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ABSTRACT 

Objective: Sulforhodamine B (SRB) is a hydrophilic tracer whose fluorescence is unaffected by pH unlike that of carboxyfluorescein. Therefore, SRB 
may serve as a better tracer when there are significant changes in pH. Thus, in this study, the suitability of SRB to assess the barrier properties of 
the cellular layers of the cornea was examined using a custom-built confocal scanning micro-fluorometer (CSMF).  

Methods: The dye solution (0.1% SRB) was prepared in PBS-Ca2+

Results: SRB penetrated the corneal endothelium readily into the stroma following injection into the anterior chamber in a time-dependent 
manner. Despite accumulation in the stroma, SRB did not partition into the epithelium.  In agreement with these findings, the dye did not cross the 
epithelium after topical administration. Co-administration with Tween 20 and injury to the epithelium with microneedles, however, led to 
penetration of the dye into the stroma.  

and three experiments were performed ex vivo using freshly isolated porcine eyes. 
First, we investigated the penetration of SRB across the endothelium by injection of the dye into the anterior chamber. Next, we measured the 
penetration of SRB across the epithelium after exposing the ocular surface to the dye. Finally, we examined the penetration after exposure to the 
dye with detergent (Tween 20) and exposure to the dye concomitant with microneedle injuries. The dye concentration profiles across the cornea 
were measured using CSMF. 

Conclusions: SRB is a hydrophilic dye that can be used as an alternative fluorescent tracer to assess the barrier function of the cellular layers of the cornea. 
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INTRODUCTION 

The cornea is the main refracting element of the eye. Therefore, its 
transparency is critical for acute vision. The transparency of the 
cornea is dependent on the stromal deturgescence (i.e., a state of 
dehydration of the stroma). The stromal deturgescence is 
maintained by the barrier and fluid pump functions of the corneal 
endothelium [1]. The resistance to a persistent fluid leak that occurs 
from the anterior chamber into the stroma is the barrier function of 
the endothelium. The mechanism that counterbalances the residual 
leak is the fluid pump activity. Thus, both the barrier and pump 
functions are obligatory for the stromal deturgescence. The pump 
function entails water movement by the transcellular route, and it is 
driven by local osmotic gradients induced by vectorial solute 
transport mechanisms of the endothelium. The barrier function, on 
the other hand, refers to passive fluid flux via the paracellular route. 
Thus, the barrier function is determined by the integrity of the tight 
junctions of the endothelium. Since the electrical methods are not 
suitable in vivo, the integrity of the tight endothelial junctions  is 
frequently measured by permeability to hydrophilic solutes [2-5]. 
Previously, hydrophilic dyes such as sodium fluorescein (MW = 376; 
log P =-1.52) and its derivative carboxyfluorescein (MW = 378 
g/mol, log P =-1.5) have been employed to characterize the barrier 
function of the corneal endothelium in a clinical setting using an 
ocular fluorometer [3, 6, 7]. 

Both fluorescein and carboxyfluorescein exhibit many useful 
characteristics as non-toxic polar solutes. They possess excitation 
and emission spectra in the visible range and exhibit high quantum 
yield. Fluorescein is the dye of choice for human studies as it is 
approved for use in clinical practice [8]. However, in animal studies, 
carboxyfluorescein is the dye of choice since it is relatively more 
hydrophilic than fluorescein. Because of higher hydrophilicity, the 
permeability of the endothelium to carboxyfluorescein would be a 

better measure of the integrity of the tight junctions [9]. However, 
the fluorescence spectra of carboxyfluorescein are sensitive to pH 
[10]. Thus, measurements of its fluorescence and hence the 
calculated permeability are confounded by changes in stromal pH. 

Sulforhodamine B (SRB) is a hydrophilic dye (MW = 581; log P =-
2.02; water solubility = 10 g/100 ml) [11] with absorption and 
emission peaks at 565 and 585 nm, respectively. More importantly, 
the fluorescence of SRB is unaffected by pH in the physiological 
range [12,13]. Therefore, SRB is a better solute for permeability 
measurements compared to fluorescein or carboxyfluorescein. 
Previously, the penetration of SRB into the rabbit corneal epithelium 
has been reported [14]. Although SRB penetrated into the stroma, 
the dye was not found to stain the epithelial cells as observed by 
fluorescence microscopy [14]. In another study, SRB was found to 
penetrate into mouse corneas, which were exposed to toxic 
substances and had caused damage to the epithelium [15]. However, 
the penetration of SRB across the porcine cornea (which is similar to 
the human cornea [16, 17] has not been reported. Therefore, the 
objective of this study was to explore SRB as an alternative 
fluorescent dye to assess the barrier integrity of the epithelial and 
endothelial layers of the porcine cornea. We have measured the 
penetration of SRB with porcine cornea ex vivo using a custom-made 
confocal scanning microfluorometer (CSMF) [18-21]. Our results 
indicate that SRB can be a superior dye for the assessment of 
permeability of the cellular barriers of the cornea. 

MATERIALS AND METHODS 

Materials 

SRB and penicillin/streptomycin were obtained from Sigma Chemical 
Co (St. Louis, Mo, U.S.A). All other chemicals and solvents were of 
analytical grade. 
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Preparation of porcine eyeballs 

Porcine eyeballs were collected from a local slaughterhouse and 
transported to the laboratory within 2 h immersed in ice-cold 
phosphate buffered saline (PBS with Ca2+

Confocal scanning microfluorometer (CSMF) 

; pH 7.4) containing 200 
μg/ml of penicillin/streptomycin. Eyeballs, without any injury to the 
epithelium, were placed in a moisture chamber at room temperature 
prior to use in the permeability assay. 

The CSMF, which has been described previously [20, 21], was 
employed to assess the transcorneal penetration of SRB. The 
instrument is equipped with a water-immersion objective (Zeiss 40x; 
0.75 NA and wd = 1.2 mm) and measures transcorneal fluorescence 
profiles with a depth resolution of 7 µm. All depth scans were 
performed at 10 µm/s. The excitation was obtained by a white light 
emitting diode (LED). The output of the LED (10W; XML series; Cree 
Inc) was modulated at 10 kHz and filtered through an interference 
filter (565+10 nm). The output was coupled to the circular end of a 
fiber optic bundle. At the other end of the bundle, the fibers were 
placed in a v-groove to form an excitation slit. The SRB fluorescence 
(>585 nm) and scattered light were collected through a parfocal slit 
positioned in the eyepiece. A photomultiplier tube (R928HA 
Hamamatsu) and a photodiode (S1226-5BQ; Hamamatsu), coupled to 
two independent lock-in amplifiers, detected the fluorescence and 
scattered light, respectively. As shown in fig. 1, all measurements were 
performed with eyeballs positioned underneath the objective on a 
motorized XYZ translation stage (Newport Inc., USA). The 
fluorescence/scatter scans were performed under computer control 
using custom-made Lab VIEW software (National Instruments). 

 

 

Fig. 1: Confocal scanning micro fluorometer employed for the 
measurements of transcorneal penetration of SRB [20, 21] 

 

Penetration of SRB 

Three groups of experiments were performed to characterize the 
transient penetration of SRB across the (a) endothelium, (b) cornea 
with and without epithelium, and (c) injured epithelium. For the 
latter experiments, the epithelium was injured with microneedles or 
by exposure to detergent. For all experiments, 0.1% SRB solution 
was prepared in PBS with Ca2+(pH 7.4). Each group of experiments 
was repeated in at least six

For characterization of transient penetration of SRB across the 
endothelium, SRB solution (40 µl) was injected slowly using a 27-
gauge needle into the anterior chamber. The injection was made ~ 2 
mm posterior to the limbus. The needle tip did not touch the 
endothelium during the injection. The fluorescence and scatter signals 
were recorded subsequently using the CSMF for up to~ 100 min. 

 eyes. 

For characterization of the transient penetration of SRB across the 
cornea with and without epithelium, 100 µl of SRB solution was 
placed at the center of the cornea for 0.5, 1, 4, and 12 h in a dark, 
moist chamber at room temperature. For some corneas, the 
epithelium was debrided using a sterile stainless-steel blade before 
exposure to the SRB solution. After each incubation period, the 
eyeballs were washed three times with PBS (containingCa2+

For characterization of the transient penetration of SRB into the 
stroma of corneas with compromised epithelium, we employed Tween 
20 to break down the tight junctions and independently, using 
microneedles. Thus, in some corneas, the epithelium was exposed to 
100 µl of SRB solution containing 0.5% Tween 20 (dissolving in PBS 
with Ca2+pH 7.4) for 6-12 h. In other corneas, a 27-gauge needle was 
used to make several microscopic injuries to the epithelium before 
exposure to 100 µl of the SRB solution for 6 h. After incubation, the 
eyeballs were washed three times with PBS as above and then 
fluorescence and scatter profiles were recorded using the CSMF. 

; pH 7.4) 
and subsequently the fluorescence and scatter profiles were 
recorded using the CSMF as before. 

RESULTS  

Penetration of SRB across the endothelium 

The transcorneal profiles of SRB fluorescence from a typical 
experiment at various intervals between 30-100 min after injection 
of SRB into the anterior chamber are shown in fig. 2. The SRB 
fluorescence across the stroma increased in a time-dependent 
manner indicating significant permeability of the dye across the 
corneal endothelium and consequent accumulation in the stroma. 
Despite the accumulation of the dye in the stroma to very high levels, 
it did not subsequently penetrate into the epithelium. As shown in 
fig. 2, a typical corneal scatter versus depth was taken at 10 min 
after injecting the dye. The peak heights between the scatter from 
the epithelium and endothelium can be taken as the thickness of the 
stroma, which was found to be about 650 µm (n = 6). 

 

 

Fig. 2: Penetration of SRB across the corneal endothelium after 
injection of the dye into the anterior chamber of with porcine 

eyes ex vivo. The transcorneal fluorescence and scatter profiles 
were obtained 100 min after injection of SRB (0.1%). Results 

shown are similar to 6 other independent experiments 
 

Penetration of SRB across the epithelium 

The transcorneal profiles of SRB fluorescence with and without 
epithelium are shown in fig. 3 and fig. 4, respectively. As noted in fig. 
3, there is no increase in SRB fluorescence within the corneal stroma 
even after 12 h of exposure to SRB at the ocular surface. This 
indicates that SRB does not penetrate the epithelium. The apparent 
peak in SRB fluorescence at the epithelium in fig. 3 is due to 
adherent dye as the corneal surface could not be washed rigorously 
to prevent damage to the epithelium. In contrast to the findings in 
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fig. 3, in the case of the cornea without the epithelium, we found SRB 
to rapidly partition into the stroma within 30 min (fig. 4). Thus, the 
data in fig. 3 and fig. 4, taken together, indicate that the epithelium is 
a barrier to the penetration of the hydrophilic SRB.  

The observations in fig. 3 and 4 have been further confirmed with 
models of injury to the corneal epithelium. As the first model, we 
damaged the tight junctions of the epithelium by exposure to 0.5% 
Tween 20, a nonionic detergent. As shown in fig. 5, the transcorneal 
fluorescence of SRB increased significantly in the presence of the 
detergent. In the second model, we caused mechanical injury to the 
epithelium using a microneedle. Similar to Tween 20, penetration of 
SRB also increased after the microneedle injury to the epithelium as 
shown in fig. 6.  
 

 

Fig. 3: Penetration of topical SRB with intact epithelium, the 
transcorneal fluorescence and scatter profiles 12 h after 

application of SRB (0.1%) to the epithelial surface. Results shown 
are similar to findings in 6 other independent experiments 

 

 

Fig. 4: Penetration of topical SRB after removal of the corneal 
epithelium, the transcorneal fluorescence and scatter profiles 
30 min after application of SRB on bare stroma. Results shown 

are similar to findings in 6 other independent experiments 
 

 

Fig. 5: Penetration of SRB after disruption of the tight junctions 
of the epithelium, the transcorneal fluorescence and scatter 

profiles 12 h after application of SRB with Tween 20 (0.5%) at 
the epithelial surface, results shown are similar to findings in 6 

other independent experiments 

 

Fig. 6: Penetration of SRB after disruption of corneal epithelium 
using needles, the transcorneal fluorescence and scatter 

profiles 12 h. Results shown are similar to findings in 6 other 
independent experiments 

 

DISCUSSION 

Most ophthalmic drugs are administered as drops on the ocular 
surface [22]. Hence, the studies on drug penetration across the 
cornea are vital to the rational design of ophthalmic drugs and their 
delivery strategies [23-25]. The corneal epithelium consists of 5-7 
layers of cells. The superficial two layers are thought to contain a 
significant number of tight junctional strands, and hence form a 
barrier for hydrophilic solutes. On the other hand, the monolayer of 
corneal endothelium at the posterior surface of the cornea is very 
leaky. The stroma, which contains 80% water in a collagenous 
matrix, would be opposed to the accumulation of hydrophobic 
solutes but may form a depot for hydrophilic drugs. In this context, 
the permeability of SRB, a pH-insensitive hydrophilic molecule, into 
the porcine cornea has been evaluated using the custom-made 
CSMF. The data not only highlight the cellular barriers for 
transcorneal penetration of drugs but also predictive of the integrity 
of the cellular layers. 

Our experiments have been performed with the freshly isolated 
porcine cornea, which forms an excellent model, similar to rabbits, 
for studies on the transcorneal penetration of drugs and solutes [7, 
26]. The porcine cornea is structurally similar to the human cornea 
[17, 27], although thicker than the human cornea [28]. The thickness 
of the porcine cornea is reported to be ~ 1010 μm [29]. In our 
experiments, the thickness, measured as the distance between peaks 
corresponding to the epithelium and endothelium from the scatter 
plots, was ~ 900 µm (ranged from 800 to 1000 µm; n = 12). 

The penetrations of hydrophilic solutes into the corneal stroma are 
dependent on the integrity of the tight junctions of the corneal 
epithelium and endothelium. Thus, to assess the status of tight 
junctions, which is affected by inflammation or cell death, the 
permeability to hydrophilic dyes has been measured. For these 
investigations, an ideal dye would have pH-insensitive fluorescence 
properties along with non-cytotoxicity to the corneal epithelium or 
endothelium. SRB is similar to carboxyfluorescein, which has long 
been used as a hydrophilic tracer for characterizing paracellular flux 
exclusively [30]. The data in fig. 3 and fig. 5 demonstrate that SRB 
penetrates the cornea after topical instillation exclusively through 
the paracellular pathway. As evident by data in fig. 3 and 4 together, 
SRB does not penetrate the corneal epithelium. This is in contrast to 
the Rhodamine B, which is relatively lipophilic [31]. In agreement 
with our findings in fig. 3 and 4, SRB partitioned very well into the 
stroma once the epithelium was removed (similar to sodium 
fluorescein that stains the cornea devoid of the epithelium [32]) (fig. 
4) or when the integrity of the epithelium was disrupted by Tween 
20 (fig. 5). The latter observation is reminiscent of the finding that 
Tween 20 (1%) induced an increase in the penetration of fluorescein 
into the human eyes [33]. The breakdown of the tight junctions at 
the concentration of Tween 20 employed in this study has also been 
reported previously for Caco-2 cells [34]. The hydrophilic 
characteristics of the SRB are further demonstrated by the fact that 
the dye does not penetrate the epithelium, even after significant 
accumulation in the stroma (fig. 1). Finally, as expected, we found 
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that the microneedle injury enhanced the permeability of SRB across 
the epithelium (fig. 6). 

Collectively, our observations indicate that SRB can be used as an 
alternative hydrophilic tracer to assess the barrier functions of the 
corneal epithelium and endothelium. The characteristics of SRB 
penetration from the anterior chamber are similar to that of 
carboxyfluorescein as reported previously with the CSMF [1]. 

CONCLUSION 

The findings of our study indicate that SRB could be employed as an 
alternative hydrophilic tracer to assess the barrier functions of the 
corneal epithelium and endothelium ex vivo. SRB is insensitive to pH, 
and hence, could be more advantageous as a tracer for assessment of 
paracellular permeability.  
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