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Chapter

Application of Riboflavin
Photochemical Properties in
Hydrogel Synthesis

Gabriela Ionita and Iulia Matei

Abstract

Riboflavin, known as vitamin B2, belongs to the class of water-soluble vitamins
with redox, fluorescence, and photosensitizing properties. Riboflavin contains a
fragment of 7,8-dimethyl-10-(1'-D-ribityl) isoalloxazine with a system of conju-
gated double bonds that is are responsible for its photochemical properties. In the
presence of light and oxygen, riboflavin generates reactive oxygen species that can
be further involved in the oxidation of biological molecules such as amino acids,
proteins, nucleotides, and lipids. The chapter focuses on the photochemical applica-
tion of riboflavin in (1) cross-linking of structural proteins such as collagen and (2)
synthesis of hydrogels. The involvement of riboflavin in such processes has already
found application in medicine, especially in the treatment of ophthalmic diseases
and in tissue engineering.
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1. Introduction

Riboflavin (Figure 1), known as vitamin B2, has been intensively investigated
since it was discovered and separated, initially from cow milk by Blyth and, almost
50 years later, from brewers’ yeast. Riboflavin belongs to the flavin class and its
structure (7,8-dimethyl-10-[(2S,3S,4R)-2,3,4,5-tetrahydroxypentyl]benzo[g]
pteridine-2,4-dione) has been proven by chemical synthesis by Kuhn and Karrer.

It consists of a ribityl side chain attached to an isoalloxazine ring with a system of
conjugated double bonds that is responsible for the photochemical properties of
riboflavin [1-4].

As a vitamin, riboflavin fulfills a number of essential biological functions,
being involved in redox and photoreactions with nucleic acids, in the destruction
of tumor cells and inactivation of viruses or bacteria [5, 6]. Riboflavin is a struc-
tural component of two flavoproteins with coenzyme role, flavin mononucleotide
(FMN) and flavin adenine dinucleotide (FAD) (Figure 1). These take part in
various and complex enzymatic processes such as the synthesis, conversion, and
recycling of vitamins B1, B6, and folate and the synthesis of heme proteins, in
fatty acid metabolism and in the regulation of thyroid hormones [7-9]. Riboflavin
is thus involved in the citric acid and methionine cycles. Moreover, riboflavin
and its metabolites have antioxidant properties and participate in the glutathione
redox cycle [7, 10].
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Figure 1.
Structuves of viboflavin and its derivatives flavin mononucleotide (FMN) and flavin adenine dinucleotide
(FAD).

Obviously, the involvement of riboflavin in biochemical processes is due to
the flavin core. In aqueous solution at pH 7, the UV-Vis absorption spectrum of
riboflavin is characterized by the presence of four bands with maxima at 223, 267,
373, and 444 nm [11, 12]. All bands have high molar extinction coefficients (>
10* M~ cm™) that are indicative of n-n* electronic transitions. The band positions
and molar extinction coefficients are sensitive to the particularities of the environ-
ment sensed by the flavin chromophore. In water at pH 7, riboflavin emits yellow
green fluorescence at 520 nm [13]. The fluorescence quantum yield and lifetime of
the first excited singlet state S; are 0.26 [14] and 5 ns [15, 16], respectively. These
values are influenced by the polarity and protic/aprotic character of the solvent, as
well as by the pH value. The decrease in solvent polarity determines a hypsochromic
shift of the emission band and an increase in the fluorescence quantum yield [17,
18], and this has been exploited to study different chemical systems formed with
cyclodextrins and serum albumins [19-21]. Although neutral riboflavin presents
strong fluorescence, the protonated species forming at pH < 4 are nonfluorescent,
while the anionic species at pH > 9.7 are weakly fluorescent [22]. Flavoenzymes
containing FMN as prosthetic group have similar emission intensity with riboflavin,
while those containing FAD show a drastic drop in emission caused by the presence
of adenosine [23].

Riboflavin undergoes various reactions under thermal or chemical treatment
and under exposure to UV light [11]. Under irradiation, riboflavin can undergo
photolysis to various degradation products and can produce reactive oxygen species
that may further alter the structure and biological activity of proteins, lipids, and,
to a lesser extent, carbohydrates [24]. Significant for this review are the processes
that can be controlled by the reactive radical species formed in a system in the pres-
ence of riboflavin and UV light.

Photophysical and photochemical studies involving riboflavin are important
for understanding the biological processes taking place in the presence of light and
mediated by flavin derivatives and their further applications. In the presence of
light, riboflavin is excited to a singlet state of higher energy, followed by nonradia-
tive intersystem crossing to an excited triplet state. From this state, riboflavin can be
involved in a photosensitized oxidation process following one of two mechanisms
schematically presented in Figure 2. In type I mechanism, riboflavin transfers
the energy to a substrate and generates riboflavin free radical species that further
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Figure 2.
Scheme of the photosensitized oxidation mechanisms mediated by riboflavin.

interact with molecular oxygen in the ground state to yield oxidation products. This
mechanism occurs preferentially at low oxygen concentration. In type II mecha-
nism, riboflavin transfers the energy to molecular oxygen in the ground state to
generate the more reactive singlet molecular oxygen. The latter, in reaction with a
substrate, leads to the final oxidation products [25].

The property of riboflavin to be involved in biological redox processes is cur-
rently exploited for the photodegradation of water pollutants including pesticides,
herbicides, phenol, toluene, and toluene derivatives [26, 27]. Another research field
that is expanding in what concerns the application of the photochemical properties
of riboflavin regards the cross-linking process of the components of the extracel-
lular matrix (ECM). Photoinduced collagen cross-linking is nowadays a method
applied for the treatment of various diseases that involve components of the ECM,
such as varicose veins [28], degraded dentine [29-31], and a series of ophthalmic
diseases (keratoconus, pellucid marginal corneal degeneration, post-LASIK ectasia,
infectious keratitis, bullous keratopathy) [32-35].

2. Collagen cross-linking in the presence of riboflavin and UVA light

The photochemical properties of riboflavin in the presence of UVA light are
nowadays applied in the treatment of some ocular diseases, including keratoconus,
in order to induce cross-linking of collagen that improves the biomechanical stabil-
ity of corneal stroma and increases the resistance to enzymatic digestion [32-34].
The mechanism of corneal collagen cross-linking involves excitation of riboflavin
to the triplet state, followed by generation of reactive oxygen species—HO", O,"”,
and O, ~ in the case of type I mechanism—or production of singlet oxygen ('O,)
that can further generate peroxide and hydroxyl radicals, in the case of type II
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mechanism [12, 36, 37]. The schematic representation of this process is shown in
Figure 3. In fact, both mechanisms depicted in Figure 2 lead to the formation of
reactive oxygen species. Formation of such reactive species favors reactions with
carbonyl groups from the protein chain, which further increase the protein cross-
linking. The production of reactive radical species can be evidenced by electron
paramagnetic resonance (EPR) spectroscopy, in spin trapping experiments.

There are some studies reported in literature regarding the radical species
formed in systems that contain collagen in the presence of riboflavin and UV light.
In water solution of riboflavin, an environment exposed to oxygen, the forma-
tion of hydroxyl radicals was evidenced under the influence of UV radiation. This
radical was also present in a solution of collagen and riboflavin [38]. Later, another
EPR study was reported, aiming to monitor the formation of radical species gener-
ated in the presence of riboflavin in solutions of H,0, and catalase or bovine serum
albumin [39]. It was found that hydroxyl radicals are formed both in the presence
of catalase and BSA, as the DMPO-OH adducts gave the characteristic signal with
four lines in the intensity ratio of 1:2:2:1. The stable radical species such as TEMPO
(2,2,6,6-tetramethylpiperidine 1-oxyls) derivatives can report on the changes in the
tear protein compositions during the treatment of dry eye syndrome that is often
associated with keratoconus disease [40]. Obviously, during the UVA-riboflavin
collagen cross-linking treatment, the tears collected from patients contain reac-
tive radical species. In a preliminary EPR study aiming to evidence radical species
formed in solutions containing proteins that are present in a significant amount
in tears, the spin trapping experiments evidenced the presence of the DMPO-OH
adduct (the lines are marked with red dots in Figure 4) but also a carbon-centered
radical. This second component of the spectrum (the corresponding lines are
marked with blue dots in Figure 4) demonstrates that some other radicals can form
during riboflavin/UVA treatment.

The EPR studies clearly demonstrate a radical mechanism of the processes
occurring in the ECM protein components in the presence of riboflavin, mainly
referring to collagen cross-linking. Changes in the collagen structure of human
sclera tissues induced by riboflavin-UVA irradiation were evidenced by Raman
spectroscopy and atomic force microscopy (AFM) [41]. Raman spectroscopy
revealed changes in the position of some bands associated with specific vibration
modes. The most significant changes were observed for the following vibration
modes: (CCO), (CCCQC) stretch, and (S-S) stretch. Another feature observed in the
Raman spectra of human sclera tissue after riboflavin/UVA irradiation treatment
was the increase in the intensity and sharpness of the bands. After the sclera col-
lagen cross-linking occurred, the AFM images revealed arrangements of interlocked
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Figure 3.
Schematic representation of the collagen cross-linking process in the presence of riboflavin and UVA light.
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Figure 4.
DMPO adducts of HO® (ved) and carbon-centered (blue) vadicals formed in collagen solution exposed to UVA
light in the presence of viboflavin.

collagen fibrils. Both Raman spectra and AFM images proved the formation of
interfibrillar cross-links in sclera tissues.

The ECM is responsible for the enhancement of cell proliferation, differentia-
tion, and cell-to-cell interaction. Therefore, the information obtained on the
structure and properties of collagen in natural tissues can be used as reference
for building new networks that can mimic the ECM and can find application in
tissue engineering, with implantology as target. Many studies revealed that the
self-assembled collagen artificial networks are mechanically weaker compared to
natural collagen in vivo [42]. However, some studies reported that riboflavin cross-
linking improves the physicochemical properties of collagen scaffolds [43]. The
collagen matrix built in vivo under the action of riboflavin and UV light has proper-
ties similar to those of natural collagen and is able to retain water for a longer time.

The collagen fibril formation is favored by the presence of glycosaminoglycans
such as chondroitin sulfate and hyaluronic acid, both of them being parents of
the natural ECM with a common function to control tissue hydration and to act as
lubricants. Therefore, it is not surprising that these polysaccharide polymers are
used to generate various hydrogels that can be used in medicinal applications.

3. Synthesis of hydrogels with medicinal applications mediated by
riboflavin

Presently, the photochemistry of riboflavin can be exploited to control the
physicochemical properties of new gel materials generated by the assembly of
polymers that are similar to those found in the natural ECM. These novel materials
are dedicated to medicinal applications such as tissue engineering involving space-
filling agents, as vehicles for bioactive molecule delivery, for cell encapsulation, and
wound healing.

Hydrogels can be classified according to the processes involved in the generation
of their solid network. Supramolecular hydrogels result either through non-covalent
assembly of most often small molecular weight gelators, while polymeric hydrogels
are obtained through covalent polymer cross-linking. Supramolecular gels are
more dynamic and sensitive to physical factors that generate their network, while
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polymeric structures have a more robust frame. The biomedical applications of
hydrogels depend on their biocompatibility and physicochemical properties. For
instance, it is expected for supramolecular hydrogels to find applications in drug
delivery, while polymeric hydrogels can be used in tissue engineering. Synthetic
polymers like poly (ethylene oxide) (PEO), poly(vinyl alcohol) (PVA), or poly(acrylic
acid) (PAA) can be used in this specific biochemical application, although the
naturally derived polymers present in the ECM—hyaluronic acid, chondroitin sulfate,
collagen, and gelatin, are more suitable because the resulting materials show a better
mimicking of the natural tissues [44].

The number of reports on the supramolecular gels resulted by assembly of low-
molecular gelators involving riboflavin is relatively small. Formation of this type
of gels often involves the supramolecular assembly of two gelators [45]. Saha et al.
[46, 47] reported data on hydrogels that have riboflavin as gelator. They reported in
a communication the assembly of riboflavin with melanin into a gel network [46],
and the mechanistic aspects of this supramolecular process have been discussed
later in a full paper [47]. Both molecules can be involved in multiple hydrogen
bonds and n-x interactions of their aromatic moieties, which are in fact the pillars
of the gel network formation. The ribityl chain of riboflavin ensures the water
solubility of the riboflavin-melanin complex due to the hydroxyl groups present in
the structure [46]. Polar solvents like water and hydrogen bond formation decrease
the photophysical parameters of riboflavin [17, 18, 48]. Surprisingly, Saha et al.
found that in the temperature interval corresponding to the gel phase of riboflavin/
melanin, the photoluminescence spectra show increased intensity [46]. Electron
microscopy techniques revealed that the gel fibrils of these gel systems have a heli-
cal pattern, which sustains the initial hypothesis of n-n stacking interactions. These
results were corroborated with FT-IR, circular dichroism, and photoluminescence
data [47]. Other hydrogels built on riboflavin and aromatic structures with func-
tional groups that can be involved in hydrogen bonding, such as uric acid [49], gallic
acid [50], quinazolinedione derivatives [51], salicylic acid, dihydroxy benzoic acid,
and acetoguanamine [52], have been reported. These studies regarding different
pairs of gelators revealed that the gel properties depend on the complementarity
between gelators.

The studies on polymeric hydrogels that contain riboflavin or are generated
making use of the photochemical properties of riboflavin are more numerous. The
ability of riboflavin to generate peroxide radicals in the presence of UV light and
oxygen represents a nontoxic way to initiate acrylamide- or methacrylate-based
hydrogel networks [53, 54]. Batchelor et al. [55] have reported the formation of a
hydrogel through the reaction of multi-arm polyethylene glycol, functionalized
with norbornene moieties, with dithiothreitol (DTT) as cross-linker, in the pres-
ence of riboflavin excited by blue light. In this way, they have generated the thiyl
radical that reacts rapidly with the double bond from norbornene to generate a
carbon-centered radical. Following the propagation scheme, this carbon-centered
radical reacts with another thiol group. The gelation process is dependent on the
initiator concentration and light intensity [55].

The spectral properties of riboflavin depend on the pH, and this feature has
been used by Patra et al. to monitor the release of two drugs, ciprofloxacin and
metronidazole, from a biocompatible hydrogel obtained by cross-linking poly
(methacrylic acid) with glycogen that was further labeled with riboflavin. The
resulted hydrogel was characterized by physicochemical methods that indicated a
reversible swelling behavior and pH-dependent drug release properties [56].

Wank et al. [57] investigated the recognition interactions in an interpenetrating
polymer network based on poly(acrylic acid) and poly(vinyl alcohol). This hydrogel
has been imprinted with 1-(4-methoxyphenyl)-5-methyl-1,2,3-triazol-4-carboxylic
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acid (MMTCA), and its adsorption properties have been determined. The ability

of this gel network to load MMTCA has been compared with those to uptake of
aspirin and riboflavin. Competitive loading from mixed solutions has shown that
MMTCA is selectively uptake relative to aspirin and riboflavin. The results have
been explained by analyzing different structural factors including the ability of
hydroxyl and carboxyl groups to form hydrogen bonds with the gel network, as well
as stereo-shape aspects of the uploaded compounds.

Glycol chitosan functionalized with methacrylate groups can generate a hydrogel
network in the presence of riboflavin under exposure to visible blue light [58, 59]. The
gelation can occur in situ; therefore, this system can be considered for applications
in tissue engineering. The chitosan hydrogel can incorporate chondroitin and type II
collagen—two components of the cartilaginous ECM that can themselves be used as
scaffolds for tissue engineering. In this way, the instability and rapid enzymatic degra-
dation of these ECM components are reduced. This chitosan-based hydrogel supports
the growth of chondrocytes [58], and the incorporation of collagen and chondroitin
sulfate increases chondrogenesis and favors cellular condensation [59]. The chitosan
hydrogel described is stable if incubated at body temperature for 42 days in the absence
of lysozyme but is degraded in the presence of lysozyme at concentrations that are
found in human cartilage (up to 3 mg/g) [59]. Chondroitin and collagen II are retained
into the hydrogel during the incubation time, although initially a small quantity has
been released. All these results recommend this chitosan derivative hydrogel as a
biomaterial that can find biomedical applications in cartilage regeneration.

Functionalization of natural polysaccharides with high occurrence in different
tissues can generate biomaterials that have a stronger adhesion to body tissues. In
this sense, Donnelly et al. [60] have reported the photo-hydrogelation of tyramine-
derivatized hyaluronate by UV exposure in the presence of various concentrations
of riboflavin. The network of hydrogel is the result of cross-linking processes
following the reactions depicted in Figure 5. Functionalization of hyaluronate with
aromatic residues of tyramine allows a hydrophobic interaction with the tyrosine
residues of collagen from ECM. Although the material is not suitable for cell
encapsulation, it can be used for various other applications like filling small fissure
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Figure 5.

Schematic representation of photo-cross-linking of TA-polymer in the presence of riboflavin.
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defects, ensuring an interface between osteochondral grafts and host tissues in
order to prevent edema, or acting as glue between the graft and the tissue.

The chitosan/riboflavin pair can be used in filling demineralized dentin sub-
strates, due to the ability of riboflavin to generate, under UV light, radicals that
initiate the cross-linking of collagen fibrils from dentin and chitosan. Fawzy et al.
[61] have studied in detail the changes in dentin morphology by treating demineral-
ized dentin with chitosan solutions in various concentrations, in the presence of
riboflavin, over a period of 6 months. Their results showed improved mechanical
properties of dentin and an enhanced stability of the collagen network.

Hyaluronic acid, as biocompatible polymer, is often used in drug formulations.
Derivatives of hyaluronic acid such as methacrylate hyaluronic acid and thiolated
hyaluronic acid are also biocompatible. In the presence of riboflavin and blue light
(458 nm), slow gelation occurs [62], a process that has a different kinetic compared to
the system described in Ref. 45. The induced gelation in a solution of these two hyal-
uronic derivatives occurs in 15 min at body temperature, and this delay in reaching the
gel state can be exploited for in situ applications in ophthalmology and stomatology.
The systems were characterized by rheological methods and FT-IR, and the ability
to encapsulate and release bovine serum albumin and their cyto-compatibility were
tested. Interestingly, in the absence of thiolated hyaluronic acid, the gelation process
does not occur, while in the absence of riboflavin and light, the transition from sol to
gel occurs even slower (in 24 h), and the resulting gel is weaker (the gel moduli have
lower values). The gelation process is the result of two reactions: the oxidation of thiol
groups leading to the formation of disulfide bonds (evidenced by IR spectroscopy)
and the addition of the thiol group to the double bond of the methacrylate group.

A similar gel was obtained by reaction of methacrylated dextran with L-arginine
in the presence of riboflavin, L-arginine initiating the photo-cross-linking [63]. The
authors found that the riboflavin concentration influences the rate of gelation, an
optimum value being in the range 0.2-1.0 wt%. At low riboflavin concentration,
the resulting materials are brittle, while at higher concentration, they are compli-
able. The pH also affects the gelation process, a neutral pH being more favorable.
The presence of arginine was essential as cross-linker, since gelation did not occur
in its absence. The concentration of arginine was found to influence the properties
of the gel. Thus, the weight ratio of arginine/methacrylate precursor in the range
0.8-1.2 led to gels with desirable properties in terms of shape stability, stickiness,
and compliability. Microscopic images (SEM) indicated the honeycomb structure of
the hydrogel in the swollen state.

4, Conclusions

In conclusion, in this review, we presented the general pathways for the genera-
tion of reactive species in the presence of riboflavin and UV-Vis light. The use of
riboflavin as photoinitiator for polymerization processes presents the advantage of
it being nontoxic and biocompatible. The research papers mentioned in this review
also highlight the potential medicinal applications of gels formed in the presence of
riboflavin.
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