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ABSTRACT 

Ocular cystinosis is a rare metabolic disorder characterized by the presence of insoluble 

cystine crystals inside the corneal stroma, with consequent photophobia, keratopathies and 

frequent corneal erosions. The current therapy consists in the lifetime ophthalmic 

administration of cysteamine, drug characterised by extremely high hydrophilicity, low 

molecular weight (77 g/mol), and easily oxidized to disulphide. Ocular delivery of cysteamine 

is very challenging, for its poor permeability and stability in solution. The purpose of the 

present paper was to study the impact of formulation pH and composition on 1) the trans-

corneal delivery and 2) the stability in solution of cysteamine, with particular focus on the 

use of alpha-cyclodextrin (α-CD), benzalkonium chloride (BAC) and disodium edetate 

(EDTA). Permeation experiments were performed ex vivo through freshly excised porcine 

cornea; stability was evaluated for six months at -20°, +4° and +25°C; irritation potential was 

evaluated using HET-CAM assay. The results showed that cysteamine trans-corneal 

diffusion is strictly dependent on both pH (7.4 preferred to 4.2) and buffering capacity, that 

negatively impact on the permeation; EDTA did not enhance the trans-corneal diffusion of 

cysteamine neither at pH 7.4 nor at pH 4.2, while benzalkonium chloride (BAC), antimicrobial 

agent present within commercial eye-drops, significantly enhanced it. Notably, α-CD was 

able to promote the trans-corneal diffusion of cysteamine and, at a 5.5%, a 4-fold higher 

penetration compared to the BAC-containing formulation was obtained. EDTA and acidic pH 

demonstrated to be essential for cysteamine stability. The formulation obtained by 

combining α-CD and EDTA was characterized by significant permeation, good stability 

profile, and no irritation potential, even if the tolerability should be further confirmed by in 

vivo test. 
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1 INTRODUCTION  

Cysteamine is an orphan drug [1, 2] successfully used for treating cystinosis, a rare 

metabolic disorder caused by the mutation of CTNS gene that encodes for the lysosomal 

protein cystinosin. The diseases causes the accumulation of insoluble cystine crystals (i.e. 

the disulfide of the amino-acid cysteine) inside the cells of several organs and tissues, 

particularly within kidney and eye [3]. Oral administration favorably treat systemic symptoms 

[4], but is completely ineffective for ocular manifestations since the cornea, as a 

consequence of the angiogenic privilege, is an avascular tissue. Therefore, the only possible 

approach for the effective decrease of corneal cystine crystals responsible for photophobia, 

keratopathies and frequent corneal erosions [5], is the topical administration of the drug. 

FDA has recently approved CystaranTM, a cysteamine hydrochloride based eye-drop 

effective in the reduction of corneal cystine crystals [6]. 

Ophthalmic delivery of cysteamine is very challenging, for its poor permeability and stability 

in solution. The diffusion of the highly hydrophilic molecule across the lipophilic corneal 

epithelium is highly hindered, thus constraining to hourly administration of eye-drops during 

daytime. Moreover, in aqueous solution, cysteamine tends to oxidize to cystamine (Figure 

1), a non toxic, but ineffective compound [7]. For these reasons the eye-drop CystaranTM 

has to be administered hourly during daytime; the product has to be stored at -20°C and, 

after opening, it should be used within 1 week, keeping it between +2°C and +25°C [8]. 

In order to improve cysteamine ocular administration, some formulative approaches have 

been recently proposed. Among others, the increase of residence time of the solution on the 

ocular surface by means of thickening agents i.e. hydroxypropylmethylcellulose [9] and 

carbomer [10]; the control of release of the drug using sodium carboxymethyl cellulose 

hydrogels [11] [12] and Poloxamer 407 [12] or silicone contact lenses containing vitamin E 

[13]; nanowafer [14]. Additionally, a few papers address the problem of cysteamine stability 

by adding EDTA [15] or using reconstructed gels [16]. Despite the formulative efforts, no 

attention has been dedicated until now to elucidate the impact of the formulation on corneal 

delivery and, surprisingly, no information is present in the literature, to our knowledge, on 

cysteamine trans-corneal transport. 

The purpose of the present paper was to study the impact of formulation on cysteamine 

trans-corneal permeation and stability. The role of pH, EDTA and benzalkonium chloride 

(BAC) was at first evaluated. BAC is an antimicrobial agent present in the commercial 

formulation that may cause eye irritation [17] but, at the same time, can have an important 
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activity as permeation enhancer [18]. Then, the use of α-CD as excipient was investigated. 

The final aim was both to increase drug delivery to the cornea– thus reducing the number 

of administrations per day - and to increase cysteamine stability in aqueous solution. 

  

Cysteamine Cystamine 

 

Figure 1. Molecular structure of cysteamine and cystamine. 

2 MATERIALS AND METHODS 

2.1 Materials 

Cysteamine as hydrochloride (MW 113.61 g/mol, MW as free base 77.15 g/mol; pKa1 8.32, 

pKa2 10.34; LogD7.4 -2.36 [19]) as well as cystamine as dihydrochloride (MW 225.20 g/mol, 

MW as free base 152.28 g/mol), were a gift from Recordati (Milan, Italy); disodium edetate 

(EDTA) was from Alfa Aesar (Karlsruhe, Germany); benzalkonium chloride (BAC) was 

purchased from Sigma Aldrich (Sigma-Aldrich, St. Louis, USA). alpha-cyclodextrin (α-CD; 

MW 972.84 g/mol) was from Wacker Chemie (Munich, Germany); any other materials, 

including solvents for liquid chromatography, were of analytical grade. Cysteamine 

hydrochloride solutions (0.44% w/v as free base) were obtained by dissolving the drug in 

the vehicles listed in Table 1. The solutions pH was then adjusted to the desired value using 

0.1 M HCl or 0.1 M NaOH. 

2.1.1 Permeation experiments  

Trans-corneal diffusion was studied using an ex vivo model consisting of isolated freshly-

excised porcine corneas, as previously described [20]. Briefly, full-thickness (epithelium, 

stroma and endothelium) or de-epithelialized (stroma and endothelium) corneas from pigs 

(Large White and Landrace, 145-190 kg, 10-11 months) were isolated and mounted on 

Franz-type diffusion cells, having a permeation area of 0.2 cm2, within 3 hours from animal 

death. The donor compartment was filled with 0.3 ml of 0.44% cysteamine solution in 

different vehicles (Table 1), while pH 7.4 HEPES buffer added with 0.01% EDTA was used 

to fill the receiving compartment (approx. 4 ml volume). 
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Table 1 Composition of cysteamine hydrochloride solutions (0.44% w/v as free base). 

# NaCl 
(%) 

BAC 
(%) 

EDTA 
(%) 

HEPES 
(%) 

NaH2PO4 
(%) 

alpha 
CD (%) pH 

C0 0.9 0.01 - - - - 4.2 
C1 - 0.01 0.1 - 1.85 - 4.2 
C2 0.9 - 0.01 0.65 - - 7.4 
C3a 0.9 - - - - - 4.2- 4.4 
C3b 0.9 - - - - - 7.4 
C4a 0.9 - 0.1 - - - 4.2 
C4b 0.9 - 0.1 - - - 7.4 
C5 0.9 0.01 - - - 0.06 4.2 
C6 0.9 0.01 - - - 1.5 4.2 
C7a 0.9 0.01 - - - 3 4.2 
C7b 0.9     3 4.2 
C8a 0.9 0.01 - - - 4.25 4.2 
C8b 0.9 - - - - 4.25 4.2 
C9a 0.9 0.01 - - - 4.9 4.2 
C9b 0.9 - - - - 4.9 4.2 
C9c 0.9 - 0.1 - - 4.9 4.2 
C9d 0.9 - 0.1 - 1.85 4.9 4.2 
C10a 0.9 0.01 - - - 5.5 4.3 
C10b 0.9 - - - - 5.5 4.3 

 

Preliminary studies demonstrated that the presence of 0.01% EDTA prevented cysteamine 

oxidation for at least 24 hours. Receptor phase, previously degassed, was continuously 

stirred and kept in a 37°C water bath throughout the experiment time. In order to quantify 

cysteamine permeated, 0.3 ml of receptor solution were collected at predetermined times 

(0, 20, 40, 60, 80, 100, 120, 180, 240, 300 minutes) over a 5 hours period and analysed by 

HPLC-UV. Each condition was replicated at least 3 times and, in order to reveal possible 

interferences from the tissue, blank assays were conducted. pH values of donor solution 

were monitored over time by means of a microelectrode. 

Data are presented as amount of cysteamine permeated (µg/cm2) as a function of time 

(min). The trans-corneal flux of cysteamine through both full-thickness and de-epithelialized 

corneas (J, µg/cm2 min) was calculated as the slope of the regression line at steady state, 

while the apparent permeability coefficient of full-thickness (full) and de-epithelialized (de-

epi) cornea (Papp, cm/s) were calculated at the steady state as: 
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Papp= J/CD  equation 1 

were CD (µg/ml) is the concentration of the donor solution. 

The apparent permeability coefficient of the epithelium was calculated using the resistance 

approach [21]. The resistance to transport (R) can be written as: 

Rcornea = Repithelium + Rstroma + Rendothelium    equation 2 

Since the resistance (R) is the inverse of permeability (Papp) 

 1
Pcornea

= 1
Pepithelium

+ 1
Pstroma

+ 1
Pendothelium

	           equation 3  

that can be written as: 
1
Pfull

= 1
Pepithelium

+ 1
Pde-epi

    equation 4 

 
Enhancement Factor (EF) was calculated by comparing obtained permeability coefficients 

(Ptest) to the permeability coefficient of the reference formulation C0 (PC0): 

    EF =	 Ptest
PC0

	            equation 5 

 
Attempts were done to validate an extraction procedure in order to be able to quantify the 

amount of cysteamine accumulated inside the cornea, however the recovery % was always 

very low. Preliminary experiments were performed to evaluate cysteamine stability in contact 

with the corneal tissues: 9 mm diameter full-thickness cornea punches were soaked in 

cysteamine solutions (pH 7.4, 0.01% EDTA) at different concentration and analysed by 

HPLC after up to 5 of contact at room temperature.  

 

2.1.2 HET-CAM assay 

Hen's Egg Test Chorioallantoic Membrane (Het-Cam Assay) was performed as reported in 

ICCVAM-recommend test method protocol [22]. 

Fertilized chicken eggs (White Leghorn) at 9th day of incubation, having a weight of approx. 

60 g, were purchased from Istituto Zooprofilattico della Lombardia e dell’Emilia-Romagna 

(Brescia, Italy). After cleaning the eggs with 70% ethanol, the eggshell was circumferentially 

cut with a surgical blade at the air cell. Once the inner membrane has been exposed, it was 

moistened using approx. 1 ml of saline solution (0.9% NaCl) and then carefully removed by 

tweezers. 100 µl of control or test solutions were added onto the cam and the observation 

was performed at 0.5, 2 and 5 minutes, recording any lysis, hemorrhage or coagulation 
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occurred, and assigning the irritation score (IS). IS is a value that, in accordance with 

ICCVAM-recommended protocols [22], is calculated by adding the score of each 

observation and can vary between 0 (no alterations are detectable) and 21 (lytic, 

hemorrhagic and coagulative phenomena observed). Four different samples were tested: 

solutions containing 5.5% α-CD with or without 0.44% cysteamine (C10b) and solutions 

prepared by mixing 5.5% α-CD and 0.01% BAC with or without 0.44% cysteamine (C10a). 

0.9% NaCl solution was used as negative control. Each condition was tested in triplicate. 

2.1.3 Dynamic Light Scattering  

Vehicles prepared by dissolving 4.9% α-CD in distilled water and in the vehicle C9d with or 

without 0.44% cysteamine were analysed by Dynamic Light Scattering (DLS) using a 

90Plus/BI-MAS apparatus (Brookhaven Instruments Corporation, Holtsville, NY, USA). Both 

solution were filtered across 0.2 µm cutoff regenerated cellulose membrane (Sartorius AG, 

Goettingen, Germany). Each measure, repeated 6 times, lasted 1 min and was performed 

at 25°C, 658 nm laser beam, 90° scattering angle (fluid refractive index: 1.33, viscosity 0.89 

cP). 

 

2.1.4 Stability studies 

Stability studies were performed on vehicles C0, C1, C2, C7a, C9b, C9c and C9d (Table 1) over 

a 24 weeks period. Aliquots of 0.4 ml were transferred into polypropylene or glass tubes and 

stored at -20°C, 4°C and +25°C, protected from light. Cysteamine concentration was 

assessed by HPLC-UV after dilution with water. Before the chromatographic analysis, pH 

values were measured with a microelectrode. Each condition was tested in triplicate. In the 

case of C0, C1, C2 the oxidation product cystamine was quantified as well. 

 

2.1.5 Analysis 

HPLC analysis was carried out using a system consisting of an isocratic pump (series 200 

Perkin Elmer, Walthman, MA, USA), an autosampler (Prostar 410, Varian, Leinì, Italy) and 

a UV-Vis detector (SPD-20ALC Shimadzu, Kyoto, Japan), managed by Turbochrom work 

station software (Perkin Elmer). In alternative, an Agilent 1260 Infinity system (Agilent 

Technologies, Santa Clara, CA, USA) was used. 

Two different methods were set up. For stability studies, cysteamine and cystamine were 

quantified simultaneously using an Alltima C18 LL 5 μm 250X4.6 mm column (Grace, 
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Columbia, MD, USA) thermostated at 50°C. Mobile phase consisted of a mixture of 380 ml 

water, 300 ml CH3CN, 320 ml CH3OH, added with 1.4 ml H3PO4 85% and 11.52 g sodium 

dodecyl sulphate pumped at 1.6 ml/min. Absorbance was recorded at 210 nm. Retention 

times were approx. 4 min and 14 min for cysteamine and cystamine, respectively. Linearity 

was between 50 μg/ml and 2000 μg/ml for both compounds. 

Samples from permeation experiments (only cysteamine was quantified) were analyzed with 

a Jupiter C18 5 μm column (300 Å, 150X4.6 mm; Phenomenex, LePeq, France) 

thermostated at 50°C. Mobile phase was prepared by adding 1.4 ml of H3PO4 85% and 

11.52 g of sodium dodecyl sulphate to a mixture composed of water (620 ml), CH3CN (330 

ml) and CH3OH (50 ml) pumped at 1.6 ml/min. Absorbance was detected at 210 nm. 

Retention time was 4 min and linearity was between 5 μg/ml and 50 μg/ml. The LOD (limit 

of detection) was 1 µg/ml. Possible interference due to the cornea were evaluated. Standard 

solutions were prepared in HEPES pH 7.4 containing 0.01% EDTA; RSD% (relative 

standard deviation %) and ER% (relative error %) resulted lower than 5% and 10% 

respectively for all the concentrations tested. 

3 RESULTS AND DISCUSSION  

Cysteamine ocular administration faces three major challenges: 1) partitioning into and 

diffusion across the corneal epithelium, because cysteamine is a charged hydrophilic 

compound; 2) short residence time on ocular surface that, together with the low permeability, 

implies the need for frequent administrations; 3) instability of cysteamine which, in aqueous 

solution, tends to oxidize to cystamine (Figure 1), a non toxic, but ineffective compound. 

Formulative approaches proposed until now were mainly focused to increase cysteamine 

retention on the ocular surface and/or control drug release, so as to reduce the 

administration frequency [9] [10] [11] [12] [13] [15] [14]. As a result, a CMC gel has 

completed a phase III study in Europe [23]. 

The aim of the present paper was to increase both the accumulation in the corneal stroma 

(here measured as trans-corneal permeation) and the stability of cysteamine in solution. 

 

3.1 Trans-corneal permeation of cysteamine 

The target of ocular cysteamine is the corneal stroma, where most of cysteine crystals are 

located [24]; for this reason it would be interesting to measure the drug level inside the 

tissue. An attempt to set up and validate an extraction procedure of cysteamine from the 
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cornea was done, by spiking the tissue with a known amount of the drug and extracting it in 

different conditions. Unfortunately, this method was unsuccessful: in fact, preliminary 

experiments demonstrated that cysteamine levels in a solution in contact with the cornea 

rapidly declined. This was probably the result of oxidative reactions, both enzymatic and 

non-enzymatic, commonly occurring to free thiol groups in mammalian cells [25] and 

therefore reasonably also inside freshly-excised cornea. Conversion of cysteamine to 

hypotaurine, taurine [26] and glutathione [27] has been reported. In addition, interactions 

between cysteamine and cornea components cannot be excluded. The difficulty in the 

quantification of cysteamine inside the cornea is witnessed by the absence of data in the 

literature. 

In order to evaluate the performance of the different formulations prepared, the trans-corneal 

permeation through freshly excised porcine cornea was measured, assuming a direct 

correlation between the amount of cysteamine permeated across the cornea and the amount 

retained in the corneal stroma, i.e. the main target site. This assumption is reasonable 

considering that the permeation barrier is located in the epithelium. The permeability 

coefficients obtained using different vehicles, whose composition is detailed in Table 1, are 

reported in Table 2; permeation profiles are shown in Figures 2 and 3. The composition of 

formulation C0 is the same as the commercial eye-drop. 

A general consideration can be made concerning the lag time that is considerably long: 

regardless the formulation, cysteamine is never found in the receptor compartment before 

60/80 minutes (Figure 2 and 3). This can be attributed to both the low permeability of this 

drug, and to its retention/metabolism inside the cornea, as previously detailed.  

 

Table 2. Permeability coefficients of cysteamine through porcine cornea (mean values 
± sd)  

vehicle composition† Pfull ± sd (n) 
*10-6 a 

Pde-epi ± sd (n) 
*10-6 a 

Pepithelium 
*10-6  b 

EF 
c 

C0 NaCl-BAC-4.2 7.41 ± 2.71 (7) 24.10 ± 3.20 (3) 9.59 ± 0.55 - 
C1 BAC-EDTA-phosp-4.2 5.68 ± 1.06 (6) 18.81 ± 4.19 (3) 7.95 ± 0.75* 0.8 
C2 NaCl-EDTA0.01-hepes-7.4 3.08 ± 1.54 (3) 19.82 ± 1.71 (4) 3.05 ± 0.04 0.4 
C3a NaCl-4.2 n.c.(4) n.d. - n.c. 

C3b NaCl-7.4 2.60 ± 0.75 (4) n.d. - 0.4 
C4a NaCl-EDTA-4.2 n.c. (4) n.d. - n.c. 

C4b NaCl-EDTA-7.4 2.97 ± 0.78 (4) n.d. - 0.4 
C5 NaCl-BAC-α0.06-4.2 4.02 ± 0.89 (3) n.d. - 0.5 
C6 NaCl-BAC-α1.5-4.2 0.47 ± 0.81 (3) n.d. - 0.1 
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C7a NaCl-BAC-α3-4.2 3.95 ± 0.39 (3) n.d. - 0.5 
C7b NaCl-α3-4.2 6.92 ± 2.38(3) n.d. - 0.9 
C8a NaCl-BAC-α4.25-4.2 10.33 ± 1.94 (3) n.d. - 1.4 

C8b** NaCl-α4.25-4.2 14.89 ± 1.33 (5) n.d. - 2.0 
C9a** NaCl-BAC-α4.9-4.2 17.19 ± 2.57 (3) n.d. - 2.3 
C9b** NaCl-α4.9-4.2 19.05 ± 2.88 (5) n.d. - 2.6 
C9c** NaCl-EDTA-α4.9-4.2 21.97 ± 0.76 (4) n.d. - 3.0 
C9d** NaCl-EDTA-phosp-α4.9-4.2 21.39 ± 3.17 (5) n.d. - 2.9 
C10a** NaCl-BAC-α5.5-4.3 32.05 ± 6.42 (5) n.d. - 4.3 
C10b** NaCl-α5.5-4.3 28.10 ± 5.03 (4) n.d. - 3.8 

†  α symbol followed by a number indicates α-CD concentration; underlined number indicates pH 
value (detailed information in Table 1). 
a experimental data, from equation 1 
b calculated from equation 4 
c calculated vs C0, using equation 5 
n.c. not calculable 
n.d. not determined 
* statistically different from C0, p<0.05 (Student’s t test) 
** statistically different from C0, p<0.01 (Student’s t test) 

 

 

3.1.1 Role of pH, EDTA and benzalkonium chloride  

First of all, the role of pH (4.2 vs 7.4) was evaluated: cysteamine was dissolved in 0.9% 

NaCl and the pH was bought to 4. (C3a), or 7.4 (C3b). As shown in Figure 2, the permeation 

is very slow and low at pH 4.2 (C3a), where cysteamine logD is -3.12 and 99.98% of the 

molecule is positively charged [19], while a measurable flux is present at pH 7.4 (C3b) where 

cysteamine logD increases to -2.36, due to the presence of 20% amphiphilic form and 0.33% 

of unionized form [19]. The apparent permeability coefficient value obtained at pH 7.4 

(2.60±0.75*10-6 cm/s) was compared with the value calculated using a computational model 

recently set up and validated [28], built using the total hydrogen bonding capacity (HBtot) and 

the distribution coefficient at pH 7.4 (logD7.4) as descriptors: 

 

logPapp=−3.885−0.183(HBtot)+0.277(logD7.4) equation 6 [28]. 

 

The calculated value (5.36*10-6 cm/s) is similar to the experimental one, demonstrating the 

predictability of the model (although built using rabbit data) and confirming that molecular 

weight (not present in the equation) has a limited role in the definition of trans-corneal 

permeability, at least for low MW compounds [28]. The main barrier to cysteamine diffusion 

across the cornea is the lipophilic epithelium [20], as can be observed by comparing the 
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permeability value across the full thickness cornea and de-epithelialized cornea reported in 

Table 2. 

 
Figure 2. Permeation profiles of cysteamine across porcine cornea. 0.44% cysteamine 
was dissolved in different vehicles: C0 (pH 4.2, BAC), C1 (buffered pH 4.2, BAC, EDTA), 
C3a (pH 4.2), C3b (pH 7.4), C4a (pH 4.2, EDTA) and C4b (pH 7.4, EDTA) (mean values±sd; 
3<n<7)  
 
EDTA was then added to pH 4.2 (C4a) and 7.4 (C4b) solutions to evaluate its potential 

enhancer effect. The literature data on EDTA are controversial: some authors [29] [30] [31] 

reported an enhancer effect due to chelation of calcium ions involved in the opening of tight 

junctions [32]. On the contrary, other authors found no effect of EDTA in the trans-corneal 

permeation of either hydrophilic [33] or lipophilic [34] [35] [30] drugs. The permeation profiles 

obtained with cysteamine are superimposed with the respective controls (Figure 2), showing 

the absence of enhancing effect at both pH 4.2 (EDTA2-; C3a vs C4a) and 7.4 (EDTA4-; C3b 

vs C4b). 
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The commercial product CystaranTM (here reproduced by C0) contains the antimicrobial 

agent benzalkonium chloride, also well known as permeation enhancer for trans-corneal 

administration [36]. The enhancement effect of BAC can be seen from the permeation 

profiles in Figure 2: the amount permeated after 5 hours increased approximately 10 times 

compared to the control (C3a, no BAC) and the lag time (here defined as the first timepoint 

at which the drug is detected in the receptor compartment) significantly decreased from 4 to 

1 h. It is worth mentioning that the presence of a permeation enhancer in the commercial 

product is required because in patients affected by ocular cystinosis the barrier function of 

the corneal epithelium is preserved. In fact, even if corneal thickness appears higher, due 

to disregulation of corneal water balance and consequent swelling of the stroma, the 

epithelium remains intact [37]. 

 

Due to the low solution stability of cysteamine at neutral pH, the commercial eye-drop 

CystaranTM has a pH of 4.2 (C0, (Table 1)): however, because it is an unbuffered solution, 

its pH value increased during the experiment from the initial value of 4.2 to 6 (after 2 hours) 

and to 6.4 (after 5 hours) (C0, Table 3).  

 

Table 3. pH of donor solutions during permeation experiments (mean values ± sd; 3<n7) 

  pH 
vehicle composition† time 0 time 2h time 5h  

C0 NaCl-BAC-4.2 4.30 ± 0.08 6.02 ± 0.06 6.37 ± 0.11 
C1 BAC-EDTA-phosp-4.2 4.23 ± 0.02 4.46 ± 0.04 4.64 ± 0.13 
C3a NaCl-4.2 4.35 ± 0.02 5.52 ± 0.05 5.95 ± 0.33 
C3b NaCl-7.4 7.39 ± 0.04 7.26 ± 0.05 7.25 ± 0.05 
C4a NaCl-EDTA-4.2 4.19 ± 0.03 4.80 ± 0.05 5.01 ± 0.10 
C4b NaCl-EDTA-7.4 7.42 ± 0.02 7.25 ± 0.06 7.21 ± 0.07 
C9c NaCl-EDTA-α4.9-4.2 4.34 ± 0.00 5.60 ± 0.10 6.28 ± 0.06 
C9d NaCl-EDTA-phosp-α4.9-4.2 4.15 ± 0.00 4.54 ± 0.07 4.99 ± 0.05 

† underlined number indicates pH value; α symbol followed by a number indicates α-CD 
concentration; (for more detailed information see Table 1). 

 
 

This pH shift probably happens also in vivo, where the product is diluted with the lacrimal 

fluid (pH 7.4) and is in contact with the ocular tissues, leading to a change (decrease) of 

drug ionization that can increase significantly its corneal permeability, as previously 

observed. 

Despite its efficacy, CystaranTM has still a problem of stability: the product has to be stored 

at -20°C and, after opening, it should be used within 1 week, keeping it between +2°C and 
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+25°C [8]. With the aim of improving drug stability, Tsilou and colleagues modified the 

formulation using EDTA and sodium phosphate (C1, Table 1): however, the clinical 

evaluation demonstrated that this formulation was not active anymore [15]. A possible 

explanation of the reduction of efficacy can be the presence of phosphate in C1, leading to 

a lower variation of pH in the solution (from 4.2 to 4.5 after 5 hours, see Table 3), compared 

to the unbuffered solution C0. The permeation data here collected with this formulation (C1) 

cannot totally explain the clinical results, because the permeation profile was lower but not 

statistically different from C0 (see Figure 2). However, the pH shifts observed in vitro are 

probably under-estimated compared to what happens in vivo, where a dilution with lacrimal 

fluid takes place and, above all, the contact area between formulation and ocular tissues is 

much higher. 

3.1.2 Role of alpha-cyclodextrin  

α-CD was chosen to improve the trans-corneal permeation of cysteamine. α-CD has been 

reported to improve ocular delivery of lipophilic drugs, such as cyclosporin [38] and Δ9-

tetrahydrocannobinol [39] increasing their solubility thus overcoming the aqueous layer that 

normally prevents the interaction between drug and cornea [40]. CDs may also act as proper 

permeation enhancer by extracting lipidic components of cellular membrane, as 

demonstrated for α-CD on isolated erythrocytes [41] and epithelial cells of bovine cornea 

[42]. This mechanism is negligible for lipophilic compounds, being inherently able to diffuse 

across membranes, but could be relevant for hydrophilic drugs such as cysteamine. 

Therefore, vehicles containing α-CD in concentrations included between 3 and 5.5% were 

evaluated. The profiles obtained, reported in Figure 3a, show an important enhancing effect, 

proportional to concentration (Figure 4, full squares): using 5.5% α-CD of it is possible to 

increase the amount permeated up to 20 times compared to the control (C3a). Also with this 

enhancer, a reduction of the lag time can be appreciated, but still 60 minutes are necessary 

to detect the drug in the receiver solution. 
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Figure 3. Cysteamine permeation profiles through full-thickness cornea starting from 
vehicles containing α-CD (a) and α-CD and BAC (b), compared to reference vehicles 
(C3a and C0, respectively). (mean values±sd; 3<n<7) 
 

The results demonstrated that relatively high concentrations are necessary to promote 

cysteamine diffusion across the cornea; 3% of CD can match the performance of 0.01% 

BAC. Siefert and Keipert [42] obtained similar results: the uptake of pilocarpine 

hydrochloride in bovine cornea was not influenced by 0.5% α-CD, while higher 

concentrations (8.54 and 13.92%) had a dramatic effect. The hypothesized mechanism was 

extraction of lipidic fractions from epithelial cells [42]. Nonetheless, the efficacy of α-CD is 

also molecule-dependent, since Morrison and colleagues found that α-CDs were not able to 

promote riboflavin diffusion across bovine cornea ex vivo, as β and HPβ-CD did [43]. 

Cyclodextrins were then associated with BAC to evaluate the possibility to obtain a 

synergistic effect, at low cyclodextrin concentration. The data, reported in Figure 3b and 

Figure 4 (void squares) show that 0.06% CD (BAC:α-CD molar ratio, 1:2) reduced the 

enhancing properties of BAC and 1.5% CD completely suppressed it. Indeed, the interaction 

between CDs and BAC has been described [44, 45] and we can hypothesize that 

cyclodextrin prevents BAC effect on corneal epithelium. Only when CD concentration is 3% 

or higher, the permeation is restored, due to the enhancing effect of CDs. The results 

obtained with the vehicles containing the association of BAC and CD are not statistically 

different from the ones obtained with CD alones, with the exception of 4.25% α-CD. In fact, 

unexpectedly, C8b is statistically higher than C8a (p<0.01), even if the reason is unknown. 
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Figure 4. Permeability coefficients through full-thickness porcine cornea as a 
function of α-CD concentration. Full squares (n) represent vehicles containing only 
NaCl and CDs, void squares (o) represent vehicles containing NaCl, CDs and BAC, 
open diamond (¯) represent vehicles containing NaCl, CDs and EDTA. (mean 
values±sd; 3<n<7). The detailed composition is illustrated in Table 1. Asterisks refer 
to statistical difference from the commercial formulation C0  **, p<0.01; Student’s t 
test); §§ refers to statistical difference between C8a and C8b (p<0.01; Student’s t test).  

3.2 Stability studies 

The other challenge related to cysteamine administration is the poor stability of cysteamine 

hydrochloride in aqueous solution. For this reason, we have at first evaluated the stability 

pattern of three known formulations, examples of low (C2; pH 7.4), average (C0; pH 4.2;) 

and good stability (C1, pH 4.2; stable but ineffective). The results (Figure 5) confirmed: 1) 

the quantitative conversion of cysteamine into cystamine; 2) the pH dependence of this 

phenomenon: at pH 7.4 the oxidation is extremely rapid due to the presence of ionized thiol 
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groups; 3) the temperature dependence of oxidation; 4) the very good stability of C1 (as 

previously demonstrated [15]) due to the presence of acidic pH, EDTA and sodium 

phosphate. 

 

Figure 5. Percentage of cysteamine (full square) and cystamine (full circle) recovered 
in C0 (NaCl-BAC-4.2), C1 (BAC-EDTA-phosp-4.2) and C2 (NaCl-EDTA-hepes-7.4) stored 
at -20°C, +4°C and +25°C over 24 weeks stability studies; void circles represent pH 
value. (mean values±sd; n=3).   

 

Then, CD-containing vehicles were analyzed. In principle, cysteamine can interact with 

cyclodextrin surface; this interaction is reported only in the solid state [46] but is also possible 

in aqueous solution, as found for other hydrophilic compounds [47]. However, as can be 

seen in Table 4, neither the presence of CD alone (C9b), nor its association with BAC (C7a) 

increased cysteamine stability. 
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Table 4. Percentage of cysteamine recovered from solutions at pH 4.2 C7a, C9b, C9c, 
C9d stored at -20°C, +4°C and +25°C over 4 or 24 weeks stability studies. (mean values 
± sd; n=3)  

vehicle† temperature Week 4 Week 8 Week 24 
C7a 

NaCl-BAC α3 
4.2 

-20°C 83.1 ± 17.0 n.d. n.d. 

+4°C 44.6 ± 8.5 n.d. n.d. 

+25°C 32.1 ± 6.8 n.d. n.d. 

 temperature Week 5  Week 8 Week 24 
C9b 

NaCl α4.9 4.2 
-20°C 54.7 ± 4.8 n.d. n.d. 

+4°C 62.3 ± 12.2 n.d. n.d. 

+25°C 39.1 ± 7.5 n.d. n.d. 

 temperature Week 4  Week 8 Week 24 
C9c 

NaCl-EDTA 
α4.9 4.2 

-20°C 98.6 ± 0.4 n.d. n.d. 

+4°C 95.7 ± 2.0 n.d. n.d. 

+25°C 89.6 ± 2.4 n.d. n.d. 

 temperature Week 4 Week 8 Week 24 
C9d 

NaCl-EDTA- 
phosp α4.9 4.2 

-20°C 97.0 ± 0.8 98.5 ± 2.0 98.8 ± 0.7 
+4°C 97.0 ± 0.7 98.4 ± 0.8 95.9 ± 3.0 

+25°C 95.7 ± 0.6 95.5 ± 1.7 90.7 ± 0.7 
†  underlined number indicates pH value; α symbol followed by a number 
indicates α-CD concentration; (for more detailed information see Table 1). 
n.d. not determined 

 

To try to stabilize CD formulations, EDTA alone or in combination with sodium phosphate 

was added to C9b. The obtained solutions (C9c and C9d) showed a behavior comparable to 

C1 (Figure 5), demonstrating the crucial role of EDTA in preventing cysteamine oxidation 

and that α-cyclodextrin does not affect the stability in a negative way. Apparently, the 

presence of phosphate is not necessary for the stability, but these data are available only 

up to one month and should be confirmed with a longer-term validation. 

These formulations (C9c and C9d) were also evaluated for their performance in terms of 

cysteamine permeation across the cornea: the results suggest that neither EDTA, nor the 

association between EDTA and phosphate suppressed the enhancing effect of α-CD, 

because the data were comparable to those achieved from C9b (Figure 5). However, also in 

this case it is important to underline that, in the presence of phosphate, no pH shift was 

recorded in the donor solution during the permeation experiment (Table 3), and for the above 

mentioned reasons the formulation C9d should be preferred. 
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3.3 DLS analysis 

Some considerations have to be done concerning the high concentration of α-CD, causing 

opalescence in the formulations and, in case of concentration higher than 3%, the formation 

of a light and readily re-dispersible sediment. It is known that two or more CD units are able 

to form water soluble aggregates that increase in size by increasing CD concentration [48] 

[49]; and these aggregates can also interact with drugs forming non-inclusion complexes or 

micelles [50]. α-CD forms in water aggregates ranging in size between 6 and 155 nm, the 

dimension tends to increase up to 1 µm when a drug is added to the solution [51].  

The DLS analysis of the solution containing 4.9% α-CD in water showed aggregates with a 

diameter between 150 and 200 nm while C9d vehicle with and without 0.44% cysteamine 

contained larger aggregates ranging in size from 400 to 800 nm. In principle, the presence 

of aggregates should not be a concern, being the size much smaller than 25 µm and thus 

non irritant for the ocular surface [52]. Additionally, the sediment disperses readily when the 

container is shaken, and the size of the dispersed particles did not change after 6 months 

of storage. It is also worth mentioning that particles of nanometric size could, in vivo, 

increase the residence time on the ocular surface and, as a consequence, drug 

bioavailability [51, 53]. 

3.4 HET-CAM assay 

The HET-CAM assay was set up to evaluate the possible irritating effect on the ocular 

conjunctiva. The HET-CAM assay is based on an organotypic model and is in close 

agreement, especially for mild and non-irritating substances, with in vivo results obtained on 

rabbit (Draize test), even if the latter is never completely replaceable [54]. The test is 

commonly used for the screening of the irritant potential of chemicals, eye-drops [47], but 

also gels [55] or pH and thermo-responsive in situ gels [56]. 

The test was performed on solutions containing 5.5% α-CD, with and without 0.44% 

cysteamine and/or 0.01% BAC at pH of 4.2. The results underline the absence of irritation 

(IS=0, data not shown). This results is also supported by literature data of in vivo rabbit tests 

showed that a solution containing 8% α-CD was practically non-irritating (even in presence 

of cyclosporine as active compound) [38], as also demonstrated by other authors [47, 57]. 
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4 CONCLUSION 
In the present paper, for the first time, the permeation of cysteamine across the cornea was 

studied. The formulation factors influencing the permeation were the pH value and the 

presence of permeation enhancers, but also the vehicle buffering capacity – or better the 

absence of it - seems to play a very important role.  

The data here collected demonstrated that the presence of benzalkonium chloride in the 

commercial eye-drops is necessary to obtain cornea penetration. We have evaluated α-CD 

as an alternative penetration enhancer and demonstrated its ability to promote the trans-

corneal diffusion of cysteamine. In particular, we have obtained, at a 5.5% α-CD 

concentration, a 4-fold higher penetration compared to the BAC-containing commercial eye-

drops. This result could in principle translate into an higher efficacy and/or into the possibility 

of reducing the administration frequency, increasing patient’s compliance. Furthermore, by 

associating EDTA to the α-CD vehicle, it is possible to obtain a good cysteamine stability 

profile, facing one of the other crucial cysteamine issue. Instead of the antimicrobial agent, 

particularly critical in case of a chronic ocular diseases with high administration need, 

preservative-free solutions and single-dose devices could be used. 

The irritation potential of this formulation has been evaluated using the HET-CAM assay, 

however the data have to be confirmed with an in vivo test and completed with further 

evaluation of chronic tolerability. Finally, to prove the ability of the formulation to reduce and 

prevent the formation of cystine crystals, in vivo studies involving CTNS knockout mouse 

model should be performed. As previously mentioned, also other cyclodextrins, such as 

beta, hydroxypropyl beta and gamma, are reported in the literature as trans-corneal 

penetration enhancers and could represent interesting alternatives for the improvement of 

cysteamine bioavailability.  
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