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PURPOSE. This work is aimed at describing the utility of positron emission tomography/
computed tomography (PET/CT) as a noninvasive tool for pharmacokinetic studies of
biopermanence of topical ocular formulations.
METHODS. The corneal biopermanence of a topical ophthalmic formulation containing gellan
gum and kappa carragenan (0.82% wt/vol) labeled with 18Fluorine (18F) radiotracers (18F-FDG
and 18F-NaF) was evaluated by using a dedicated small-animal PET/CT, and compared with the
biopermanence of an aqueous solution labeled with the same compounds. Regions of interest
(ROIs) were manually drawn on the reconstructed PET images for quantifying the
radioactivity concentration in the eye. The biopermanence of the formulations was
determined by measuring the radioactivity concentration at different times after topical
application. Additionally, cellular and ex vivo safety assays were performed to assess the safety
of the performed procedures.
RESULTS. Differences were observed in the ocular pharmacokinetics of the two formulations.
After 1.5 hours of contact, 90% of the hydrogel remained in the ocular surface, while only 69%
of the control solution remained. Furthermore, it was observed that flickering had a very
important role in the approach of the trial. The application of 18F-FDG in the eye was neither
irritating nor cytotoxic for human corneal epithelial cells.
CONCLUSIONS. The use of small-animal PET and 18F radiotracers in ocular pharmacokinetics of
ophthalmic formulations is feasible and could be a safe method for future ocular
pharmacokinetic studies in humans.
Keywords: cell cytotoxicity, het cam, FDG, stimuli-responsive hydrogel, small-animal PET/CT
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nterest in developing new drug delivery systems that
increase ocular drug biopermanence has recently increased
in ophthalmology research, mainly to overcome the high
ocular clearance of conventional eye drops.1 Increasing
patients’ adherence and establishing appropriate dosing
schedules are key factors for improving treatment of many
ophthalmic pathologies.2
Though the use of visible light to examine intraocular
processes can be considered the oldest form of imaging in
ophthalmology,3 the introduction of new imaging techniques
has improved many aspects of both therapeutic/diagnostic
ophthalmic procedures and the development of eye formulations and ophthalmic drugs. Nuclear magnetic resonance has
been used for various purposes such as determining the
pharmacokinetic profiles of drugs,4 studying corneal surface
iontophoresis,5 or evaluating ocular surface biopermanence of
ophthalmic hydrogels.6 Furthermore, other imaging techniques have been evaluated, such as gamma scintigraphy,7,8
real-time optical coherence tomography (OCT),9 and fluorophotometry.10
Positron emission tomography (PET) is a noninvasive
imaging technique that visualizes the distribution of different
radiotracers in the body, providing functional and molecular
information on the tissues. The PET scanner detects pairs of
gamma rays emitted from a molecule previously labeled with a
radioactive isotope, usually 18Fluorine (18F). Afterward, threedimensional images of the tracer concentration are obtained by
reconstructing the acquired data.11 Positron emission tomography is a relatively novel modality, mainly used for studying
brain metabolism and cardiac function and for cancer
detection.12 However, PET is also emerging as a relevant
modality for ophthalmology research, where it has been used
in the diagnosis of primary ocular tumors and in neurophysiological studies.13–16
In this experimental study we present a novel methodology
based on using PET for evaluating the biopermanence of
ophthalmic drug delivery systems in the ocular surface. We
used a small-animal PET/computed tomography (CT) scanner
for studying the permanence of an ion-sensitive in situ
hydrogel (smart hydrogel) composed of kappa carrageenan
and gellan gum on the eye surface. Meanwhile, other
parameters such as radiotracer delivery, corneal permeation,
security, and irritating cytotoxic radiotracers were also studied.

MATERIALS

AND

METHODS

In Vitro and Ex Vivo Assays
Ion-Sensitive Hydrogel With Radiotracers. An ionsensitive hydrogel based on gellan gum and kappa-carrageenan
was prepared with an overall total polymer concentration of
0.82% (wt/vol), consisting of 80% gellan gum and 20% kappacarrageenan. Deacylated gellan gum (GG) (Kelcogel CG-LA)
and kappa-carrageenan (CK) (GENUGEL carrageenan GC-130)
were a generous gift of CP Kelco (Levallois-Perret, France). The
hydrogel preparation method and their properties were
described in our previous work.6 Two radiotracers were
incorporated into the hydrogel: 18F-sodium fluoride (18F-NaF)
and 18F-fluorodeoxyglucose (18F-FDG). One hundred microliters of each radiotracer was incorporated in 1 mL each
hydrogel until homogenization. To test the uniformity of the
radiotracer in the labeled hydrogel, 10 samples of 10 lL
hydrogel were randomly taken from each formulation and
measured using a high-precision dose calibrator (Atomlab 500;
Biodex Medical Systems, Inc., New York, NY, USA).
In order to characterize the labeling stability of the hydrogel
with the radiotracer, the loss of radiotracer from hydrogels in
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FIGURE 1. Elimination of 18F-FDG and 18F-Na from the hydrogel versus
time.

the presence of simulated eye tears (SLF) was estimated by
using Franz diffusion cells with GVS (Barcelona, Spain) 0.20-lm
cellulose acetate membranes (membrane surface area of 0.785
cm2). The donor compartment is SLF (375 lL) and 1 mL
hydrogel. Sink conditions were obtained in the receptor
compartment with SLF, with a volume of the receptor fluid
of 6 mL. During the experiment, the receptor compartment
was continuously homogenized using an incubating orbital
shaker (VWR International Eurolab S.L., Barcelona, Spain) at
200 rpm and 338C. Serial sampling was performed after 10, 20,
30, 60, 90, 120, and 300 minutes. Each experiment was
repeated three times. Simulated eye tears were prepared as
previously detailed by Ceulemans and Ludwig.17 The following
equation, derived from Fick’s second law, was employed to
estimate the radiotracer’s diffusivity in the hydrogel (D):
sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ


Qt
Dt
¼4
Q
p  h2
where Qt represents the quantity of radiolabel diffused at time
t, Q the total quantity of radiolabel diffused at the end of the
experiment, and h the thickness of the layer of hydrogel. D
values were obtained through a nonlinear fit using GraphPad
Prism 6.0 software (2014; GraphPad Software, Inc., San Diego,
CA, USA).
Radiotracer ‘‘Ex Vivo’’ Corneal Permeability. In order
to ensure that the radiotracers did not cross the cornea,
permeation studies were conducted. Rat eyes were obtained
during the first hour after the animal’s death and transported
following the Bovine Corneal Opacity and Permeability (BCOP)
test protocol.18 Once received, the corneas were isolated with
2 to 3 mm of surrounding sclera, washed with an isotonic
saline solution, and mounted on Franz diffusion cells. The
receptor chamber was filled (6 mL) with SLF. The cornea was
placed on the receptor chamber, and finally the donor chamber
was fixed and filled with SLF (area available for permeation:
0.049 cm2). During the experiment, the receptor compartment
was continuously homogenized using the VWR incubating
orbital shaker at 200 rpm and 338C. Serial sampling was
performed after 10, 20, 30, 60, 90, 120, and 300 minutes. Each
experiment was repeated three times.
Cell Cytotoxicity Assay. The influence of the radioactivity
on the cell viability of ATCC (Manassas, Virginia) normal
human primary corneal epithelial cells (HCE) was studied by
using the xCELLigence Real-Time Cell Analyzer System (RTCA)
(ACEA Biosciences, San Diego, CA, USA) for real-time
monitoring. Cell index (CI)19 was used to represent the
number of cells based on the measured electric impedance.
Three thousand cells per well (16-well E-plates) were
incubated for 24 hours. Subsequently, the original culture
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FIGURE 2. Kinetics of growth of HCE in contact with different radioactivities of 18F-FDG using RTCA. Mean (___) and standard deviation (. . .. . .); n ¼ 4.

medium was aspirated and different 18F-FDG radioactivities
(0.37, 0.55, and 0.74 MBq) were added to different wells. The
results were represented as dose–response curves versus time,
and normalized CI (NCI) was calculated.20
Ocular Irritation Assay. Hen’s egg test chorion allantoic
membrane (HET-CAM)21 was used to study the acute ocular
irritability using the methodology described in our previous
work.22 A volume of 0.3 mL pure 18F-FDG and 18F-FDGhydrogel dispersion was tested and compared with positive
control (NaOH 0.1 N). Three eggs were used for each
compound. Blood vessels were observed for 300 seconds with
a stereomicroscope (Olympus Iberia, Barcelona, Spain),
looking for episodes of bleeding, coagulation, and partial lysis.
The irritation index (IS) was determined as described in
Protocol INVITTOX 96.23 To quantify the extent of the damage
of the chorion allantoic membrane caused by treatments, a
modification of the method described by McKenzie et al.24 was
also used. Photographs of the egg membrane were taken at
different times of treatment using the Olympus SZ-60
stereomicroscope and SC100 camera. Photographs were taken
using an aperture of f1, a shutter speed of 1/3 second, and a
size of 3840 3 2748 pixels. The images were converted to 16bit grayscale and finally analyzed using ImageJ software (http://
imagej.nih.gov/ij/; provided in the public domain by the
National Institutes of Health, Bethesda, MD, USA). To analyze
the image the menu option ‘‘square’’ was used, selecting the
entire image, and the average gray pixel value profile was
plotted by selecting ALT K.

In Vivo Evaluation of Biopermanence Time of
Hydrogel in the Ocular Surface
Animals. This study was carried out on male SpragueDawley rats with an average weight of 300 g supplied by the
animal facility at the University of Santiago Compostela. During
the experiment, the animals were kept in individual cages with
free access to food and water in a room under controlled
temperature (22 6 18C) and humidity (60 6 5%) conditions
and with day/night cycles regulated by artificial light (12/12
hours). The animals were treated according to the ARVO
Statement for the Use of Animals in Ophthalmic and Vision
Research and the Guide for the Care and Use of Laboratory
Animals.25,26 Experiments were approved by the Galician
Network Committee for Ethics Research following the Spanish
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and European Union (EU) rules (86/609/CEE, 2003/65/CE,
2010/63/EU, RD 1201/2005 and RD53/2013).
PET Experimental Procedure. Positron emission tomography imaging and CT images were acquired using the Albira
PET/CT Preclinical Imaging System (Bruker Biospin, Woodbridge, CT, USA). The PET subsystem comprises three rings of
eight compact modules based on monolithic crystals coupled
to multianode photomultiplier tubes (MAPMTs), forming an
octagon with an axial field of view (FOV) of 40 mm per ring
and a transaxial FOV of 80 mm in diameter, while the
computed tomography (CT) system comprises a commercially
available microfocus x-ray tube and a CsI scintillator twodimensional pixelated flat-panel x-ray detector.
Before PET experiments, the animals were placed in a gas
chamber containing 2% isoflurane in oxygen. When unconscious, the animals were taken from the chamber and kept
under anesthesia, administered via a mask, during the
experiment (1.5% isoflurane in oxygen). Anesthetized animals
were positioned in the PET bed, and 7.5 lL radiotracer solution
or 7.5 lL hydrogel-radiotracer was instilled into the conjunctival sac eye using a pipette. The administered radioactivity was
0.37 6 0.08 MBq. After the instillation, dynamic PET images
were obtained, resulting in 15-minute frames during 1.5 hours.
Three different conditions were tested: (1) image acquisition
starting immediately after instillation while the animal was
asleep; (2) image acquisition starting 1.5 hours after instillation, with the animal kept awake in its cage during the waiting
time; and (3) image acquisition starting 3 hours after
instillation, again with the animal awake during that period.
After instillation, the eyelids were gently moved for distribution
of the radiolabeled formulation.
In order to evaluate the flickering effect, additional studies
were performed with awakened animals, acquiring single
frames of 5 minutes every 45 minutes (animals were
anesthetized only during the PET acquisition). Four animals
(eight eyes) were tested for each condition.
TABLE. Fitting Parameters of the Experimental Data to a Diffusion
Kinetics Model
Radiotracer
18F-Na
18F-FDG

D, cm2min1

R2

5.3102 6 0.12102
2.3102 6 0.46102

0.895–0.950
0.974–0.932
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FIGURE 4. Plot of the pixel gray value of HET-CAM images over
distance for each of the test solutions.
FIGURE 3. HET-CAM assay after 5 minutes of contact with (A) 18F-FDG
(B) positive control (NaOH 0.1 N), and (C) 18F-FDG-hydrogel
dispersion.

PET Data Analysis. Scatter and random coincidences were
corrected by using the protocols implemented in the scanner.
Attenuation correction was not performed. Images were
reconstructed by using the maximum likelihood expectation
maximization (MLEM) algorithm. Twelve iterations were
performed with a reconstructed image pixel size of 0.4 3 0.4
3 0.4 mm3. After reconstruction, quantitative measurements
were obtained using the MRIcro software package (University
of South Carolina, Columbia, SC, USA). Different regions of
interest (ROIs) were manually drawn containing the signal on
each eye. The ROIs were replicated on the different frames
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over time, and the results were corrected for radioactive decay.
Afterward, graphical representations of radioactivity versus
time were obtained.

RESULTS
Radiotracer in Hydrogel
The uniformity study showed a largely homogeneous distribution of the radiotracers in the hydrogel (average 1.20 lCi/lL;
SD ¼ 0.017; coefficient of variation [CV] 1.45).
The hydrogel tested in this work underwent rapid gelation
upon contact with simulated tear fluid, and this gelation
allowed the retention of the radiotracers in it for long periods

PET in Permanence Determination of Ophthalmic Formulations
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FIGURE 6. Dynamic study with awake animals. Kinetic profile of
hydrogel (blank circles) and control solution (solid circles).

suggest that loss of the radiotracer is caused by diffusion across
the hydrogel network.
The hydrogel contained 76% of the 18F-FDG 360 minutes
post preparation, while the presence of 18F-NaF after the same
time was just 65%. Two-way analysis of variance indicated that
significant differences existed (a < 0.01, Sidak multiple
comparison test) between the two compounds from 60
minutes onward. Based on these results, we decided to use
18
F-FDG for the biopermanence assays. On the other hand, no
diffusion of the radiotracers through the cornea was found in
our cornea permeability studies. This is an essential result as it
guarantees that the radioactivity values measured in the
biopermanence assays are indeed in the hydrogel and not
accumulated beyond the cornea.

Ocular Safety Studies
Normalized cell index values obtained from the real-time
monitoring are shown in Figure 2. It can be seen that treated
and untreated HCE show similar growth kinetics, indicating
that the tested radioactivity levels are not cytotoxic and allow
normal growth of corneal epithelial cells. On the other hand,
Figures 3 and 4 show that the use of radiotracer is not
irritating. The value of the IS index of zero for both
radiotracers, as well as the distribution of gray pixel levels in
the HET-CAM images before and after treatments, indicates that
no alterations were produced in the membrane. The presence
of a severe hemorrhage produces dark areas in the HET-CAM
images, which leads to a significant decrease in the gray scale
values, as can be seen for the positive control in Figure 4A. This
is an important factor since the administration of an irritating
compound can alter flickering, thus compromising the
biopermanence results.

Biopermanence Time of Hydrogel in the Ocular
Surface
FIGURE 5. Dynamic study with anesthetized animals. Kinetic profile of
hydrogel (blank circles) and control solution (solid circles) in three
different conditions. (A) During 1.5 hours post instillation, (B) at 1.5
hours post instillation, and (C) 3 hours post instillation.

of time. Figure 1 shows the loss of radiotracers versus time
from the ion-sensitive hydrogels containing the 18F and 18FFDG. The Table shows the results of the fit of the experimental
data to the Higuchi kinetics model.27 The good fits obtained
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The biopermanence of the hydrogel labeled with 18F-FDG was
evaluated by using small-animal PET imaging in rats and
compared to a saline solution containing 18F-FDG as control
formulation. For both formulations, a strong signal at early
times after instillation was observed. Figure 5A shows the
disappearance of the formulations in anesthetized animals (no
blinking). It can be seen that after 1.5 hours of contact, 90% of
the hydrogel remained in the ocular surface, while only 69% of
the control solution remained. The flickering effect can be
clearly seen in Figure 5B, with just 40% of the hydrogel still on
the eye surface at 1.5 hours after instillation in animals that

PET in Permanence Determination of Ophthalmic Formulations

IOVS j February 2017 j Vol. 58 j No. 2 j 777

FIGURE 7. PET (left), CT (right), and PET/CT fused image (center). The difference between the signal in the eye with hydrogel and the control eye
can be observed over time (0–120 minutes).

FIGURE 8. Fused whole-body PET/CT images (coronal and sagittal views) over time (0–120 minutes). It can be observed that the signal decreases in
the eyes while increasing at systemic level (stomach).
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were awake during that period (versus 90% in the absence of
blinking from Fig. 5A). A similar situation was seen with the
control solution, with only 10% of the saline remaining on the
eye after 1.5 hours (versus 70% in the absence of blinking). It
seems that the flickering effect on the biopermanence time for
control was greater than for the hydrogel solutions. Under the
same conditions but using longer contact times (3 hours), 6%
of the hydrogel remained, while the presence of the control
solution was practically nonexistent, as shown in Figure 5C.
The experiments with anesthetized animals, with no blinking,
showed that the biopermanence linearly decreased with time.
However, when the animal was kept awake after the
instillation until acquisition, the linear relationship no longer
held. In this scenario, which more accurately resembles a
clinical situation, the biopermanence on the eye surface
follows an exponential dependence on time, as seen in
Figure 6. We obtained average lifetimes of 69.3 minutes in
the case of the hydrogel and 22 minutes for the control
solution.
The latter results are clearly illustrated in other images.
Figure 7 shows that the signal decreases over time in the eyes,
mainly in the control eye. In addition, Figure 8 shows that such
signal decrease is associated with a signal increase at the
systemic level.

used in other pharmacokinetic studies, which use radioisotopes with long half-life, such as 124I (10 MBq, half-life ¼ 4.17
days)37 (Dangl D, et al. IOVS 2009;50:ARVO E-Abstract 3689) or
99mTc (1 MBq, half-life ¼ 6 hours).38 However, clinical
implementation of a biopermanence assay based on our
methodology would require a careful assessment of radiation
protection issues in the patient. The radiation dose deposited
in the stomach or other systemic organs is negligible when
considering the activities used in our work. We would like to
point out that standard PET studies use an activity of 555 MBq,
over one hundred times larger than those employed in our
work. This supports the contention that the systemic dose in
our study is clearly negligible. Instead, the eye lens might be
the most limiting structure, as it is very radiation sensitive.
There is evidence of radiation doses of approximately 2 Gy
leading to the development of cataracts,39 and there is a strong
limit on the dose to the eye lens for both exposed staff and the
general public. As a preliminary result, a calculation of the dose
delivered to the eye lens in a clinical study using the same
radioactivity levels employed in our preclinical study provided
values of radiation doses in the range of 10 to 20 mGy, which
seem to be significantly below the dose limits. Furthermore,
we found that the radioactivity levels of 18F-FDG used do not
affect the viability of human epithelial cells and do not cause
eye irritation. Also it should be noted that no diffusion of 18FFDG through the cornea was found in our work. The latter
result is also essential to ensure accurate determination of the
biopermanence of the hydrogel in the eye, since if such
diffusion happened, the observed signal would partially be due
to radioactivity trapped beyond the cornea.40,41
Finally, we recommend the use of dynamic protocols
considering awake animals as long as possible, thus ensuring
greater flicker and therefore a more realistic situation in
humans. It must be mentioned that although human subjects
exhibited a higher average blink rate than rats, the temporal
pattern of spontaneous blinking was qualitatively similar for
both species.42
We can conclude that the proposed methodology seems
feasible for conducting preclinical comparative studies on
corneal permanence of different formulations of hydrogels. In
contrast, its use in clinical trials to establish dosages will
require extensive studies to ensure that the radiotracers are not
trapped beyond the human cornea.

DISCUSSION
The development of new ophthalmic topical vehicles to
increase the permanence of drugs on the ocular surface is
essential to improve adherence and therapeutic efficacy of
ocular drugs.28 Regarding this, new noninvasive and safe
methodologies are required to provide accurate information on
the residence time of a formulation on the ocular surface,
which is a key factor for establishing optimal dosage
regimens.29
To date, several methodologies have been proposed to carry
out biopermanence study of ophthalmic formulations. First, a
novel methodology was proposed by our group based on
magnetic resonance imaging (MRI) technology.6 In such a
study, only qualitative measures are made regarding the
biopermanence of ion-sensitive hydrogels, without providing
pharmacokinetic profiles. It has to be mentioned that, despite
the high availability of MRI scanners in hospitals, the use of this
technology to perform high-resolution studies in rat eyes
requires the development of specific antennas and dedicated
software for data analysis.4,30
On the other hand, methodologies based on fluorescent
markers have shown that ophthalmic formulations containing
hyaluronic acid and chitosan increase ocular biopermanence
over control markers.10,31 Furthermore, increased residence
times have also been observed in other ion-sensitive hydrogels
using microcapillary and scintigraphy studies.32,33
In this work, we propose an alternative novel methodology
based on PET technology, and the use of low half-life
radiotracers is described. However, direct comparison between our results and those obtained from the previously
proposed methodologies is complicated, due to the different
composition and concentration of the polymers that form
hydrogels, the different methodologies used in each study, and
the different species employed.34,35 In any case, it must be
mentioned that PET has greater sensitivity and provides threedimensional images that can improve the interpretation of
images with respect to previous methodologies, more importantly when considering fusion with CT images,36 as proposed
in our work. Furthermore, due to the greater sensitivity in PET
technology, it should be noted that the radioactivity levels used
in our biopermanence studies are much smaller than those
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[PA]); Fundación Mutua Madrileña and Fundación Española Farmacia Hospitalaria (AISEFH); Xunta de Galicia (Department of
Education, GRC2014/027) and the European Union program
FEDER. TS (CP12/03121) is recipient of a research contract from
Miguel Servet Program of Instituto de Salud Carlos III. The funders
had no role in the design, data collection and analysis, decision to
publish, or preparation of the manuscript.
Disclosure: A. Fernández-Ferreiro, None; J. Silva-Rodrı́guez,
None; F.J. Otero-Espinar, None; M. González-Barcia, None;
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