
Cornea

Cosmetic Preservatives as Therapeutic Corneal and Scleral
Tissue Cross-Linking Agents

Natasha Babar, MiJung Kim, Kerry Cao, Yukari Shimizu, Su-Young Kim, Anna Takaoka,
Stephen L. Trokel, and David C. Paik

Department of Ophthalmology, Columbia University College of Physicians and Surgeons, New York, New York, United States

Correspondence: David C. Paik, Di-
rector, Laboratory For Tissue Cross-
linking, Department of Ophthalmol-
ogy, Edward S. Harkness Eye Insti-
tute, Columbia University, College of
Physicians and Surgeons, 160 Fort
Washington Avenue, Room 715,
New York, NY 10032, USA;
dcp14@columbia.edu.

Submitted: November 8, 2014
Accepted: January 5, 2015

Citation: Babar N, Kim M, Cao K, et al.
Cosmetic preservatives as therapeutic
corneal and scleral tissue cross-linking
agents. Invest Ophthalmol Vis Sci.
2015;56:1274–1282. DOI:10.1167/
iovs.14-16035

PURPOSE. Previously, aliphatic b-nitroalcohols (BNAs) have been studied as a means to
chemically induce tissue cross-linking (TXL) of cornea and sclera. There are a number of
related and possibly more potent agents, known as formaldehyde releasers (FARs), that are in
commercial use as preservatives in cosmetics and other personal care products. The present
study was undertaken in order to screen such compounds for potential clinical utility as
therapeutic TXL agents.

METHODS. A chemical registry of 62 FARs was created from a literature review and included
characteristics relevant to TXL such as molecular weight, carcinogenicity/mutagenicity,
toxicity, hydrophobicity, and commercial availability. From this registry, five compounds
[diazolidinyl urea (DAU), imidazolidinyl urea (IMU), sodium hydroxymethylglycinate (SMG),
DMDM hydantoin (DMDM), 5-Ethyl-3,7-dioxa-1-azabicyclo [3.3.0] octane (OCT)] were
selected for efficacy screening using two independent systems, an ex vivo rabbit corneal
cross-linking simulation setup and incubation of cut scleral tissue pieces. Treatments were
conducted at pH 7.4 or 8.5 for 30 minutes. Efficacy was evaluated using thermal denaturation
temperature (Tm), and cell toxicity was studied using the trypan blue exclusion method.

RESULTS. Cross-linking effects in the five selected FARs were pH and concentration dependent.
Overall, the Tm shifts were in agreement with both cornea and sclera. By comparison with
BNAs previously reported upon, the FARs identified in this study were significantly more
potent but with similar or better cytotoxicity.

CONCLUSIONS. The FARs, a class of compounds well known to the cosmetic industry, may have
utility as therapeutic TXL agents. The compounds studied thus far show promise and will be
further tested.
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The growing clinical success of ultraviolet-A irradiation
(UVA)–riboflavin photochemical corneal cross-linking

(CXL) to halt the progression of keratoconus1–8 and post-LASIK
keratectasia8,9 suggests that increasing mechanical tissue
strength in vivo can be beneficial. CXL increases the stiffness
of corneal tissue as shown in animal studies using postmortem
mechanical strip testing.10 A majority of patients ultimately gain
improvements in topography and gain lines of vision.5–9

Application of CXL has been extended to treat corneal
edema,11 corneal melting,12 and corneal infections.13

As clinical trials involving CXL progress in the United States,
suggestions have been made to extend its use to the sclera as a
treatment for progressive myopia,14 since biomechanical
weakening occurs during progressive globe elongation.2 Scleral
cross-linking with UVA-riboflavin technology has been report-
ed15 but may be difficult to carry out in the posterior region of
the sclera without the use of surgical means. Also, of concern is
the potential of damaging the neural retina during UVA
irradiation.15 The use of injectable pharmacologic agents that
could cross-link the sclera as an alternative to photochemical
activation is being explored and includes glyceraldehyde,16

glutaraldehyde,14 genipin,17 and nitroalcohols (Hoang QV, et al.
IOVS 2013;54:ARVO E-Abstract 5169).18

The present study serves as an extension of our previous
work using nitroalcohols,19,20 wherein we test the corneal and
scleral cross-linking efficacy of several related though poten-
tially more potent chemicals from a group known as
formaldehyde-releasing agents (FARs). These compounds are
used as preservatives in a wide array of popular cosmetic and
personal care products21,22 such as skin care products, body
wash, fingernail polish, and shampoo, including the former
formula for Johnson & Johnson’s ‘‘No More Tears’’ baby
shampoo.23 Formaldehyde-releasing agents have also been
employed in the textile industry as cross-linking agents to
impart antiwrinkle properties to clothing.24 Considering their
use in everyday items that come into direct contact with the
human body, we wanted to examine the efficacy and cell
toxicity of FARs as tissue cross-linking (TXL) agents as a first
step in their potential development for clinical use. To that end,
in vitro and ex vivo cross-linking experiments were conducted
using corneal and scleral tissues as collagenous tissue
substrates. Effectiveness of cross-linking was evaluated using
shifts in the thermal denaturation temperature (Tm) of the
collagen found in corneal and scleral tissue as measured by
differential scanning calorimetry (DSC), where Tm is the
melting temperature of a folded protein.25 Past studies have
employed Tm as a measure of the thermal stability of biological
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tissue.16,26–29 Therefore, we used differences in Tm between
chemically treated and control tissue to estimate extent of
cross-linking and compared these values to those induced by
CXL (i.e., riboflavin photochemical cross-linking), which
served as a positive control for corneal samples. Toxicity was
assessed using trypan blue exclusion staining.30 Our results
suggest that some FARs are potent chemical agents for TXL
with moderate cell toxicity thresholds.

MATERIALS AND METHODS

Chemical Registry

A chemical registry of FARs commonly found in cosmetics and
other personal care products (PCPs) was compiled from a
review of the literature.21,22 Information used to assemble this
registry included characteristics relevant to TXL such as
molecular weight, European Union maximum allowed concen-
tration (i.e., ‘‘max allowed’’), carcinogenicity/mutagenicity,
toxicity, hydrophobicity (octanol/water partition coefficient
or logP), efficacy of formaldehyde release, and commercial
availability of the chemicals. From the FARs identified, five
compounds with favorable profiles were selected for cross-
linking efficacy and toxicity evaluation. These compounds
include diazolidinyl urea (DAU), imidazolidinyl urea (IMU),
DMDM hydantoin (DMDM), sodium hydroxymethylglycinate
(SMG), and 5-Ethyl-3,7-dioxa-1-azabicyclo [3.3.0] octane (OCT),
which were specifically chosen because of the vastness of their
use in cosmetics and PCPs as well as their ability to donate
formaldehyde in solution under equilibrium conditions.31,32

The cross-linking efficacy and toxicity of two additional FARs,
bronopol (BP) and 2-hydroxymethyl-2-nitro-1,3-propanediol
(HNPD), which are b-nitroalcohols (BNAs) that we have
previously worked with, were included for comparative
purposes.

Chemicals

Diazolidinyl urea (N-Hydroxymethyl-N-(1,3-di(hydroxymeth-
yl)-2,5-dioxoimidazolidin-4-yl)-N 0-hydroxy-methylurea [DAU]),
imidazolidinyl urea (N,N 0-methylenebis[N-[3-(hydroxymeth-
yl)-2,5-dioxo-4-imidazolidinyl]]-urea [IMU]), sodium hydrox-
ymethylglycinate (SMG), 5-Ethyl-3,7-dioxa-1-azabicyclo
[3.3.0] octane (7a-Ethyldihydro-1H,3H,5H-oxazolo[3,4-c]oxa-
zole [OCT]), 2-bromo-2-nitro-1,3-propanediol or BP, hydrox-
ypropyl methyl cellulose (HPMC, 15 centipoise), dextran
(high molecular weight ¼ 425,000–575,000 Da), sodium
bicarbonate, and ethylenediaminetetraacetic acid (EDTA)
were obtained from Sigma-Aldrich Corp. (St. Louis, MO,
USA). DMDM hydantoin (1,3-bis(hydroxymethyl)-5,5-dimeth-
yl-2,4-imidazolidinedione [DMDM]) was obtained from Oak-
wood Products, Inc. (West Columbia, SC, USA). 2-
Hydroxymethyl-2-nitro-1-3-propanediol (HNPD) was obtained
from TCI Chemicals, Inc. (New York, NY, USA). Riboflavin-5-
phosphate was obtained from MP Biomedicals (Santa Ana,
CA, USA). Dulbecco’s phosphate-buffered saline (DPBS)
solution (MgCl2 and CaCl2 free) was obtained from Life
Technologies (Carlsbad, CA, USA). All chemical solutions and
buffers were prepared fresh using Millipore water (double
distilled, deionized water, q ¼ 18.2 MX�cm at 258C; EMD
Millipore, Billerica, MA, USA) on the day of cross-linking.

Chemical and Riboflavin-Mediated Photochemical
Cross-Linking (CXL) of the Cornea

Intact cadaveric rabbit heads with clear corneas were obtained
fresh (within an hour of euthanasia) in adherence with the

ARVO Statement for the Use of Animals in Ophthalmic and
Vision Research. Formaldehyde releaser solutions at concen-
trations equivalent to half the maximum allowed value (1/
2max) were administered in a manner designed to simulate
therapeutic cross-linking in patients. For all of the corneal
experiments (with the notable exception of CXL), the corneal
epithelium was left intact. An 8-mm Hessburg-Barron corneal
reservoir (JEDMED, St. Louis, MO, USA) was affixed to the
corneal surface using the supplied vacuum syringe. A single
drop of proparacaine (0.5%) was applied to the corneal surface
prior to reservoir application. A buffer solution containing 0.1
M NaHCO3 at either pH 8.5 or 7.4 was used. The pH of the
sample and buffer mixture was titrated to the desired pH just
prior to application to the eye using an appropriately
concentrated HCl solution. Treatments were conducted over
a 30-minute period at 258C with refreshing of the solution
every 5 minutes. The control contralateral eye was treated
identically with vehicle. Immediately after treatment, a central
6-mm corneal button was trephined from the treated region of
each eye, was blotted on both sides using a paper towel to
remove excess solution, and was analyzed using DSC (see
below). A minimum of two independent determinations were
carried out for each condition described using a fresh cadaver
head each time.

As a comparison, the same ex vivo system was used to
conduct photochemical cross-linking of rabbit cornea as
previously described by Wollensak et al.,1 with some
changes. To that end, a central 8-mm portion of the corneal
epithelium was debrided using a blunt-end scalpel. De-
epithelialized corneal tissue was presoaked in 0.1% ribofla-
vin-5-phosphate solution in 1.1% HPMC for 5 minutes.
Thereafter, the cornea was exposed to UV light (kmax ¼
370 nm) at an irradiance of 3 mW/cm2 with an 8-mm
aperture for 30 minutes using the Optos XLink Corneal
Collagen Cross-Linking System (Optos, Dunfermline, UK).
Riboflavin solution was refreshed every 3 minutes for the
course of the treatment. The control contralateral eye was
treated identically without irradiation.

Scleral Tissue Cross-Linking

The following is a modified version of the procedure that we
have previously described for testing TXL efficacy of various
BNAs.18 Enucleated porcine globes were purchased from
Visiontech, Inc. (Sunnyvale, TX, USA) and were stored at
�808C until time of experimentation (1–2 months). Equatorial
scleral strips approximately 6 3 40 mm in size were obtained
from multiple eyes. These strips were submerged in DPBS
solution containing 1 mM EDTA to inactivate native collage-
nases and to prevent tissue dehydration during sample
preparation. Each strip was further cut into smaller 4- 3 3-
mm pieces. The scleral pieces were individually transferred to
a 24-well plate and were incubated in 1 mL cross-linking
solution in 0.1 M NaHCO3 buffer at either pH 8.5 or 7.4 for 30
minutes at 258C without refreshing the solution. Four
concentrations of FAR solution were tested at each pH: (1)
max allowed concentration, (2) 1/2max allowed concentra-
tion, (3) 1/10 max allowed concentration, and (4) 25 mM.
Tissue samples cross-linked with the BNAs BP and HNPD at
concentrations of 5 mM (max allowed for BP), 10 mM, and 25
mM were used as positive controls. Negative controls were
treated identically with vehicle. Post treatment, all solutions
were aspirated, and samples were washed twice using DPBS to
remove remnant cross-linking solution before being analyzed
by DSC. A minimum of three independent determinations were
carried out for each condition using scleral pieces originating
from different porcine globes.
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Differential Scanning Calorimetry (DSC) and
Cross-Link Analysis

Thermal denaturation temperature (Tm) of all samples was
measured using a Perkin-Elmer DSC 6000 Autosampler
(Waltham, MA, USA). Tissue samples were carefully blotted
in a standardized, repetitive manner to remove excess
solution/DPBS and transferred to preweighed 50-lL aluminum
pans. The pans were immediately hermetically sealed using a
DSC pan sealing press, which is used to prevent tissue
dehydration due to evaporative losses. The DSC scans were
run using Pyris software (version 11.0; Perkin-Elmer, Waltham,
MA, USA) from 408C to 758C at a rate of 18C/min, and
denaturation curves representing differential heat flow over
time were recorded. Differential scanning calorimetry heat
flow endotherm data were analyzed using the Pyris data
analysis peak search function using a calculation limit of
60.38C from the apparent thermal denaturation peak.

Statistical Analysis

Student’s t-tests were used to evaluate the significance of
observed differences in Tm between cross-linked and control
groups. Due to the nature of the ex vivo cadaveric system used
for corneal cross-linking, where each cadaver provided the
treated eye and contralateral control, corneal samples were
subjected to paired t-tests. Conversely, scleral samples were
subjected to nonpaired t-tests assuming equal variance of data.
Significance of all statistical tests was based on an alpha value
of 0.05 (P � 0.05). All DTm values are reported in the form of
mean value followed by standard error.

FAR Cytotoxicity Threshold

Formaldehyde-releasing agent cell cytotoxicity assays were
performed as we have previously described.33 Briefly, healthy
human skin fibroblasts (HSFs) from American Type Culture
Collection (ATCC, Manassas, VA, USA) were cultured in dermal
cell basal media (ATCC) using a serum-free fibroblast growth
kit provided by the company (ascorbic acid, EGF/TGF-b1,
glutamine, hydrocortisone, insulin, and fibroblast growth
supplements). Cells were grown in 5% CO2 and 95% ambient
air at 378C until confluent. Once confluent, the cells were
detached and seeded into 24-well plates at a density of 5 3 104

cells/well and were once again allowed to reach confluence.
Next, cells were treated with FAR solutions over a range of
concentrations (0.001–5 mM) for 24 hours. Following cross-
linking exposure, all cell media, including FAR solution, were
aspirated, and each well was rinsed once with DPBS. Fresh
media were then reintroduced and the cells were allowed to
recover for 48 hours. Subsequent to cell recovery, cell toxicity
was assessed using a modified version of the trypan blue
staining protocol. To that end, all culture media were aspirated
and each well was rinsed with DPBS. Next, 0.4% trypan blue
solution (Gibco, Grand Island, NY, USA) was added to each
well for 3 minutes at 258C. The staining solution was then
aspirated, and cells were washed twice with DPBS. Finally,
extent of trypan blue staining and morphology of cells were
visualized using an inverted microscope (Cat. no. 12-560-45;
Fisher Scientific, Pittsburgh, PA, USA).

RESULTS

Identification of FARs

From a broad review of the literature, we were able to identify
a total of 62 formaldehyde-releasing agents that can potentially
be used for corneal and scleral TXL. These include FARs

commonly found in cosmetics and PCPs as well as those that
are used in the textile industry. Table 1 depicts the structures,
chemical formulae, toxicity, and other pertinent information
for the seven FARs that were chosen for evaluation in this
study. This is an excerpt from the larger chemical registry that
was compiled. None of the chemicals that were tested in this
study are known carcinogens (various Material Safety Data
Sheets). They range in size up to <400 Da, with IMU being the
largest at 388 Da and SMG the smallest at 104 Da (MWt¼127�
23 [Na]¼ 104 Da). In most but not all cases, mutagenicity data
are available, and these chemicals have been found to be
nonmutagenic using Ames, micronucleus, and other standard
assays. Furthermore, they exhibit low organismal toxicity as
indicated by high (>1000 mg/kg) rat oral LD50 values. The
exception is BP, which has a relatively low LD50 oral, rat¼ 180
mg/kg (Table 1).

Efficacy of Corneal Cross-Linking

The ability of five FARs (DAU, IMU, SMG, DMDM, OCT) to
cross-link intact cadaveric rabbit cornea, a substrate for
collagenous tissue, was assessed using an ex vivo TXL
simulation setup. Cross-linking effects were measured using
DSC, an assay method based on changes in thermal denatur-
ation temperature (Tm). Our results indicate that two out of the
seven FARs studied, DAU and SMG, are effective collagen cross-
linking agents for the cornea with the epithelium left intact (in
the ex vivo simulation setup) at 1/2max allowed concentra-
tions. Diazolidinyl urea was effective at pH 8.5, and SMG was
effective at both pH 8.5 and 7.4. This was evidenced by shifts
in the thermal denaturation temperature of corneal tissue (Fig.
1). Sodium hydroxymethylglycinate pH 8.5 showed the
greatest upward shift in Tm (DTm ¼ 3.573 6 0.5788C, P <
0.05) followed by DAU at pH 8.5 (DTm¼ 3.210 6 0.7428C, P <
0.05). Sodium hydroxymethylglycinate also showed effective
cross-linking at pH 7.4 (DTm ¼ 2.281 6 0.6978C, P < 0.05).
Some inconsistencies in the shifts in Tm induced by SMG at pH
7.4, however, were noted, and a sample size of n ¼ 8 was
required to reach statistical significance. A negative shift in Tm

on the order of ~0.58C was observed for DAU at pH 7.4 and for
IMU at both pH 8.5 and 7.4 (Fig. 1), but the shift was significant
only for IMU at pH 8.5 (DTm¼�0.69 6 0.6978C, P < 0.05). The
lack of effect under these conditions may reflect issues related
to epithelial permeability since both DAU and IMU are
significantly larger than SMG. Furthermore, an increase in Tm

was observed for DMDM at both pH 8.5 and 7.4 (DTm¼2.04 6
0.2258C and 2.13 6 0.2738C, respectively) and for OCT at pH
8.5 (DTm ¼ 1.10 6 0.2468C). However, these observed
increases in Tm were not statistically significant using paired
controls, which included the contralateral eye for each sample.
Rabbit cornea cross-linked using UVA-riboflavin (CXL) showed
an increase in Tm comparable to values previously reported. In
the present study, the DTm following CXL was 1.73 6 0.4878C.
We previously reported a DTi ¼ 1.98C,19 which was similar to
that reported by Spoerl et al.34 at 2.58C. Ti values indicate the
onset of thermal shrinkage (Ts) temperature, and change in Ti

(DTi) is another parameter widely used to measure extent of
TXL. As previously reported, the CXL effect is relatively mild
from a ‘‘thermal transition shifting’’ standpoint if one considers
the potential magnitude of shifts in Tm that may be induced
using chemical agents. Lastly, it is worth noting that corneal
tissue remained clear to visual inspection using either chemical
or photochemical cross-linking treatment.

Efficacy of Scleral Cross-Linking

The results for scleral TXL are generally comparable to the
results for corneal samples, although different methods of
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application were used (i.e., refreshing solution every 5 minutes
for corneal experiments and not refreshing for scleral
experiments). In this case, two additional FARs, BP and HNPD,
were also tested. We found that SMG, DAU, and DMDM
induced statistically significant cross-linking effects at pH 8.5
and 7.4 (with the exception of SMG at pH 7.4) at
concentrations as low as 1/2max allowed. In addition, both a
concentration- and pH-dependent effect was observed for the
FARs (Fig. 2). A notable exception to the concentration-
dependent effect is seen in the thermal denaturation data for
SMG at pH 7.4 and 39.06 mM, where little change in Tm is
observed (DTm ¼ 0.007 6 0.2228C, P ¼ 0.493), although a
dramatic upward shift is seen for the same concentration using
a pH of 8.5 (DTm¼ 9.073 6 0.4508C, P < 0.05). The reason for
this difference is unclear since in general, upward shifts in Tm

occur for most FARs, albeit consistently greater for pH 8.5 over
7.4. It should be noted that SMG is highly basic in unbuffered
solution, requiring the addition of significant amounts of acid
in order to achieve the targeted pH of 7.4. Thus, we speculate
that the procedure for titrating the buffered SMG solution to
pH 7.4 may have impacted the efficacy of TXL in this case. This
phenomenon might also explain the inconsistencies in TXL
efficacy experienced when intact cornea was cross-linked
using SMG at pH 7.4, as mentioned above.

We also tested FARs at a concentration of 25 mM in order to
directly compare the cross-linking ‘‘potency’’ of each FAR to
the others. We chose a relatively high concentration for this
comparison because we wanted to elicit a noticeable cross-
linking effect using the BNAs HNPD and BP within 30 minutes.
Diazolidinyl urea showed the greatest shifts in thermal
denaturation temperature at 25 mM for both pH 8.5 and 7.4
(DTm¼ 7.713 6 0.2268C and 4.347 6 0.5388C, respectively, P

< 0.05), followed by SMG (DTm¼ 5.463 6 0.4198C and 1.697
6 0.3118C, respectively, P < 0.05), DMDM (DTm ¼ 2.550 6
0.1428C and 1.693 6 0.0338C, P < 0.05), and IMU (DTm ¼
2.543 6 0.2808C and 1.280 6 0.3928C, respectively, P < 0.05).
OCT, BP, and HNPD exhibited shifts on the order of ~0.58C for
both pHs (with the exception of HNPD at pH 7.4, which had a

negative DTm), but these shifts were not statistically significant
(Fig. 2).

Evaluation of FAR Cytotoxicity

Planar cell culture experiments using HSFs were conducted to
determine the toxicity thresholds of the FARs under study. The
toxicity threshold was taken to be the highest concentration in
mM at which all cells were alive following a 24-hour exposure
to the FAR and a 48-hour recovery period. With the exception
of BP, the toxicity threshold was found to lie between 0.1 and 1
mM for all FARs (Table 2). Bronopol was the most toxic to
HSFs, with a toxicity threshold between 0.01 and 0.001 mM.
These values for BP and HNPD were in agreement with those
recently reported using the same toxicity testing apparatus.33

DISCUSSION

In this study, we used both intact cornea and cut scleral tissue
pieces to test the cross-linking efficacy of compounds known
as FARs, comparing the effects against two higher-order
nitroalcohols (HONAs), BP and HNPD.35 Three of the FARs
were found to be significantly more effective as TXL agents
when compared to the HONAs, showing both pH- and
concentration-dependent effects. The FARs are a group of
compounds commonly used as preservatives in cosmetics and
PCPs and as fabric cross-linkers in the textile industry (i.e., for
making wrinkle-free clothing) and include BP, which is a well-
known compound. They are known to release formaldehyde in
a pH- and concentration-dependent manner as determined by
13C nuclear magnetic resonance (NMR) equilibrium studies, in
which formaldehyde release among FARs popularly used in
cosmetics, including DAU, IMU, DMDM, and SMG, was
compared.31

Formaldehyde releasers in commercial use include O- and
N-formal compounds.31 An O-formal group is a formaldehyde
entity linked to the rest of the compound via an oxygen atom.
An N-formal group is a formaldehyde entity linked to the rest of
the compound via a nitrogen atom and can be of two types:
amide based (the nitrogen is a part of an amide) and amine
based (the nitrogen is a part of an amine). The type of group

FIGURE 1. Corneal TXL potency of five FARs using 1/2max allowed
concentrations (epi-on) versus CXL (epi-off). Cadaveric rabbit corneas
with intact epithelia were cross-linked using the FARs DAU, IMU, SMG,
DMDM, and OCT at the indicated concentrations in 0.1 M NaHCO3

buffer for 30 minutes. Control samples were treated identically with
vehicle. A 0.1% riboflavin-5-phosphate solution in 1.1% hydroxypropyl
methyl cellulose (HPMC, 15 centipoise) was used for CXL with the
corneal epithelium removed. DTm indicates average shifts in the
denaturation temperature of corneal tissue after TXL compared to the
controls as measured by DSC. In this case, each experimental
determination was paired with the contralateral cornea from the same
cadaver head. Dark blue bars depict shifts at pH 8.5, whereas light

blue bars depict shifts at pH 7.4. Error bars represent standard error.
Asterisks indicate significant changes in Tm following TXL based on
paired t-tests on data from at least two independent trials (P � 0.05).

FIGURE 2. Concentration and pH dependence of FAR-induced scleral
TXL Porcine scleral tissue was cross-linked using three different
concentrations of FAR solution in 0.1 M NaHCO3 buffer for 30 minutes.
Control samples were treated identically with vehicle. DTm indicates
average shifts in the denaturation temperature of scleral tissue after TXL
compared to the control as measured by DSC. Dark blue bars depict
shifts at pH 8.5, and light blue bars depict shifts at pH 7.4. Error bars

represent standard error. Asterisks indicate significant changes in Tm

following TXL based on nonpaired t-tests on data from three
independent trials (P � 0.05).
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attached to the N-formal group confers different release
properties. Slower release occurs with the amide-based N-
formals (such as DAU, IMU, and DMDM), which can act as
formaldehyde reservoirs, whereas amine-based N-formals like
SMG have been reported to decompose completely under
alkaline conditions and max allowed concentration.31

Based on chemical structure alone, DAU should be the most
effective cross-linking agent with the ability to release 4 mol
formaldehyde (contains four N-formal groups), followed by
HNPD (3 mol), with SMG being the least effective (1 mol). The
amount of formaldehyde actually released in solution by each
FAR, however, is not as easily predictable as evidenced by the
pH- and concentration-dependent effects noted earlier. The
release of formaldehyde is reported to be facilitated at acid pH
for SMG, in contrast to the other FARs and nitroalcohols, which
are facilitated by alkaline pH. Once released from FARs,
formaldehyde can react in a number of ways, including
reactions with starting material or polymerizing, which can
occur under equilibrium conditions as reported by Emeis and
colleagues.31 In addition, the availability of reactive substrates
under nonequilibrium conditions (such as in the presence of
tissue amines from cornea and sclera) can drive the reaction
toward formaldehyde release. When used at max allowed
concentration (0.5%) as in this study, formaldehyde release
from SMG has been reported to be rapid at pH 8.5, which is
consistent with its structure as an amine-based N-formal
compound.31

We also compared chemical TXL using FARs with riboflavin-
mediated photochemical collagen cross-linking (CXL), which is
regarded as the ‘‘gold standard’’ of therapeutic corneal cross-
linking. Our value for the increase in thermal denaturation
temperature following CXL is slightly lower than the shift in
the onset of thermal shrinkage (DTi) reported by Spoerl et al.34

following CXL of the anterior portion of porcine cornea: DTm¼
1.733 6 0.4878C versus DTi¼ 2.58C (originally reported as DTi

¼ 58C but confirmed by DCP to be 2.58C). We have previously
reported a 1.98C shift in Ti for porcine cornea cross-linked
using the UVA-riboflavin method.19 Therefore, our values for
DTm induced by CXL are similar to the shifts in Ti induced by
CXL as reported previously even considering the differences in
species used (i.e., rabbit versus porcine cornea).

Corneal epithelial permeability is another consideration that
should be borne in mind. Our results are favorable since the ex
vivo setup simulates conditions that would be encountered in a
living system. Of particular interest is the fact that cross-linking
effects were induced with the corneal epithelium intact,
suggesting that some of these compounds may be able to pass
through the epithelial barrier (i.e., SMG MWt ¼ 104 Da). The
ability to induce a cross-linking effect without the need for
epithelial removal, if possible, would be a significant advantage
over riboflavin-mediated collagen cross-linking (CXL). Differ-
ences in transepithelial permeability for IMU, for example, may
explain the lack of cross-linking effect seen in the intact cornea

(Fig. 1). Imidazolidinyl urea is the largest of the compounds
tested at 388 Da, and its size may have hindered passage into
the corneal stroma, accounting for the lack of effect in cornea,
while positive cross-linking effects were observed for the same
compound with cut scleral pieces where permeability was not
hindered by an intact corneal epithelium (Figs. 2, 3). Molecular
size is well known to affect transcorneal permeability,
especially for hydrophilic compounds such as the ones under
consideration here.36

Regarding thermal denaturation as an assay for TXL, several
methods have been used previously to evaluate cross-linking
changes intentionally induced in collagenous tissues by either
chemical or photochemical means; these include mechanical
testing (either uniaxial strip10 or inflation testing37), enzymatic
digestion,27 gel electrophoresis,38 and thermal denaturation.39

We have previously used thermal denaturation (as thermal
shrinkage temperature) as an assay measure of chemically and
UVA-riboflavin-induced cross-linking of collagenous tissue.18 In
this study, we evaluated TXL efficacy using an automated
differential scanning calorimeter, which is an instrument that
measures change in heat flow over time and can be used to
determine the thermal transition (or denaturation) tempera-
ture (Tm) of a given substance. Thermal transition temperature
is a concept familiar to the biomaterials industry where it has
been used as a means to evaluate the efficacy of TXL for
decades. Differential scanning calorimetry produces a dena-
turation curve, which depicts a major endotherm with the Tm

value at its peak. In the case of collagenous tissue, the major
endotherm reflects collagen denaturation, which involves
triple helical uncoiling and tissue shortening. In addition to
collagen cross-linking, it is also possible for proteoglycans to be
modified in the TXL procedure since they contain potential
reactive sites. However, this is not expected to alter or
contribute to the thermal denaturation of collagen, since
removal of proteoglycans has been shown not to alter the Tm

of collagenous soft tissue.26

Differential scanning colorimetry has been used successful-
ly in many tissue types including tendon,40 bone,41 cartilage,42

and skin,43 but there are few reports regarding cornea.28,44,45

An additional advantage of DSC is that tissue samples are
hermetically sealed, preventing tissue dehydration, which can

FIGURE 3. Comparison of scleral TXL potency of seven FARs. Porcine
scleral tissue was cross-linked using FAR solution at 25 mM in 0.1 M
NaHCO3 buffer for 30 minutes. Control samples were treated identically
with vehicle. DTm indicates average shifts in the denaturation
temperature of scleral tissue after TXL compared to the control as
measured by DSC. Dark blue bars depict shifts at pH 8.5, and light blue

bars depict shifts at pH 7.4. Error bars represent standard error.
Asterisks indicate significant changes in Tm following TXL based on
nonpaired t-tests from data on three independent trials (P � 0.05).

TABLE 2. FAR Toxicity Thresholds for Human Skin Fibroblasts

Concentration,

mM DAU IMU SMG DMDM OCT HNPD BP

5 Dead Dead Dead Dead Dead Dead Dead

1 Dead Dead Dead Dead Dead Dead Dead

0.1 Alive Alive Alive Alive Alive Alive Dead

0.01 Alive Alive Alive Alive Alive Alive Dead

0.001 Alive Alive Alive Alive Alive Alive Alive

Control Alive Alive Alive Alive Alive Alive Alive

Human skin fibroblasts (passage 2) were exposed to FARs for 24
hours followed by a 48-hour recovery in fresh cell media.
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introduce experimental error into these measurements.
Changes that can occur in the water content of tissue are
particularly relevant in the case of cornea, which has a large
capacity to swell and/or shrink. Finally, the ease of analyzing
DSC data using the Pyris software adds to the effectiveness of
using DSC for cross-link analysis.

In order to directly assess the toxicity of these chemicals,
we conducted an in vitro cell toxicity experiment using HSFs
and these FARs in studies similar to recently published work.33

The toxicity threshold of all FARs tested was determined to be
below 1 mM with the exception of BP, which was the most
toxic (toxicity threshold below 0.01 mM). Our past cell
toxicity studies using HSFs indicated that genipin and
glutaraldehyde both have toxic thresholds on par with BP.33

In the same study, we showed glyceraldehyde to be the least
toxic cross-linking agent for HSFs, with a toxic threshold of 1
mM. Therefore, the toxicity of FARs lies between the toxicity of
glutaraldehyde and glyceraldehyde, with glyceraldehyde being
the least toxic. Here, we would like to point out that the cell
toxicity thresholds determined are not designed to provide
direct clinical information regarding potentially applicable
concentrations, but rather as a means to compare toxicity
between compounds.

Finally, for a word on safety, owing to their widespread use
in cosmetics and by the textile industry, where workplace
hazards are closely scrutinized, the FARs have been extensively
tested in European safety studies by the Scientific Committee
on Cosmetics and Non-Food Products32,46 following the
commission of Cosmetic Products Directive 76/768/EC by
the Council of the European Communities in 1976.47 The
result of the Cosmetic Directive was a delineation of which
FARs can appear in cosmetics and PCPs and at what
concentrations. For this study, we adapted the maximum
allowed concentrations of FARs as defined in the Cosmetic
Directive since we believed that working within the maximum
allowed value would be a good starting point in evaluating
effects that could be induced in patients.

Keeping this in mind, the literature values for the dermal
toxicity of FARs reported above (Table 1) should be viewed
with some discretion, since the effect on skin might not
translate to ocular tissues. Some data highlighting the effects of
FARs on ocular tissues are present in the literature, though
variations exist between studies, specifics of experimental
design are lacking in some cases, and the reports are directed
toward irritation rather than toxicity per se. Diazolidinyl urea,
when administered in the conjunctival sac of albino rabbits at a
concentration of 5% (solvent not specified), was reported to be
nonirritating to ocular tissues over a seven-day period, without
a water rinse.48 Imidazolidinyl urea was shown to be
nonirritating to ocular tissues in aqueous solutions at
concentrations of 5%, 10%, and 20% with a seven-day follow-
up in albino rabbits.49 Albino rabbits treated with a 0.5%
solution of DMDM (with and without water rinse) were
reported to have minimal, transient irritation over a seven-day
period.50

Other studies have indicated that a 2% solution of BP is
irritating to rabbit eyes51 while aqueous solutions of 53.1% to
56.8% of HNPD showed only slight irritation in the same
species.52 Data on the effect of OCT and SMG on ocular tissues
are not readily available in the literature. Information from
Material Safety Data Sheets (MSDS) indicates that OCT causes
serious eye damage or irritation in rabbits,53 and SMG has
shown a mildly irritating effect on rabbit eyes (dosage not
specified).54 Interestingly, SMG has been used as a preservative
in ophthalmic solutions including BLUgelA multidose artificial
tears manufactured by SOOFT italia (Montegiorgio, Italy) at a
concentration of 0.002% (0.157 mM),55 which suggests that
SMG may be safe to use on ocular tissues. This concentration,

however, is much lower than the highest concentration of SMG
that we have proposed for therapeutic TXL (39.06 mM).
Information from the literature thus generally supports the
safety of FARs as cross-linking agents for the cornea and sclera.
It is noted that studies more directly assessing the effect of
FARs on the viability of ocular tissues are needed to better
judge the therapeutic potential of the new TXL agents. This
question will be more carefully addressed in future studies.

In conclusion, the present study has demonstrated a novel
therapeutic application for FARs commonly employed in
consumer PCPs. Two of these agents, DAU and SMG, have
shown effective cross-linking abilities in intact cornea and cut
scleral pieces as indicated by shifts in thermal denaturation
temperature (Tm). In light of the current growing therapeutic
cross-linking application in both the cornea and sclera, FARs
may have potential in the treatment of diseases such as
keratoconus and myopia. Continued screening of FARs from
the compiled registry could lead to the identification of
additional potent cross-linking agents.
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