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Corneal crosslinking (CXL) is the recognized technique to strengthen corneal
collagen fibers through photodynamic reaction, aiming to halt progressive and
irregular changes in corneal shape. CXL has greatly changed the treatment for
keratoconus (KCN) since it was introduced in the late 1990’s. Numerous
improvements of CXL have been made during its developing course of more
than 20 years. CXL involves quite a lot of materials, including crosslinking agents,
enhancers, and supplements. A general summary of existing common crosslinking
agents, enhancers, and supplements helps give a more comprehensive picture of
CXL. Either innovative use of existing materials or research and development of
new materials will further improve the safety, effectiveness, stability, and general
applicability of CXL, and finally benefit the patients.
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1 Introduction

Collagen crosslinking refers to a method to increase collagen strength through chemical
formation of covalent bonds between polypeptide chains of collagen molecules, or between
collagen molecules and collagen fibrils. The benefits of collagen crosslinking have been well
documented in industry, bioengineering, and stomatology (Hardan et al., 2022; Wang et al.,
2023). In ophthalmology, corneal crosslinking (CXL) is mainly used in the treatment of
dilated corneal diseases, such as keratoconus (KCN), pellucid marginal corneal degeneration
(PMD), and iatrogenic keratectasia, in which KCN has been the most common by far.

Cornea is the protective outer layer of the eye, which not only serves as a barrier against
external objects but also themain contributor to total refractive power. The peripheral part of
the cornea is the thickest, and it becomes thinner toward its center. Microstructurally, the
cornea is organized in five layers, which from superficial to deep are corneal epithelium,
Bowman’s membrane, corneal stroma, Descemet’s membrane, and corneal endothelium.
The epithelial tight junctions constitute the principle barrier to outside substances to cross
the corneal epithelium through the paracellular pathway in a regulated way (Leong and
Tong, 2015). The regular packing of corneal collagen with a proteoglycan-rich matrix helps
to maintain the corneal transparency, and the bonds between the polymeric chains of
proteins serve to increase corneal strength and its resistance against mechanical degradation
and deformation (Vohra et al., 2023).

Corneal ectasia refers to a process of progressive corneal thinning with stromal collagen
matrix alterations, leading to irregular protrusion of the cornea and further visual loss. KCN is a
congenital developmental abnormality characterized by localized corneal curvature elevation and

OPEN ACCESS

EDITED BY

Ioannis Aslanides,
Emmetropia Mediterranean Eye Institute,
Greece

REVIEWED BY

Kunpeng Pang,
Shandong University, China
Jianxun Ding,
Chinese Academy of Sciences (CAS),
China

*CORRESPONDENCE

Hongbo Yin,
hongbo_yin@163.com

RECEIVED 31 May 2023
ACCEPTED 21 September 2023
PUBLISHED 29 September 2023

CITATION

Qin D, Han Y, Wang L and Yin H (2023),
Recent advances in medicinal
compounds related to
corneal crosslinking.
Front. Pharmacol. 14:1232591.
doi: 10.3389/fphar.2023.1232591

COPYRIGHT

© 2023 Qin, Han, Wang and Yin. This is an
open-access article distributed under the
terms of the Creative Commons
Attribution License (CC BY). The use,
distribution or reproduction in other
forums is permitted, provided the original
author(s) and the copyright owner(s) are
credited and that the original publication
in this journal is cited, in accordance with
accepted academic practice. No use,
distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Pharmacology frontiersin.org01

TYPE Review
PUBLISHED 29 September 2023
DOI 10.3389/fphar.2023.1232591

https://www.frontiersin.org/articles/10.3389/fphar.2023.1232591/full
https://www.frontiersin.org/articles/10.3389/fphar.2023.1232591/full
https://www.frontiersin.org/articles/10.3389/fphar.2023.1232591/full
https://crossmark.crossref.org/dialog/?doi=10.3389/fphar.2023.1232591&domain=pdf&date_stamp=2023-09-29
mailto:hongbo_yin@163.com
mailto:hongbo_yin@163.com
https://doi.org/10.3389/fphar.2023.1232591
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org/journals/pharmacology#editorial-board
https://www.frontiersin.org/journals/pharmacology#editorial-board
https://doi.org/10.3389/fphar.2023.1232591


corneal stroma thinning. KCN usually occurs during adolescence with
heterogeneous progression rate, and stablizes in middle age. It is
estimated that the prevalence and incidence rates of KCN are 0.2-
4790/100000 and 1.5-25/100000 persons per year, respectively
(Santodomingo-Rubido et al., 2022). Environmental and genetic
factors are known as the major risk factors (Ferrari and Rama,
2020), but the specific pathogenesis of KCN remains poorly
understood. Continuous development and improvement of
therapeutic strategies have been made. In early stages of KCN,
patients are suggested to wear rigid gas permeable (RGP) lenses to
control the progression of the disease, while they have to receive corneal
transplantation in the advanced stages. Hopefully, the advent of CXL
provides progressive KCN patients a novel therapeutic approach to
effectively impede the development of the disease (Figure 1).

Wollensak et al. first reported the clinical efficacy of riboflavin-
ultraviolet A (RF-UVA) CXL in keratoconus patients in 2003, which
was proved efficient to reduce corneal curvature, prevent disease
progression, and improve visual acuity (Wollensak et al., 2003). RF-
UVA CXL was proved to be safe and effective in stabilizing
progressive KCN or corneal ectasia within 12 months in the US
multicenter trials (Greenstein and Hersh, 2021). The conventional
RF-CXL takes more than 30 min, which is likely to cause corneal
dehydration, intraoperative thinning, and consequent infectious
complications (Evangelista and Hatch, 2018; Agarwal et al.,
2022). To mitigate those risks, accelerated irradiation protocols
(A-CXL) with shorter treatment time and higher UVA intensities
has been developed. Additionally, high oxygen consumption and
subsequent corneal stromal hypoxia caused by continuous UVA
illumination might affect crosslinking efficacy. Pulsed A-CXL has
therefore been developed to replenish oxygen by withdrawing UVA
illumination at intervals. Yet more evidence is needed for their long-
term efficacy and stability.

Significantly, epithelial debridement is required in conventional
RF-CXL to improve the corneal penetrability of riboflavin, which
increases the incidence of some major complications, including
postoperative pain, delayed corneal epithelial healing, infectious
keratitis, corneal opacity, and abnormal wound-healing response.
Under the condition of corneal dehydration and corneal thinning,
epithelium-off (epi-off) CXL also increases the risks of corneal
endothelium, lens, and retina injuries caused by UVA light
(Evangelista and Hatch, 2018; Agarwal et al., 2022). To prevent
the complications above, great efforts have been made to minimize
the corneal exposure to UVA light and avoid corneal epithelial
removal. Hence, multifarious strategies to enhance the corneal
penetrability of crosslinking agents in epithelium-on (epi-on)
CXL and various corneal crosslinking agents other than
riboflavin have been developed. Intriguingly, most measures
involve the application of novel materials (Figure 2). In this case,
here we aim to summarize existing common crosslinking agents,
enhancers, and supplements, and demonstrate their characteristics,
advantages, and limitations, trying to provide a reference for the
development of promising materials in improving CXL efficacy and
safety.

2 CXL agents

Photosensitizer is the key element in the procedure of CXL,
and riboflavin is the most widely used one. Spoerl et al. first
described RF-UVA CXL on porcine cornea in 1998, and they
pointed that RF-UVA CXL could stiffen the stromal collagen
fibers (Spoerl et al., 1998). Then Wollensak et al. reported the
clinical efficacy of RF-UVA CXL in keratoconus patients in 2003,
and they indicated that RF-UVA CXL could reduce corneal
curvature, prevent disease progression, and improve visual
acuity (Wollensak et al., 2003). The clinical value of this novel
therapeutic technique has been confirmed by numerous clinical

FIGURE 1
The current treatment strategies for stable and progressive KCN
patients. (The Figure was partly generated using Servier Medical Art,
provided by Servier, licensed under a Creative Commons Attribution
3.0 unported license).

FIGURE 2
The medicinal compounds related to CXL, including CXL agents,
enhancers, and supplements. (The Figure was partly generated using
Servier Medical Art, provided by Servier, licensed under a Creative
Commons Attribution 3.0 unported license).
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trials (Raiskup et al., 2015; Hersh et al., 2017). Meanwhile, many
other photosensitizers have been extensively studied, providing a
variety of alternatives to riboflavin. The advantages and
limitations of the CXL agents described below are summarized
in Table 1.

2.1 Riboflavin

Riboflavin, namely, vitamin B2, being a photoactivated
chromophore, is an ideal photosensitizer for its wide absorption
spectra. It is well tolerated even with full-body absorption.
Riboflavin absorbs energy and turns into excited state when
exposed to UVA light. Reactive oxygen species (ROS) generated
in this process promotecrosslinking by forming covalent bonds

between collagen molecules or fibrils. The light absorbing
capacity of riboflavin, meanwhile, reduces the risks of UVA light
injuries. Dresden protocol, using 0.1% riboflavin in 20% dextran
(402.7 mOsmol/L) and 3 mW/cm2 of UVA for 30 min, has been
approved by the United States Food and Drug Administration
(FDA) in 2016, which effectively treats anterior 300 μm of the
stroma.

Molecular weight being 376.37, it can be difficult for water-
soluble riboflavin to penetrate the tight junctions between corneal
epithelial cells. To improve the corneal penetrability of riboflavin,
the standard surgical procedure, epi-off CXL, requires removal of
corneal epithelium. Despite better clinical efficacy, epi-off CXL
increases the incidence of the complications resulted from
epithelial debridement and decreased corneal thickness
(Evangelista and Hatch, 2018; Agarwal et al., 2022).

TABLE 1 The advantages and limitations of existing CXL agents.

CXL agent Advantages Limitations Mechanisms References

Riboflavin Effectiveness and stability Corneal epithelial removal and
subsequent complications

Generating ROS to form covalent
bonds between collagen molecules or

fibrils

Spoerl et al. (1998), Wollensak
et al. (2003), Raiskup et al. (2015),
Hersh et al. (2017), Evangelista
and Hatch (2018), Agarwal et al.

(2022)

Hypo-osmolar
riboflavin

Suitable for thin corneas less than
400 μm

Corneal epithelial removal and
subsequent complications

Thickening corneas to protect corneal
endothelium and intraocular tissues

Nassaralla et al. (2013), Koc et al.
(2016), Wollensak and Sporl

(2019), Akkaya et al. (2020), Singh
et al. (2020), Yurttaser Ocak and
Mangan (2021), Celik Buyuktepe
and Ucakhan (2022), Salimi et al.

(2022)

Genipin Rapidness and strong operability Corneal epithelial removal and
subsequent complications

Generating ROS to form covalent
bonds between collagen molecules or

fibrils

Avila et al. (2012), Dias et al.
(2015), Avila et al. (2016), Song
et al. (2017), Song et al. (2019),
Tang et al. (2019), Song et al.

(2021)

FARs & BNAs Intact corneal epithelium, water
solubility and good permeability

Potential toxicity and absence of
clinical evidence

Generating ROS to promote DNA-
DNA and DNA-protein crosslinking

Paik et al. (2009), Paik et al. (2010),
Li et al. (2013), Wen et al. (2013),
Li et al. (2014), Babar et al. (2015)

Rose Bengal Time-efficient, and suitable for thin
corneas less than 400 μm

Absence of clinical evidence Singlet oxygen and electron transfer Cherfan et al. (2013), Bekesi et al.
(2016), Fadlallah et al. (2016), Zhu
et al. (2016), Bekesi et al. (2017),
Lorenzo-Martin et al. (2018),

Wang et al. (2018), Wertheimer
et al. (2019), Gao et al. (2022)

WST11 Capable to treat corneas of any
thickness with excellent safety and

efficacy

Absence of clinical evidence Generating ROS to form covalent
bonds between collagen molecules or

fibrils

Brekelmans et al. (2017a),
Brekelmans et al. (2017b), Hayes

et al. (2020)

Tgases Effectiveness and safety Absence of clinical evidence Inducing new peptide bonds between
collagen molecules

Wu et al. (2019), Wu et al. (2020),
Wu et al. (2022)

NHS, CS, and
EDCI

Intact corneal epithelium and low
toxicity

Absence of clinical evidence Activating carboxylate groups to react
with primary amine residues on amino
acids by forming either O-acylisourea

or N-hydroxysuccinimidyl-ester
intermediates

Wang et al. (2017), Haneef et al.
(2021)

Ru Biocompatibility and superior
biomechanical results

Only two studies Covalently crosslinking free tyrosine,
histidine, and lysine groups under

visible light (400-450 nm)

Thangavel et al. (2019), Gulzar
et al. (2022)

Verteporfin Effectiveness Only one study Generating ROS under a non-thermal
laser (698 nm) light without the

production of heat

Alageel et al. (2018)
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2.2 Hypo-osmolar riboflavin

Generally, the requirement of corneal thickness in original CXL
is no less than 400 μm. To expand the application scope, various
modifications to the formulation of conventional RF-UVA CXL
have been proposed. Hypo-osmolar riboflavin has been used to
artificially thicken corneas prior to crosslinking. The corneas can
swell up to double its thickness when exposed to the hypo-osmolar
riboflavin solution. The swelling effect of hypo-osmolar riboflavin
seemed to be short-acting, thus corneal thickness should be
monitored throughout CXL procedure (Nassaralla et al., 2013).
Despite some evidence supporting potential endothelial cell loss
(Yurttaser Ocak and Mangan, 2021), CXL using hypo-osmolar
riboflavin solution was proved to halt KCN progression safely
and efficiently in thin corneas (Koc et al., 2016; Wollensak and
Sporl, 2019; Akkaya et al., 2020; Singh et al., 2020; Salimi et al., 2022).
The safety and efficacy of hypo-osmolar riboflavin CXL were similar
to those of standard CXL during 3-year follow-up (Celik Buyuktepe
and Ucakhan, 2022).

2.3 Genipin

Genipin is a bioactive substance extracted from Gardenia
jasminoides Ellis fruits, with multiple biological functions
including antitumor, anti-inflammation, immunosuppression, and
antithrombosis. As a natural crosslinking agent, Genipin
inducescrosslinking by reacting with the amino acid chains or
proteins. In ophthalmology, Genipin has been used in
crosslinking on cornea and sclera (Xue et al., 2018).

Genipin crosslinking (GP-CXL) produced significant
crosslinking effect with no toxicity (ex vivo rabbit) (Avila et al.,
2016), which was equivalent to that of Dresden protocol (Dias et al.,
2015). GP-CXL was proved safer than RF-UVA CXL in a 24-h
observation, in which the concentration of genipin was 0.2% (Song
et al., 2017) (in vivo rabbit). Another short-term safety evaluation
revealed that GP-CXL could be considered low toxicity when the
concentration of genipin was lower than 0.25% (Song et al., 2019)
(ex vivo rabbit). A relatively long-term investigation indicated that
0.25% genipin enhanced the biomechanical properties of rabbit
corneas 14 days after CXL with low toxicity (Tang et al., 2019).
Lately, Ali Fadlallah et al. described a novel crosslinking method by
immersing 0.25% genipin solution with a vacuum ring for 5 min
after epithelial removal. This method possessed the features of
safety, rapidness and strong operability, but was greatly affected
by the preservation of corneal epithelium. Genipin CXL showed
better endothelial safety than RFlavin-UVA CXL from a 2-week
observation (Song et al., 2021), but there was no difference in the
elevation of intraocular pressure (Avila et al., 2012).

In conclusion, GP-CXL provides an ideal option for thin corneas
with keratectasia.

2.4 Formaldehyde-releasers (FARs) and
aliphatic β-nitroalcohols (BNAs)

FARs are usually used as broad-spectrum preservatives in a wide
variety of cosmetic and personal care products for their excellent

water solubility, wide pH tolerability, and long-lasting preservative
effect. Formaldehyde can rapidly penetrate into cellular
compartments and crosslink with DNA and proteins to preserve
their structures. As a very common crosslinking agent,
formaldehyde is widely used in the production of resins, rubber,
etc. Natasha Babar et al. tested the crosslinking efficacy of five FARs
on intact cornea. The amount of formaldehyde released from each
FAR solution was pH- and concentration-dependent, and the
presence of tissue amines from corneas conduces to
formaldehyde release. It turned out that diazolidinyl urea (DAU)
and sodium hydroxymethylglycinate (SMG) presented significant
effectiveness with relatively low toxicity (Babar et al., 2015).

Aliphatic β-nitroalcohols (BNAs) are a class of compounds for
use as crosslinking agents. BNAs have good permeability owing to
small size and water solubility (Wen et al., 2013), have little impact
on light transmission (Paik et al., 2009), and have the function to
deliver formaldehyde with lower toxicity than formaldehyde (Li
et al., 2013). Compared with mono-nitroalcohols, higher order
nitroalcohols (HONAs) showed enhanced efficacy and stability
(Paik et al., 2010; Li et al., 2014).

Although promising, more evidence is needed to support the
safety and efficacy in applying FARs and BNAs to CXL.

2.5 Rose Bengal

Rose Bengal is a well-known diagnostic agent for ocular
surface damage. Rose Bengal and green light (RGX) is another
alternative to conventional RF-UVA CXL. RGX was previously
described to seal wounds in cornea and bond amniotic membrane
to ocular surface (Verter et al., 2011; Tsao et al., 2012). Daniel
Cherfan et al. firstly applied RGX to rabbit eyes to enhance
corneal stiffness (Cherfan et al., 2013). It’s safe, time-efficient,
and suitable for thin corneas less than 400 μm (Bekesi et al., 2016;
Zhu et al., 2016; Bekesi et al., 2017; Lorenzo-Martin et al., 2018;
Wang et al., 2018). RGX increased corneal resistance to digestion
by collagenase better than RF-UVA CXL (Fadlallah et al., 2016).
The photochemistry of Rose Bengal in cornea may diverge from
that of riboflavin since Rose Bengal associates tightly to collagen
while riboflavin diffuses freely. Singlet oxygen and electron
transfer are two mechanisms of RGX to take effect
(Wertheimer et al., 2019). Recently, the inclusion of 1.1%
HPMC in the formulation was proved helpful in maintaining
central corneal thickness during irradiation without affecting the
infiltration of Rose Bengal. The involvement of HPMC further
improved the clinical safety and efficacy of RGX (Gao et al.,
2022). In all, Rose Bengal provides an attractive approach to
stiffen corneas for inhibiting progression of KCN and other
ectatic disorders.

2.6 WST11

WST-11, also known as padeliporfin, is a vascular-acting
photosensitizer consisting of water-soluble, palladium-substituted
bacteriochlorophyll derivatives, with potential antineoplastic
activity. WST-11 can be activated locally when exposed to low-
power laser light, generating ROS.
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Arie L Marcovich et al. proved that WST-11 and dextran T-500
(WST-D) treatment upon near infrared (NIR) illumination
consistently resulted in significant and prolonged corneal
stiffening with minimal side effects. WST-D/NIR would not
fundamentally change the distribution pattern of collagen fibrils,
which further highlighted its safety (Hayes et al., 2020). Brekelmans
et al. (2017a) compressed the irradiation time to 1 min ex vivo and
5 min in vivo without affecting the stiffening effect, which saved the
corneas from prolonged exposure to NIR. WST-D/NIR is capable to
treat corneas of any thickness without endangering corneal
endothelium or deeper ocular structures. Long-term observation,
up to 8 months follow-up, revealed excellent safety and efficacy
characteristics of WST-D/NIR (Brekelmans et al., 2017b).

Promisingly, WST-D/NIR can be a safe alternative for patients
with advanced corneal thinning, especially for those who are
unsuited for RF-UVA CXL.

2.7 Transglutaminases (Tgases)

Based on the discovery that the expression levels of
transglutaminases (Tgases) would be elevated in human corneal
keratocytes treated with RF-UVA (Kopsachilis et al., 2013), Tgases
were found to successfully stiffen the cornea by inducing new
peptide bonds between collagen molecules, without obvious
toxicity to endothelium and keratocytes in the cornea (Wu et al.,
2019; Wu et al., 2020). Interestingly, topical application of
Transglutaminase 2 inducer, namely, retinol palmitate, could also
induce the reinforcement of the cornea (Wu et al., 2022).

2.8 N-hydroxysuccinimide (NHS),
chondroitin sulfate (CS), and 1-ethyl-3-(3-
dimethylaminopropyl) carbodi-imide HCl
(EDCI)

NHS, CS, and EDCI have been frequently used in tissue
engineering applications. CS-NHS CXL could reinforce the
corneal mechanics to nearly the same level of RF-UVA
treatment, where functionally modified CS in conjunction with
NHS formed crosslinks with collagens and proteoglycans in the
cornea. Beneficially, CS-NHS CXL downregulated the expression
level of proinflammatory genes and cause no obvious apoptosis in
keratocytes (Wang et al., 2017). Likewise, NHS/EDCI CXL showed a
similar corneal stiffening effect to 15-min conventional RF-UVA
treatment with the advantages of intact corneal epithelium and low
toxicity, which resulted from the reaction of carboxylate groups and
primary amine residues on amino acids by forming either
O-acylisourea or N-hydroxysuccinimidyl-ester intermediates
(Haneef et al., 2021). These methods might be of great
significance to the patients with more advanced disease and
thinner corneas.

2.9 Ruthenium (Ru)

Ruthenium (Ru) has been commonly used in tissue engineering
applications as an essential component of photoinitiator molecules.

The crosslinking effect of gold nanoparticles conjugated with
Ru(II) complexes (NCs) in the presence of persulfate was primarily
identified by Thangavel et al. (201). Lately, Ayesha Gulzar et al. have
proposed a new CXL method by using Tris (bipyridine) ruthenium
(II) ([Ru(bpy)3]2+) and sodium persulfate mixture under visible
light (430 nm). This system works by covalently crosslinking free
tyrosine, histidine, and lysine group on collagen chains in the
corneal stroma. This method advantages in multiple aspects such
as higher wavelength light, shorter application time, and increased
diffusion. Importantly, the crosslinking effect of this method is
superior to that of RF-UVA CXL (Gulzar et al., 2022).

2.10 Verteporfin

Photodynamic therapy (PDT) using verteporfin has been used
for the treatment of choroidal and corneal neovascularization.
Verteporfin with nonthermal laser therapy for 6 sequences has
been proved to increase corneal mechanical stiffness and
resistance to enzymatic collagenase degradation similar to those
induced by standard CXL, in which verteporfin is activated by a non-
thermal laser light (698 nm) through a photochemical reaction that
generates oxygen-free radicals without the production of heat
(Alageel et al., 2018).

3 Enhancers to promote the
penetration of CXL agents

3.1 Chemical enhancers

The most frequently used enhancers to promote the penetration
of CXL agents are a series of chemical compounds. Generally, they
are readily available and easy to use, but there are also troubles of
insufficient effectiveness and potential toxicity. The advantages and
limitations of the enhancers described below are summarized in
Table 2.

3.1.1 Benzalkonium chloride (BAC)
BAC is a commonly used preservative in ophthalmic

medications. BAC has been used to loosen the tight junctions
between corneal epithelial cells so as to enhance the penetration
of pharmaceutical agents. Anja Kissner et al. found that the
permeability of riboflavin solution containing 0.02% BAC in
intact corneas of rabbits was similar to that of standard
riboflavin solution in deepithelialized corneas (Kissner et al.,
2010). This finding was further proved by Frederik Raiskup et al.
and Aleksandar Stojanovic et al. subsequently (Raiskup et al., 2012;
Stojanovic et al., 2012). Although transepithelial CXL supplemented
with BAC showed less biomechanical effect compared with standard
CXL (Wollensak and Iomdina, 2009; Koppen et al., 2012; Gatzioufas
et al., 2016a), BAC combined with other chemical enhancers like
ethylenediaminetetraacetic acid (EDTA), trometamol (Tris), and
hydroxypropyl methylcellulose (HPMC), made transepithelial CXL
obtain satisfactory stiffening effect and greater endothelial safety
(Torricelli et al., 2014; Akbar et al., 2017; Heikal et al., 2017). The
corneal stiffness enhanced by BAC-EDTA CXL was found to be
more than twice that of standard Epi-off 2 months after the
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operation (Armstrong et al., 2013). Moreover, simultaneous
optimization of the oxygen environment, riboflavin formulation,
and UVA protocol might increase the effects of transepithelial CXL
to the greatest extent (Hill et al., 2020).

3.1.2 Tetracaine
Tetracaine was previously used by some clinicians to loosen the

epithelial tight junctions before CXL. Clinical efficacy of tetracaine-
enhanced epi-on CXL was confirmed in patients with bilateral
progressive KCN at 12 months (Chen et al., 2016). Although 1%
tetracaine administration seemed to be insufficient to permit the
penetration of riboflavin into the corneal stroma of porcine eyes
(Hayes et al., 2008), 0.5% tetracaine combined with 0.01% BAC
showed significantly increased permeability (Wen et al., 2013).
There were concerns that tetracaine might cause some severe
toxic effects (Gatzioufas et al., 2016b), yet negligible stromal cell
death was found tetracaine transepithelial CXL according to
Armstrong et al. (2013). Anyhow, sufficient evidence supporting
the short-term and long-term safety of tetracaine is needed for its
routine clinical use.

3.1.3 Ethanol
Ethanol was used to enhance corneal crosslinking by loosening

the tight junctions among corneal epithelial cells. Ethanol

application might not be adequate for transepithelial CXL
(Samaras et al., 2009; Ozmen et al., 2014), but it achieved
satisfactory effectiveness when assisted by iontophoresis, which
had a similar effect to standard CXL (Bilgihan et al., 2022).

3.1.4 Glutaraldehyde
Glutaraldehyde is a bifunctional aldehyde, and its two reactive

aldehyde groups (-CHO) can react with the amino groups (-NH2) of
primary amines nearby to form Schiff bases (-N=C-), which
increases the cornea’s mechanical stability. Glutaraldehyde
fixation could further increase the stiffness of organ-cultured
corneas on the basis of RF-UVA CXL (Knox Cartwright et al.,
2012). However, glutaraldehyde also further decreased corneal
hysteresis, which reflected the shock-absorbing capacity of
corneas (Labate et al., 2015), and it might be highly toxic to
normal cells (Kim et al., 2014).

3.1.5 Sodium iodide (NaI)
Rubinfeld et al. (2018) devised a novel transepithelial CXL

system, EpiSmart®epi-on, which consisted of a new transepithelial
riboflavin formulation with a NaI excipient and two sterile
proprietary applicators. This system was proved to significantly
enhance riboflavin concentration in corneal stroma through
intact corneal epithelium. This might be accomplished by

TABLE 2 The advantages and limitations of the chemical compounds to promote the penetration of CXL agents.

Chemical
enhancer

Advantages Limitations Mechanisms References

BAC Capable to promote the penetration
of riboflavin into the cornea without

epithelial removal

Inferior biomechanical
effect and potential toxicity

Loosen the tight junctions among
corneal epithelial cells

Wollensak and Iomdina (2009), Kissner
et al. (2010), Koppen et al. (2012), Raiskup
et al. (2012), Stojanovic et al. (2012),

Armstrong et al. (2013), Torricelli et al.
(2014), Gatzioufas et al. (2016a), Akbar
et al. (2017), Heikal et al. (2017), Hill et al.

(2020)

Tetracaine Potentially capable to promote the
penetration of riboflavin into the
cornea without epithelial removal

Undetermined penetration
enhancing effect and
potential toxicity

Loosen the tight junctions among
corneal epithelial cells

Hayes et al. (2008), Armstrong et al.
(2013), Wen et al. (2013), Gatzioufas et al.

(2016b), Chen et al. (2016)

Ethanol Potentially capable to promote the
penetration of riboflavin into the
cornea without epithelial removal

Insufficient penetration
enhancing effect and
potential toxicity

Loosen the tight junctions among
corneal epithelial cells

Samaras et al. (2009), Ozmen et al. (2014),
Bilgihan et al. (2022)

Glutaraldehyde Capable to promote the penetration
of riboflavin into the cornea without

epithelial removal

Decreased corneal
hysteresis and potential

toxicity

Form Schiff bases (-N=C-) Knox Cartwright et al. (2012), Kim et al.
(2014), Labate et al. (2015)

NaI Capable to promote the penetration
of riboflavin into the cornea without

epithelial removal

Small sample size and
uncertain long-term
efficacy and safety

Reduce riboflavin photodegradation Rubinfeld et al. (2018), Rubinfeld et al.
(2021), Epstein et al. (2022), Vaidya et al.

(2022)

Calcium chelating
agents

Capable to promote the penetration
of riboflavin into the cornea without

epithelial removal

Uncertain stability
especially for pediatric

patients

Undermine the integrity of tight
junctions by binding with Ca2+ in

the corneal epithelium

Alhamad et al. (2012), Caporossi et al.
(2012), Filippello et al. (2012), Spadea and
Mencucci (2012), Caporossi et al. (2013),
Morrison and Khutoryanskiy (2014),

Rossi et al. (2015), Morrison et al. (2017),
Cifariello et al. (2018)

VE-TPGS Capable to promote the penetration
of riboflavin into the cornea without

epithelial removal

Small sample size Enhance drug permeability as a
specific riboflavin transporter

Ostacolo et al. (2013), Caruso et al. (2016),
Palazzo et al. (2020), Caruso et al. (2021)

CDs Capable to promote the penetration
of riboflavin into the cornea without

epithelial removal

Only two studies on bovine
corneas in vitro

Encapsulate multiple molecules due
to their structure of hydrophilic rim

and hydrophobic cavity

Morrison et al. (2013), Conde Penedo
et al. (2021)
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enhancing epithelial penetration and reducing riboflavin
photodegradation (Rubinfeld et al., 2021). Recently, they have
conducted phase 2 trials of EpiSmart®epi-on in 1606 KCN
patients, and substantiated the excellent safety and efficacy profile
of their system during 12-month observation (Epstein et al., 2022;
Vaidya et al., 2022).

3.1.6 Calcium chelating agents
Various connexin proteins, such as cadherin, zonula occludens 1

(ZO-1), connexin 43, constitute the tight junctions between corneal
epithelial cells with the involvement of calcium ions (Ca2+),
presenting a physiological barrier for drug delivery (Chu and
Zhao, 2020). Calcium chelating agents are supposed to
undermine the integrity of tight junctions by binding with Ca2+

in the corneal epithelium.
Similar to superficial epithelial scratches, enhanced riboflavin

solutions (riboflavin 0.1%, dextran T500 15% with Tris and EDTA)
contributed to sufficient riboflavin absorption in corneal stroma
(Alhamad et al., 2012). Peter W J Morrison and Vitaliy V
Khutoryanskiy investigated the effectiveness of serveral Ca2+

sequestering compounds as penetration enhancers in delivery of
riboflavin for the treatment of KCN and other corneal disorders,
including EDTA, ethylenediamine-N,N′-disuccinic acid (EDDS),
and ethylene glycol-bis(2-aminoethylether)-N,N,N′,N′-tetraacetic
acid (EGTA). The results revealed that EDTA, EDDS, and EGTA
all performed well in reducing electrical resistance of corneal
membranes and enhancing corneal permeability of riboflavin.
Specifically, EDTA and EGTA brought marked improvement,
while EDDS offered moderate enhancement (Morrison and
Khutoryanskiy, 2014). Besides laboratory evidence, multiple
clinical trials indicated that epi-on CXL with enhanced riboflavin
solutions (riboflavin 0.1%, dextran T500 15% with Tris and EDTA
sodium salt) had better safety and equivalent clinical outcomes with
standard epi-off CXL during up to 2-year follow-ups (Caporossi
et al., 2012; Filippello et al., 2012; Rossi et al., 2015; Cifariello et al.,
2018). This modified formulation was even safe and effective to
ultrathin corneas less than 400 μm during a 1-year follow-up
(Spadea and Mencucci, 2012), but there was also scepticism
about the stability of its crosslinking effect, especially for
pediatric patients under 18 (Caporossi et al., 2013).

Crown ethers are another type of Ca2+ sequestering compounds,
such as 12-crown-4 (12C4), 15-crown-5 (15C5), and 18-crown-6
(18C6). Crown ethers enhanced the solubility and the penetrability
of riboflavin in bovine corneas, smaller-sized of which gave greater
enhancement (Morrison et al., 2017).

3.1.7 Vitamin E-tocopherol polyethylene glycol
1000 succinate (VE-TPGS)

Tocopherol polyethylene glycol 1,000 succinate (TPGS) is
frequently used in micelles preparation for ocular drug delivery
(Ghezzi et al., 2022). VE-TPGS, one of the most common non-ionic
surfactants, is effective in enhancing drug permeability through
different biological barriers as a specific riboflavin transporter.
VE-TPGS together with riboflavin also serves as a topical
antioxidant to protect the cornea from ultraviolet damage
(Palazzo et al., 2020). Ostacolo et al. (2013) proved that VE-
TPGS increased corneal penetration of riboflavin and corneal
stiffness in transepithelial CXL on porcine corneas. They further

confirmed the effectiveness of VE-TPGS to promote the permeation
of riboflavin both in standard and accelerated CXL on KCN patients
(Caruso et al., 2021). In a 24-month trial, VE-TPGS contributed to
better clinical outcomes in transepithelial CXL with modified UVA
irradiation (Caruso et al., 2016). Incidentally, incorporation of
riboflavin and VE-TPGS showed a promising effect in
crosslinking of dentine in stomatology (Daood et al., 2019;
Daood et al., 2020).

3.1.8 Cyclodextrins (CDs)
CDs are a series of water-soluble cyclic oligosaccharides

consisting of 6, 7 and 8-(1,4)-linked glucopyranose subunits. The
structure of hydrophilic rim and hydrophobic cavity make CDs ideal
host molecules. This property enables CDs encapsulate multiple
organic and inorganic molecules to form host-guest complexs. CD
usually serve as the drug carriers and penetration enhancers in
ocular drug delivery (Loftsson and Stefansson, 2017). Peter W J
Morrison et al. found that β-cyclodextrin enhanced the solubility
and permeability of riboflavin better than α-cyclodextrin. That’s
probably because the cavity of β-cyclodextrin (6.0–6.5 Å) was
exactly large enough to accommodate a wide range of drugs,
while that of α-cyclodextrin (4.7–5.3 Å) was too small to
accommodate the aromatic ring of riboflavin (Morrison et al.,
2013). Recently, Andrea Conde Penedo et al. discovered that
hydroxypropyl-β-cyclodextrin (HPβCD) and sulfobuthylether-β-
cyclodextrin (SBEβCD) increased the solubility of riboflavin on
bovine corneas. The permeability coefficient was markedly
elevated when chitosan and arginine were added to the
formulation, and reached the best when riboflavin was combined
with 40% (w/v) HPβCD, 0.5% (w/w) arginine, and 0.5% (w/w)
chitosan. All the formulations exhibited high safety without
apparent side effects (Conde Penedo et al., 2021).

3.2 Nanomaterials

The lipophilic property of corneal epithelium makes it an
effective barrier to hydrophilic drugs such as riboflavin. A variety
of methods have been developed to enhance transepithelial
absorption of hydrophilic therapeutic agents, one of which is
nanotechnology. Nanomaterials are potent drug delivery vehicles
for ophthalmic use due to their sustained effect and enhanced
permeability. The amphiphilic components of nanomaterials and
the internal migration of drugs contribute to an impressing
performance in drug delivery. In addition, the incorporation
of nanostructures alone in corneal stroma is supposed to be a
promising alternative, as well. The modified corneas
implemented with carbon nanostructures showed improved
corneal strength (Silvestre et al., 2022). The advantages and
limitations of the nanomaterials described below are
summarized in Table 3.

3.2.1 Microemulsions (MEs)
MEs are nano-sized mixtures of water, oil, surfactants,

cosurfactants, and electrolytes. Many fascinating properties of
MEs, such as thermodynamic stability, small size, and low
surface tension, serve to enhance the solubility and permeability
of hydrophilic and lipophilic molecules, and improve the sustained
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and controlled release of applied drugs at the target site (Ustundag
Okur et al., 2020).

According to the research of Katia M Bottos et al., in 2013,
riboflavin-5-phosphate nanoemulsion achiever greater stromal
concentration of riboflavin than standard protocol after 240 min
(Bottos et al., 2013). However, the study of Lidich et al. (2019) found
that the improvement of biomechanical stiffness using ME loaded
with riboflavin phosphate was only nearly a quarter that of standard
CXL with epithelial debridement. They previously discovered that
the mobility of riboflavin in ME systems was constrained by
interactions with the surfactants and cosurfactants, and free
transport of drug molecules was achieved in ME containing over
80wt% water (Lidich et al., 2016). Based on this discovery, they
prepared riboflavin phosphate-loaded ME, which was diluted up to
97wt% water content and resulted in final 0.24 wt% riboflavin
phosphate, and they applied the ME on rabbit eyes without
epithelial debridement. In spite of enhanced permeability of
riboflavin in corneal stroma, the increase in biomechanical
stiffness of the cornea was not that satisfactory (Lidich et al.,
2019). Although it’s not quite clear whether higher stromal
concentration of riboflavin and greater crosslinking effect can be
achieved with ME systems, these initial attempts offered a potential
prospect for utilization of MEs to enhance the penetration of
riboflavin in transepithelial CXL.

3.2.2 Nanosized metal–organic frameworks
(MOFs)

MOFs are generally acknowledged to be advantageous to act as
drug carriers for their special physicochemical features of diverse
structures, extended surface areas, high loading capacities,
modifiable pore sizes, good biocompatibility, and biodegradability
(Yang and Yang, 2020).

Mei Yang et al. developed novel hibiscus-like riboflavin@ZIF-
8 nanoflake (6RF@ZIF-8 NF) using zeolitic imidazolate framework-
8 (ZIF-8) nanomaterials as carriers. The positive potential of ZIF-8,
which neutralized the negative potential of corneal epithelium, and
its hydrophobicity facilitated the penetration through the
epithelium. The special hibiscus-like structures enlarged the
contact area with the epithelium and shortened the release
passage of riboflavin. 6RF@ZIF-8 NF CXL demonstrated
outstanding transepithelial CXL efficacy, which was slightly better
than the conventional CXL, as well as excellent biocompatibility.

More importantly, it avoided epithelial debridement and relevant
complications (Yang et al., 2022).

3.2.3 Nanoparticles
A new nanotechnology-based platform to deliver riboflavin into

the corneal stroma has been built by Strano’s team, which consists of
polymeric nanoparticles of 2-hydroxypropyl-β-cyclodextrin,
enhancers (EDTA and Tris), and 9-min UVA irradiation with a
10 mW/cm2 device. This platform was proved effective in enriching
the anterior corneal stroma with riboflavin through the intact
epithelium and obtaining obvious stiffening effect, which was
better than the effect of conventional CXL (Labate et al., 2017;
Lombardo et al., 2017).

3.2.4 Nanostructured lipid carriers (NLCs)
Eren Aytekin et al. loaded NLCs with riboflavin phosphate with

permeation enhancer Transcutol P. This system performed well in
CXL with high drug loading content, high permeability, and low
accumulation in the cornea (Aytekin et al., 2020), which might be a
potential alternative for non-invasive KCN treatments.

4 Supplements

Supplements such as dextran and HPMC as part of the
riboflavin solution can be very helpful in increasing the viscosity
of the solution and prolonging the contact time of riboflavin with the
cornea. They also help to maintain normal corneal structure and
absorb UVA light during CXL procedure. These functions
contribute to improve the effectiveness, efficiency and safety of
RF-UVA CXL.

4.1 Dextran and hydroxypropyl
methylcellulose (HPMC)

0.1% Riboflavin 5′-phosphtae in 20% dextran ophthalmic
solution has been approved by the United States Food and Drug
Administration (FDA). However, dextran-based riboflavin solutions
significantly reduced corneal thickness during CXL (Belin et al.,
2018), while HPMC-based riboflavin solutions have little impact on
it (Zaheer et al., 2018).

TABLE 3 The advantages and limitations of the nanomaterials to promote the penetration of CXL agents.

Nanomaterial Advantages Limitations Mechanisms References

MEs Potentially capable to promote the
penetration of riboflavin into the cornea

without epithelial removal

Inferior biomechanical effect Enhance drug solubility and permeability due
to their stability, small size, diverse structures,
low surface tension, high loading capacities

Bottos et al. (2013), Lidich
et al. (2016), Lidich et al.

(2019)

MOFs Capable to promote the penetration of
riboflavin into the cornea without

epithelial removal

Only one study on rabbit
cornea in vivo

Yang et al. (2022)

Nanoparticles Capable to promote the penetration of
riboflavin into the cornea without

epithelial removal

Only two studies on donor
human sclerocorneal tissues

in vitro

Labate et al. (2017),
Lombardo et al. (2017)

NLCs Capable to promote the penetration of
riboflavin into the cornea without

epithelial removal

Only one study on rabbit
cornea in vitro

Aytekin et al. (2020)
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Consequently, HPMC has received considerable attention as an
alternative substituted for dextran. Compared with dextran
riboflavin, HPMC riboflavin might present improved CXL effect
resulted from enhanced concentration of riboflavin in the cornea
and a deeper demarcation line (Malhotra et al., 2017; Thorsrud et al.,
2019). Nevertheless, dextran riboflavin might result in slightly
stronger biomechanical properties and better visual outcomes
(demonstrated by visual acuity) (Rapuano et al., 2018; Fischinger
et al., 2021). As for safety, HPMC riboflavin performed as well as
dextran riboflavin (De Paula et al., 2020).

Similarly, dextran and HPMC both exert their effects by
maintaining the osmotic pressure of corneal matrix, improving
UVA absorption, and increase the viscosity of crosslinking
solutions. Even so, more experimental and clinical studies and
precisely described protocols are needed for rational use of these
supplements. The advantages and limitations of the compounds
described above are summarized in Table 4.

5 Summary and future directions

The corneal stroma makes up approximately 90% of the corneal
structure. The collagen fibers and extracellular matrix (ECM) in the
corneal stroma are organized into a complex, highly intertwined, 3-
dimensional meshwork of transversely oriented fibers, which
provides some important properties necessary for functions
including transparency, avascularity, physical strength, and
maintenance of shape (Ma et al., 2018). Corneal ectasia is a
progressive, degenerative ocular disease characterized by corneal
bulge, thinning, and structural changes, leading to alterations in
refractive power and further vision loss. KCN, PMD, and iatrogenic
keratectasia are different subtypes of corneal ectasia, in which KCN
is the most common one. Collagen crosslinking refers to a process of
forming strong chemical bonds among collagen fibrils to enhance
the strength of the material. CXL has now become a recognized
technique to strengthen corneal collagen fibers through
photodynamic reaction, aiming to halt progressive and irregular
changes in corneal shape (Greenstein and Hersh, 2021). CXL
involves quite a lot of materials, including crosslinking agents,
enhancers, and supplements. A general summary of existing
common crosslinking agents, enhancers, and supplements helps
give a more comprehensive picture of CXL, and it also helps
ophthalmologists and researchers to develop optimal materials
for CXL with better efficacy and biosafety.

CXL has greatly changed the treatment for KCN since it was
introduced in the late 1990s. For this reason, there has been a significant
decline of corneal transplantation on KCN. Numerous improvements
of CXL have been made during its developing course of more than

20 years. A-CXL reduces intraoperative and postoperative
complications by shortening the operation time. Pulsed A-CXL
improves crosslinking efficacy by replenishing oxygen to corneal
stroma. To improve the vision quality, a series of CXL-Plus
strategies have been proposed, which combine multiple techniques
with CXL, such as photorefractive keratectomy (PRK), intracorneal ring
segments (ICRS), or phakic intraocular lens implantation (PIOL) (Al-
Mohaimeed, 2019). Limited riboflavin penetration through corneal
epithelium is a key problem in epi-on CXL. Iontophoresis-assisted
CXL increases riboflavin penetration into corneal stroma by applying a
small electric current. Furthermore, various infiltration enhancers have
been developed, including many chemical substances and
nanomaterials. Most chemical substances exert their effect by
loosening the tight junctions between corneal epithelial cells, but
with certain toxicity, correspondingly. With the rocketing
development of nanotechnology, nanomaterials have been applied to
deliver riboflavin into the corneal stroma, including polymeric and
inorganic nanoparticles. These nano-based drug delivery systems have
their own advantages of bioavailability, biocompatibility, high drug
loading content and sustained-release effect. Moreover, smart
engineering of nanomaterials endows them with multifunctional
capabilities, bringing new possibilities in drug delivery, real-time
imaging, individualized treatment, and so on (Diez-Pascual and
Rahdar, 2022). Combination treatment of different techniques
should also be put into consideration in order to achieve better
performance. In all, nanotechnology enjoys huge potential and
broad prospect in delivering CXL agents efficiently, which can not
only improve the performance of agents and improve therapeutic
efficacy but also reduce certain side effects and expand the scope of
treatment. However, it’s worth noting that the short-term and long-
term safety, the complexity of manufacturing, the cost of production,
and regulatory restrictions should all be considered. In addition, the vast
majority of the discussed materials are still in the laboratory stage, and
more translations from bench to bedside are needed.

Ideal crosslinking solutions are better to be formulated to have
both maximal ocular contact time as well as corneal permeability,
which is more likely to acquire maximum bioavailability. To achieve
this, increasing the viscosity of the solution is considered an effective
way. Hyperviscosity agents such as dextran and HPMC are
commonly used in crosslinking solutions to improve corneal
penetration of rivoflavin by increasing tissue contact time.
Solutions with the viscosity of up to 20 centipoise (cP) are well
tolerated by the eye, increasing tissue bioavailability of the agent.
While solutions with the viscosity over 20 cP will result in decreased
drug efficacy due to significant irritation and increased tear drainage
(Mehta et al., 2020). Hence, to find the balance between maximal
drug activity and minimal eye irritation is very important, and this
may be where the development of future CXL supplements go for.

TABLE 4 The advantages and limitations of the supplements used in CXL.

Supplement Advantages Limitations Mechanisms References

Dextran Better biomechanical
properties and visual outcomes

Reduced corneal
thickness during CXL

1. Maintain the osmotic pressure of corneal matrix;
2. Improve UVA absorption to protect corneal

endothelium and intraocular tissues; 3. Increase the
viscocity of crosslinking solutions to extend contact

time

Belin et al. (2018), Rapuano et al.
(2018), De Paula et al. (2020),

Fischinger et al. (2021)

HPMC Better crosslinking effect and
little impact on corneal

thickness

Uncertain long-term
stability

Malhotra et al. (2017), Zaheer et al.
(2018), Thorsrud et al. (2019), De

Paula et al. (2020)
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Safety, effectiveness and stability are the basic requirements of
CXL treatment, and they are interconnected and interacted. To
develop CXL-related medicinal compounds, safety is the most
fundamental element. Without safety, there is no point of
effectiveness and stability. Effectiveness is another essential factor
of CXL, which is reflected in corneal curvature reduction, disease
progression prevention, visual acuity improvement, and etc. The
development of CXL-related medicinal compounds is aimed to
achieve better or non-inferior clinical outcomes, compared with
existing ones used in clinical. Without effectiveness, it can be
difficult to be well accepted by the market and widely used in
practice. As for stability, it has further guaranteed the effectiveness
and safety of CXL. Therefore, safety, effectiveness and stability are
three vital ingredients in the development, production and
marketing of CXL-related medicinal compounds. It is important
to realize that there is no such substance as a perfectly safe and
efficient material for use in CXL. However, this is where true
innovations come in. With greater access to the data from basic
research and clinical practice, scientists and ophthalmologists will be
able to further develop better CXL therapies. There are good reasons
to be optimistic about the prospects ahead. Either innovative use of
existing materials or research and development of newmaterials will
further improve the safety, effectiveness, stability, and general
applicability of CXL, and finally benefit the patients.
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