the HUVEC cells had different morphologies in a presence of
immobilized or soluble forms of VEGF [166]. Therefore very often it is
preferable to have the biomaterials that are able to release signaling
molecules for their correct functioning via diffusion or matrix degrada-
tion. Cell signaling molecules have been immobilized in many biomi-
metic hydrogels based on different polymers, such as hyaluronic acid,
chitosan, gelatine, as well as copolymer of lactide and glycolid (PLGA)
or PEG hydrogels [167,168].

Methylcellulose was used for the tuneable sustained release of SH3-
rhFGF2 fusion protein from hyaluronic hydrogel modified with SH3-
binding peptide [169]. The similar approach was used for PEG hydrogel
preparation to immobilize the affinity pair peptide/basic fibroblast
growth factor with the slow release of FGF-3 using different architec-
ture of affinity peptide, its valences and the ratio between peptide and
protein in order to achieve the desired retention of growth factor in
the matrix [170]. Keratinocyte growth factor (KGF) was fused with elas-
tin-like peptide to form self-assembled nanoparticles, which strongly
enhanced keratinocyte and fibroblast proliferation in re-epithelializa-
tion and wound healing [171].

Another approach to achieve the release of angiogenesis-related fac-
tors, such as VEGF, PDGF, FGF-p, IL-8, was performed by using the innate
capacity of peripheral blood cells to produce angiogenic factors under
hypoxia conditions for the design of cell-matrix depots for angiogenic
therapy [172]. A promising method for delivering of multiple factors
in a time-dependent manner is a construction of multi-layer scaffolds,
where the inner layers release the signaling molecules with a delay de-
pending on matrix degradation rate or on the time, necessary for the
signaling factor to reach the surface of the matrix. For example, such ap-
proach was used to reach time-dependent release of TGF-33 and BMP-2
from alginate hydrogel in order to induce differentiation of mesenchy-
mal stem cells. It was shown, that contemporary release of both signal-
ing factors was needed for bone tissue formation [173]. The same
synergic effect on osteogenesis was observed, when BMP-2 and Wnt1
were incorporated into gelatine/3-TCP matrix [174]. A biodegradable
scaffold composed of poly(caprolactone)/p-tricalcium phosphate/

growth factor/poly(acrylic acid) multi-layers with BMP-2 and VEGF in
different ratios was designed to induce differentiation of HUVEC cells.
The sustained release of BMP-2 was observed, whereas VEGF was eluted
from the matrix first and promoted increased vascularisation [175].

The similar approach of time-dependent delivery of a combination
of growth factors was used in [176], where PLA/alginate composite
with VEGF and BMP-2 was prepared to induce osteogenesis of HMBSC
cells and showed the increase of quantity of regenerated bone tissue.

A bioscaffold on the base of poly(2-hydroxyethylmethacrylate) mi-
croporous gel with a gradient of the nerve growth factor (NGF) was de-
signed for the neurite guidance [159]. It was demonstrated that soluble
and immobilized forms of NGF were able to promote neurite extension,
but in case of immobilized form of the growth factor the PC12 cell neu-
ritis were guided up the gradient.

5. Conclusions

RLIs are the crucial part of the majority of all the biological processes
and form an extremely complex network of interacting molecules,
which regulate homeostasis through a variety of cell signaling path-
ways. In the past decades high throughput proteomics and genomics
technologies, as well as computational modelling and simulation, have
generated an enormous amount of data on the details of the interaction
between ligands and receptors, which were used in a countless RLI-
based approaches in bioanalytics, bioinformatics, nanotechnology,
nanomedicine, industrial biotechnology, drug design, etc. In this review,
we tried to summarize various most representative and recent exam-
ples of ligand-receptor interactions, which lie on the base of several
bionanotecnological applications. In particular, some novel approaches
for the preparation of monolithic sorbents and molecularly imprinted
polymers bearing artificial ligand or receptor for highly selective recog-
nition of counter pair have shown to be very effective and promising for
separation of complex biological mixtures and purification of low-abun-
dant biomolecules, as well as for the design of highly sensitive biosen-
sors. Another cutting-edge field of biomedical research is the design of
smart (biomimetic) materials for regenerative medicine and tissue en-
gineering, where ligand-receptor interactions are used for direction of
the cell development in a specific manner. A number of approaches
can be found in the recent literature describing the optimization of the
biomaterial structure in order to induce a desired cellular response. No-
ticeable progress has been achieved in this field. Nevertheless, it is still
remain challenging to identify which ligands are bound by a given re-
ceptor, to reveal the details of their interaction or to understand the
place of ligand-receptor pair in a complex network of biomolecules.
Thus, this review was aimed not only to highlight some the most impor-
tant results of RLI applications, but also to underline the importance of
continuous investigation in this field.
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