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ABSTRACT
Background: Riboflavin (Rb) has been used in the ophthalmological procedure known as corneal cross-
linking (CXL). Pathologies requiring this treatment include keratoconus, corneal ectasia, and infectious 
keratitis. Rb is instilled via different molecules that are transported into the tissues. However, each vehicle 
imparts different properties that alter the photodynamic behavior of Rb, leading to variable concentrations 
of free radicals within the medium. The objective of this study was to measure the concentrations of free 
radicals produced by commonly used Rb formulations. To determine the free radical production level of each 
formulation, L-tryptophan (L-Tryp) was used as a model substrate because it can be efficiently photo-oxidized. 
Methods: We investigated the photodegradation of L-Tryp and its kinetics upon light exposure. The 
spectra were recorded using a Shimadzu UV-1800 PC spectrophotometer and a Cary Eclipse fluorescence 
spectrophotometer. A high-power solid-state LED light source was used for irradiation. L-Tryp degradation 
was performed using a 9-W LED lamp, and steady-state photolysis was conducted in quartz cells. The 
observed rate constants for L-Tryp degradation were determined by analyzing the changes in absorbance and 
fluorescence intensity. Data analysis was performed using Origin software.
Results: We examined the characteristics of the photophysical and photodynamic action of the carriers in 
different commercially available Rb formulations. These included a) Rb with dextran, b) Rb without dextran, 
c) VibeX Rapid® (hydroxypropylmethylcellulose as a vehicle), d) Trans-Epithelial Kit (I) (sodium chloride 
as a vehicle), and e) Trans-Epithelial Kit (II) (benzalkonium chloride as a vehicle), using L-Tryp as a model 
substrate, and focusing on absorption and emission spectra. VibeX Rapid® exhibited the highest photo-
degradation constant. The study affirmed the stability of Rb formulations for CXL and highlighted the efficacy 
of VibeX Rapid® in L-Tryp photo-oxidation and this rationalizes its current use as a CXL agent.
Conclusions: We demonstrated that formulations for transport of Rb are of crucial importance in CXL 
applications. Rb in the VibeX Rapid® formulation is more effective in generating photo-degradation, and 
this reflects its superior performance in CXL. Future experiments should be designed and conducted to 
quantitatively differentiate the production of free radicals. Studies involving human participants could shed 
light on the clinical efficacy and safety of the available Rb formulations.
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INTRODUCTION
Riboflavin (Rb) is a photosensitive drug used to treat keratoconus, infectious keratitis, and corneal ectasias 
through a procedure known as corneal cross-linking (CXL) [1]. When Rb is irradiated with ultraviolet A (UVA) 
light, it excites and produces free radicals that catalyze the formation of additional covalent bonds between 
corneal collagen molecules [2]. 

Usually, CXL is performed using the Dresden protocol [3]. It consists of instilling one drop of Rb in the eye 
every 2 min for 30 min and then applying it at the same frequency for 30 min while irradiating the cornea with a 
UVA lamp. If both eyes must be simultaneously treated (as in cases of bilateral keratitis or keratoconus [4]), the 
treatment lasts for approximately 2 h. This generates fatigue in the patient and the health care team. The newest 
Rb formulations provide superior diffusion through the tissue in less time, and the newest UVA equipment can 
radiate more UVA light in less time, thereby shortening the treatment time to a few minutes [2].

In addition, owing to its physicochemical properties, Rb is a candidate for iontophoresis-assisted transepithelial 
administration. This is because Rb is a relatively small molecule, negatively charged at physiological pH, and 
soluble in water [5]. Currently, various Rb formulations are produced in the pharmaceutical industry. All have 
the same Rb molecule but differ in their distinct carriers. These different vehicle properties result in variable 
diffusion capacities for Rb in the corneal tissue [6, 7]. 

In this work, based on the premise that Rb formulations are excited by UV light [8] and facilitate energy 
transfer by generating reactive oxygen species and singlet oxygen (1O2), we aimed to measure the amount of 
free radicals produced by each formulation. Although there are several techniques to determine how much each 
formulation produces, the use of L-tryptophan (L-Tryp) is noteworthy. This substrate can be efficiently photo-
oxidized by both type I and type II reaction mechanisms in the presence of a photosensitizer [9, 10]. 

We believe that with a better understanding of the behavior of different Rb formulations, the most appropriate 
one can be selected based on parameters such as lesion severity, required treatment duration, corneal depth, 
endothelial count, corneal thickness, and identity of microorganisms. According to the reviewed literature, there 
is currently no research that has analyzed and compared the photophysical and photodynamic behaviors of 
different Rb formulations available on the market. For this study, we analyzed the following formulations: a) 
Rb with dextran [11], b) Rb without dextran [11], c) VibeX Rapid® (hydroxypropylmethylcellulose [HPMC] 
as a vehicle) [12], d) Trans-Epithelial Kit (I) (sodium chloride as a vehicle), and e) Trans-Epithelial Kit (II) 
(benzalkonium chloride as a vehicle) [13] (Table 1). We analyzed the photophysical and photodynamic actions 
of the different carriers in commercially available Rb formulations, using L-Tryp as a model substrate.

METHODS
This study was approved by the Ethics Committee of the Instituto de la Vision del Cerro de las Rosas, Sanatorio 
Allende-Sede Cerro, Cordoba, Argentina.

In this study, absorption spectra were recorded on a Shimadzu UV-1800 PC spectrophotometer (Shimadzu 
Corporation, Tokyo, Japan) in the 200 – 800 nm wavelength range using 1-cm path length quartz cells. 
Fluorescence spectra were recorded on a Cary Eclipse fluorescence spectrophotometer (Agilent Technologies, 
CA, USA) with a Peltier temperature controller set at 25.0°C [14]. 

The UV-visible light source used for irradiation was a high-power solid-state LED light source (COLOR 
XNES LUSTROUS, Green Technology of Lighting, Taiwan) equipped with a 9-W LED lamp. The light intensity 
at the treatment site was 0.05 mW/cm2 (SE-9087 Digital Light Meter, Extech Instruments, Nashua, NH, USA) 
[15].

The photo-oxidation of L-Tryp is used as a substrate model for potential target compounds of biological interest. 
This substrate can be efficiently photo-oxidized by both type I and type II reaction mechanisms [9, 10, 16]. All 

Table 1. Riboflavin formulations

Drug name Pharmaceutical company Composition

Riboflavin with dextran
Farmacia Magister, Buenos Aires, 
Argentina

0.1% riboflavin solution

Riboflavin without dextran
Farmacia Magister, Buenos Aires, 
Argentina

0.1% riboflavin solution

VibeX Rapid® (hydroxypropylmethylcellulose as a vehicle) Avedro, Inc., Waltham, MA, USA 0.1% riboflavin solution

Trans-Epithelial Kit (I) (sodium chloride as a vehicle) Avedro, Inc., Waltham, MA, USA 0.22% riboflavin solution

Trans-Epithelial Kit (II) (benzalkonium chloride as a vehicle) Avedro, Inc., Waltham, MA, USA 0.25% riboflavin solution
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chemicals were obtained from Sigma-Aldrich (Milwaukee, WI, USA) (L-Tryp) and commercial sources (Rb: 
Generic and Avedro) (VibeX Rapid® Avedro, Inc., Waltham, MA, USA) (Table 1) and were used without 
further purification. The solvents (GR grade) were obtained from Merck (Darmstadt, Germany) and distilled. 
Ultrapure water was obtained using Labconco (Kansas City, MO, USA) equipment model 90901-01.

L-Tryp degradation was carried out with a 9-W (400 nm-Δ14 nm) LED lamp, high-power solid-state LED 
light source COLOR XNES LUSTROUS (Green Technology of Lighting) in a device with a cuvette holder and 
adjustable distance. Measurements were performed every 60 s during irradiation.

For steady-state photolysis, solutions of L-Tryp (7.35 mM) and the same concentrations of the five Rb 
formulations were irradiated in 1-cm path length quartz cells (2.5 mL) with light at λmax = 400 nm from the 9-W 
LED. The light fluence rate was determined as 0.05 mW/cm2. The kinetics of L-Tryp oxidation were studied by 
following the decrease in absorbance (A) at λmax = 218 nm and the fluorescence intensity (F) at λmax = 362 nm. 

The observed rate constants (kobs), corresponding to L-Tryp degradation in terms of decay, were obtained 
by a linear least-squares fit of the semi-logarithmic plot of ln A0/A or ln F0/F versus time [16]. The data were 
processed using OriginPro 9.0 (64-bit) Version 2022 (OriginLab Corporation, Northampton, MA, USA).

RESULTS
The L-Tryp and Rb absorption spectra were measured in Milli-Q water to determine the wavelength at which 
the L-Tryp decay reading was obtained. Figure 1A illustrates that the band at 218 nm (L-Tryp) was appropriate 
for following photodegradation, and Figure 1B displays the absorption spectra of the different Rb formulations. 

The λmax absorption values are presented in Table 2. The Rb formulations were irradiated at 400 nm, and 
the UV spectrum was measured every 60 s to follow the decay of the band at 218 nm (Figure 2A). In Figure 2, 
a significant correlation with decay as a function of time, corresponding to L-Tryp degradation (by both type 
I and type II mechanisms), was observed. Subsequently, a pseudo-first order kinetic graph (Figure 2B) was 

Figure 1. (A) Absorption spectra of Rb without dextran (−), L-Tryp (---), and water (•••). (B) Absorption spectra of different 
formulations of Rb (Table 1): − VibeX Rapid®, − Trans-Epithelial Kit (I), − Trans-Epithelial Kit (II), − Rb with dextran, and − Rb 
without dextran. Abbreviations: nm, nanometers; Rb, riboflavin; L-Tryp, L-tryptophan.

Table 2. Spectroscopic data for the Rb formulations tested, along with kobs with L-tryp

Rb formulation Name
Rb 
Concentration 
(%)

Absorption 
λmax (nm)

Emission 
λmax (nm)

Kinetic Absorption 
Measurement
kobs (s-1M-1)

Kinetic Emission 
Measurement
kobs (s-1M-1)

Rb with dextran Generic 0.1 266 525 3.44 × 10 -4 -

Rb without dextran Generic 0.1 266 - 525 3.35 × 10 -4 -

Rb/HPMC VibeX Rapid® (Avedro) 0.1 266 525 8.66 × 10 -4 6.7 × 10 -4

Rb/NaCl
Trans-Epithelial Kit (I) 
(Avedro)

0.22 266 - 525 7.77 × 10 -4 4.06 × 10 -4

Rb/BAC
Trans-Epithelial Kit 
(II) (Avedro)

0.25 266 525 6.97 × 10 -4 3.27 × 10 -4

Abbreviations: Rb, riboflavin; nm, nanometers; HPMC, hydroxypropylmethylcellulose; NaCl, sodium chloride; BAC, 
benzalkonium chloride. Note: λmax, absorption and emission wavelength; kobs, observed rate constants.
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constructed to obtain the kobs degradation constants from the slope. The values obtained for each Rb formulation 
are listed in Table 2.

The degradation of L-Tryp was then evaluated by fluorescence, following the emission band of L-Tryp at 362 
nm, where the effect of the different Rb values was observed (Figure 3A). The slopes observed for the different 
Avedro formulations are presented in Figure 3B, and the corresponding kobs values are presented in the Kinetic 
Emission Measurement column in Table 2.

Both experiments followed by UV absorption and emission displayed the same trend, while formulations 
with or without dextran (generic) demonstrated no noticeable changes in their constants. The other three 
formulations (Avedro) were affected, and VibeX Rapid® had the highest photo-degradation constant (Table 2). 

The different Rb formulations used for CXL showed no changes in absorption or emission maxima. Figure 3A 
presents an example of fluorescence decay (in this case, Vibex Rapid®); the other formulations displayed similar 
behavior. This confirms that Rb remained unchanged and in its monomeric state throughout the experiment.

The photoprocess followed first-order kinetics with respect to L-Tryp concentration, as shown in Figure 3A 
for [L-Tryp] = 25 µM. From the plots in Figure 3B, the values of kobs L-Tryp were calculated for VibeX Rapid®, 
Trans-Epithelial Kit (I), and Trans-Epithelial Kit (II). The results displayed in Table 2 indicate lower kobs 
L-Tryp values for Trans-Epithelial Kit (II) (3.27 × 10-4 s-1 M-1) and Trans-Epithelial Kit (I) (4.06 × 10-4 s-1 M-1) 
in comparison with that observed for VibeX Rapid® (6.7 × 10-4 s-1 M-1). These results show that Rb in the VibeX 
Rapid® formulation is more effective in generating photo-degradation, and this rationalizes its current use as a 
CXL agent. 

Figure 2. (A) Absorption spectra of Rb (Mg) and L-Tryp, inside decay at 218 nm. The inset image represents a magnification 
of the 200 – 240 nm region. (B) First-order plots for the photo-oxidation of L-Tryp photosensitized by Rb (Mg) in water. 
Abbreviations: nm, nanometers; s, seconds; Rb, riboflavin; L-Tryp, L-tryptophan; Mg, Magister.

Figure 3. (A) Emission spectra of VibeX Rapid® at 362 nm. (B) First-order plots for the photo-oxidation of L-Tryp photosensitized 
by (−•−) VibeX Rapid®, (−•−) Trans-Epithelial Kit (I), and (−•−) Trans-Epithelial Kit (II) (Table 1) in water. Abbreviations: nm, 
nanometers; au, arbitrary units; Ln(F0/Ft), natural logarithm of (F0/Ft); s, seconds; Rb, riboflavin; L-Tryp, L-tryptophan.
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DISCUSSION

Our research team has long investigated the photochemical behavior of Rb and other substances in relation to 
UV light from CXL [17]. We analyzed how different Rb formulations reacted to UV irradiation under the same 
experimental conditions. All Rb formulations reacted with L-Tryp and degraded it in different ways. However, 
the Rb VibeX Rapid® formulation, containing HPMC, was exceptional [18]. Moreover, Trans-Epithelial Kit (I) 
and Trans-Epithelial Kit (II) continued in the order of reactivity against the model substrate L-Tryp.

Some authors argue that, unlike Rb with dextran, which causes corneal thinning, Rb combined with HPMC 
stabilizes intraoperative corneal thickness, preventing damage to the endothelium [19-21]. Another feature 
of this Rb solution is its rapid diffusion compared to that of Rb with dextran [22]. This more efficient tissue 
diffusion accelerates the CXL process by adjusting the power of UVA radiation and the exposure time [23]. Our 
results indicate lower kobs L-Tryp values for Trans-Epithelial Kit (II) and Trans-Epithelial Kit (I) compared to 
that of VibeX Rapid®, indicating that Rb in the VibeX Rapid® formulation is more effective in generating photo-
degradation, and this justifies its current use as a CXL agent.

The new concept of accelerated CXL [24] includes UVA pulses, allowing the type II photochemical 
mechanism to be constantly restarted [25], and an additional concentration of oxygen allows a greater release 
of 1O2 to interact with collagen molecules. Oxygen depletion has been proposed as a reason for the formation 
of new covalent junctions [26, 27]. Many authors argue that the medium in which Rb is delivered is essential 
to shorten the exposure time and improve the cost-effectiveness of CXL [28, 29]. In the current study, the 
performance of VibeX Rapid® was superior to that of the other formulations.

The photochemistry of Rb, which breaks down into lumiflavin and lumichrome [30], is well understood, 
and these products are nontoxic to humans [31]. Rb and its breakdown products interact with DNA, making this 
system attractive for photodisinfection and pathogen reduction [32]. The highest photodegradation constant 
we observed was that of VibeX Rapid®.

Previous studies have evaluated changes in corneal thickness during CXL performed using isotonic Rb 
solution with and without dextran; the use of Rb solution without dextran caused a steady increase in corneal 
thickness during the procedure [11]. Similarly, some published studies have demonstrated no significant decline 
in corneal thickness after CXL using Rb with HPMC compared to Rb with dextran [19]. In the experiment 
developed for our research, all the Rb formulations had similar behavior; however, VibeX Rapid® performed 
superiorly and produced a greater amount of 1O2.

The pharmaceutical industry is continually developing new Rb formulations that may be marketed in the 
next few years. Among these, Rb combined with cyclodextrin derivatives provides even greater penetration and 
permeability [33]. In the future, the characteristics of new formulations of Rb may exceed those of VibeX Rapid® 
[34]; therefore, new studies will certainly be necessary. Importantly, there are various methods to measure 
the ability of a substance to produce free radicals and degrade L-Tryp, and they could provide information of 
great scientific value [35]. In the current study, the observed rate constants, or kobs, corresponding to L-Tryp 
degradation observed as decay, were obtained by a linear least-squares fit of the semi-logarithmic plot of ln A0/A 
or ln F0/F versus time [36].

The study failed to involve human participants to investigate the clinical efficacy and safety of the available 
Rb formulations. One of the strengths of this work is its uniqueness; no other studies have conducted or 
documented a series of experiments such as those of our research group. This knowledge could make significant 
contributions to the fields of ophthalmology and photodynamics. Future experiments should be designed and 
conducted to quantitatively differentiate the levels of free radical production. 

CONCLUSIONS

This study underscores the critical significance of the Rb transport formulations used in CXL. Specifically, we 
observed that VibeX Rapid®, Trans-Epithelial Kit (I), and Trans-Epithelial Kit (II) promote the degradation 
of L-Tryp to a greater extent than that of generic Rb. Rb in the VibeX Rapid® formulation is more effective 
in generating photo-degradation, and this reflects its superior performance in CXL. The transport of Rb is of 
paramount importance, as it dictates the presence of Rb at the site of action, ultimately influencing treatment 
outcomes that should be investigated in future clinical trials. 
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