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Abstract

In this work, we developed a simple method to load drugs into commercially available contact
lenses utilizing fluorous chemistry. We demonstrated this method using model compounds
including fluorous-tagged fluorescein and antibiotic ciprofloxacin. We showed that fluorous
interactions facilitated the loading of model molecules into fluorocarbon-containing contact
lenses, and that the release profiles exhibited sustained release. Contact lenses loaded with
fluorous-tagged ciprofloxacin exhibited antimicrobial activity against Pseudomonas aeruginosa in
vitro, while no cytotoxicity towards human corneal epithelial cells was observed. To mimic the
tear turnover, we designed a porcine eye infection model under flow conditions. Significantly, the
modified lenses also exhibited antimicrobial efficacy against Pseudomonas aeruginosa in the ex
vivo infection model. Overall, utilizing fluorous chemistry, we can construct a drug delivery
system that exhibits high drug loading capacity, sustained drug release, and robust biological
activity.

Keywords
Fluorous chemistry; contact lenses; drug delivery; antimicrobial activity

1. Introduction

Currently more than 90% of ophthalmic drugs are delivered in the form of eye drop
solutions.[1] However, only ~ 1-7% of the administered dose is actively absorbed.[2]
Therefore, high drug dosage and frequent administration are necessary in order to have a
therapeutic effect, which results in undesired toxicity and low patient compliance. In the
search for alternative approaches, contact lenses as ocular drug delivery systems have
attracted tremendous attention due to high ocular drug availability, less frequent
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administration, and low drug toxicity, which could potentially provide a more convenient
treatment regime and better patient compliance.[3-8]

The approaches to incorporate drugs into contact lenses have evolved in recent years.
Initially, simple immersion of contact lenses in drug solution was tested and found to be
insufficient due to its low loading efficiency and fast burst release within the first few
minutes, which does not offer significant advantages compared to eye drops.[9-17] In some
cases, lens transparency was largely decreased due to drug precipitation.[14] In attempts to
overcome these issues, several strategies have emerged, such as molecular imprinting,
covalent attachment of drug molecules to contact lenses, plasma treatment of the contact
lenses, and delivery of drugs using nanomaterials. Molecular imprinting, a method that
creates binding sites within contact lenses with high affinity for specific drugs, greatly
improved loading and reproducibility.[18-28] A “layer-by-layer” design of contact lenses,
[29, 30] in which a layer of drugs was sandwiched between two polymeric layers, may offer
extended drug release. However, this method is difficult to be incorporated in to the contact
lens manufacturing process, and some drugs may lose their biological activity during the
process. Plasma treatment, a technology that has been long used to improve the wettability
of contact lenses, has shown to desirably slow down the initial burst release of drugs from
lenses.[31, 32] However, the plasma conditions have to be carefully controlled as insufficient
and aggressive treatments either do not have any effect or have the potential to result in the
loss of the drugs' bioactivity. Recently contact lenses have been combined with nano-/micro-
scale drug delivery systems such as liposomes,[33] polymeric materials,[15, 27, 30, 34] and
micelles[35]. These nano-/micro- scale drug delivery systems offer high drug loading
capacity and suitability for nearly any kind of drug by rational design of the system. One
recent approach described a polymeric “nanowafer” disk that was fabricated using
lithography and loaded with drug into nano-/micro- sized holes, which greatly increased
drug loading.[36] Each method has its own advantages in one or two areas, but
unfortunately, none to date has provided simple manufacture process, high drug loading
efficacy, satisfactory drug release kinetics, and high optical quality after drug incorporation.
Furthermore, contact lens wear is associated with high risk of complications such as
potentially vision threatening infection and inflammation.[37-42] With the widespread and
rapid growth of contact lens wear not only for optical correction but also for purposes such
as cosmesis and smart lenses with biosensors[43-51], it is essential to make contact lenses
safer to wear by equipping them with antimicrobial and anti-inflammatory abilities. To this
end, a recent design for safer contact lenses with covalently attached antimicrobial peptide
has been tested in laboratory animals and humans.[52] Overall, novel designs of contact lens
drug delivery systems are needed to address all the above issues. In this work, we developed
a simple yet effective method based on fluorous chemistry to incorporate drugs into contact
lenses that has great potential to provide the desirable characteristics of an ideal contact lens
drug delivery system.

Fluorous chemistry is based on the unique fluorous interactions with which fluorous-tagged
carbon chains are attracted to each other much more than other media.[53-55] These
interactions are neither hydrophilic nor hydrophobic. Fluorous interactions have been widely
used for anti-fouling coatings.[56-58] Furthermore, perfluorocarbons are used to enhance
oxygen delivery in contact lenses, ultrasound imaging and therapy.[59-64] We have used
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fluorous interactions for incorporating active groups such as alkynes or carboxylic acids
onto various substrate surfaces including contact lens surfaces pre-modified with fluorous
chains.[65] The functional molecules such as antimicrobial peptides are then covalently
attached to the surface via click chemistry. However, this approach has its limitations. In
particular, this approach is a 2-step procedure, and during the covalent attachment step,
fluorous molecules are susceptible to dissociation from the surface. To keep the molecules
on the surface requires a very strong fluorous interaction, thus limiting its application to
contact lenses with a high content of fluorocarbon chains, which is not commonly found in
commercial contact lenses. Furthermore, the toxic copper catalysts used for covalent
modification of contact lenses may be difficult to remove.

In this work, we overcome the above limitations by attaching a short fluorous tag to the drug
molecule. We show that the fluorous-tagged drugs can be easily loaded to common fluorine-
containing contact lenses and the system exhibits a desired release profile.

2. Methods and Materials

2.1 Materials

Ciprofloxacin, trimethylamine, methylene chloride, heptafluorobutyric acid,
perfluoropentanoic acid, fluorescein isothiocyanate (FITC) and perfluoroheptanoic acid
were purchased from Sigma-Aldrich (St. Louis, MO) and used without further purification.
Pseudomonas aeruginosa strain 19660 was purchased from ATCC. A telomerase
transformed human corneal epithelial cell line (nTCEpi) [66] was used for in vitro studies.

2.2. Synthesis of fluorous-tagged FITC and ciprofloxacin derivatives

2.2.1. Synthesis of fluorous-tagged FITC (FITC-F)—A solution of 1H, 1H-
perfluorooctylamine (2 mM, 10 mL) in ethanol was added dropwise to a stirred solution of
Fluorescein isothiocyanate (FITC, 15.57 mg) in 10 mL of ethanol at room temperature. The
solution was stirred for 24 h, and evaporated under reduced pressure. The residue was
purified by silica gel flash chromatography eluted with ethyl acetate/MeOH 9/1 to give
FITC-F (22 mg, 93%) as a green powder. 1H NMR (500 MHz, acetone-d6) & 9.05 (s, 2H),
7.98 - 7.89 (m, 2H), 7.26 (dd, /= 8.1, 7.0 Hz, 1H), 6.75 (d, J= 2.5 Hz, 2H), 6.72 (d, /= 4.0
Hz, 1H), 6.70 (d, /= 3.5 Hz, 1H), 6.65 — 6.64 (m, 1H), 6.63 (dt, /= 4.9, 1.8 Hz, 1H), 4.75
(dtd, J=48.0, 16.4, 6.2 Hz, 2H), 4.47 (q, J= 7.2 Hz, 1H). 13C NMR (126 MHz, Acetone-d6)
8 184.39, 169.11, 169.07, 160.30, 153.35, 153.32, 153.28, 149.98, 146.63, 141.81, 131.30,
130.17, 130.13, 130.09, 128.40, 125.88, 125.17, 125.12, 124.75, 119.22, 119.07, 117.36,
116.63, 113.30, 111.65, 111.58, 111.55, 103.33, 55.44. 1°F NMR (471 MHz, CDCl3) 6
-81.44 — -81.64 (m, 3F), -117.09 — -117.92 (m, 2F), -122.23 (s, 2F), -122.46 (s, 2F), -123.18
(s, 2F), -123.94 (s, 2F), -126.63 (td, /= 14.6, 6.9 Hz, 2F). MALDI-TOF-MS miz [M]* calcd
for CygH17F15N205S: 790.06; found: 790.10.

2.2.2. Synthesis of fluorous-tagged ciprofloxacin derivatives compound 1-4—
Ciprofloxacin (250 mg, 0.75 mmol) and triethylamine (139 pL, 1 mmol) were stirred in
anhydrous methylene chloride (5 mL) at 0 °C for 15 min. Heptafluorobutyric acyl chloride
(259.8 mg, 1.12 mmol) was added dropwise into the mixture under nitrogen atmosphere.
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The suspension was stirred at room temperature for 12 h, and evaporated under reduced
pressure. The residue was purified by silica gel flash chromatography eluted with ethyl
acetate/acetone/dichloromethane (v:v:v = 10:1:20) to give 1 (173.9 mg, 33%) as a white
powder. 1H NMR (500 MHz, CDCl3) & 8.73 (s, 1H), 8.01 (d, J = 12.7 Hz, 1H), 7.38 (d, J =
7.0 Hz, 1H), 3.96 (dd, J = 8.9, 4.7 Hz, 4H), 3.56 (s, 1H), 3.45-3.36 (m, 4H), 1.42 (g, J =
6.6 Hz, 2H), 1.21 (t, J = 5.0 Hz, 2H). 13C NMR (126 MHz, CDCl3) 6 177.15, 166.83,
156.47, 154.70, 152.70, 147.81, 145.03. 139.05, 120.82, 112.95, 112.77, 108.40, 105.50,
50.17, 49.42, 45.95, 43.55, 35.49, 8.43.19F NMR (470 MHz, CDCl3) & -79.58 (t, /= 9.5 Hz,
3F), -111.46 — -111.53 (m, 2F), -121.14 — -121.21 (m, 2F), -125.51 — -125.57 (m, 2F). MS
(ESI) m/z: [M + H]* calcd for Co1H1gFgN304 =528.12; found 528.09.

Compound 2 was similarly obtained in 178.9 mg, 31% as a yellow powder. TH NMR (500
MHz, Acetone-d6) & 8.70 (s, 1H), 7.93 (d, J = 13.1 Hz, 1H), 7.79 (d, = 7.4 Hz, 1H), 4.06 -
3.94 (m, 4H), 3.88 (dd, J = 7.1, 3.5 Hz, 1H), 3.61 - 3.52 (m, 4H), 1.48 (d, J = 6.0 Hz, 2H),
1.39 — 1.30 (m, 2H). 13C NMR (126 MHz, Acetone-d6) & 177.89, 166.64, 156.59, 155.42,
153.44, 149.00, 145.87, 145.79, 140.35, 130.20, 129.37, 127.17, 120.96, 112.31, 112.12,
108.59, 107.80, 50.73, 50.05, 46.41, 44.04, 36.61, 8.49. 19F NMR (471 MHz, CDCls) &
-80.86 (t, /= 9.8 Hz, 3F), -110.94 (t, /= 12.2 Hz, 2F), -121.09 (dd, J=12.7, 6.9 Hz, 2F),
-121.86 (dddd, J=13.4, 10.0, 6.7,3.4 Hz, 2F), -124.50 — -124.62 (m, 2F). MS (ESI) m/z: [M
+H]* caled for CooH1gF19N304 =578.11; found 578.08.

Compound 3 was similarly obtained in 202 mg, 40% yield as a pale yellow powder. 1H
NMR (500 MHz, CDCl3) & 8.63 (s, 1H), 7.86 (d, J = 12.7 Hz, 1H), 7.34 (d, J = 7.0 Hz, 1H),
3.93-3.71 (m, 4H), 3.61 — 3.51 (m, 1H), 3.47 — 3.28 (m, 4H), 2.68 (dd, J = 9.6, 6.2 Hz,
2H), 2.49 (ddd, J = 17.6, 14.4, 7.8 Hz, 2H), 1.40 (q, J = 6.7 Hz, 2H), 1.20 (g, J = 6.5 Hz,
2H). 13C NMR (126 MHz,CDCls3) 6 176.91, 168.77, 167.31, 154.64, 152.64, 147.63,
145.46, 145.37, 139.06, 120.04,119.98, 112.50, 112.31, 107.84, 105.24, 49.89, 49.36, 45.23,
41.67, 35.53, 26.57, 26.40, 26.23,24.38, 8.32. 19F NMR (470 MHz, CDCl3) & -80.62 (t, J=
9.9 Hz, 3F), -110.68 (t, J= 13.4 Hz,2F), -120.60 (s, 2F), -121.00 (dd, /= 15.2, 8.0 Hz, 2F),
-121.14 (dd, J=12.7, 6.9 Hz, 2F), -122.67 (s, 2F), -125.81 — -125.92 (m, 2F). MS (ESI): [M
+H] * calcd for CyoHooFgN3O4 = 506.1,Found 506.2.

Compound 4 was similarly obtained in 203 mg, 30% yield as a yellow powder. 1H NMR
(500 MHz, CDCl3) & 8.77 (s, 1H), 8.05 (d, J = 12.7 Hz, 1H), 7.38 (d, J = 6.6 Hz, 1H), 3.96
(d, J = 11.8 Hz, 4H), 3.55 (s, 1H), 3.40 (s, 4H), 1.42 (d, J = 5.9 Hz, 2H), 1.22 (s, 2H). 13C
NMR (126 MHz, CDCl3) § 177.23, 166.85, 156.57, 154.73, 152.73, 147.87, 144.95, 139.08,
121.04, 120.98, 113.10, 112.92, 111.37, 110.84, 110.62, 108.56, 105.50, 50.26, 49.45,
46.00, 43.62, 35.48, 8.45. 19F NMR (470 MHz, CDCls) & -85.32 (s, 3F), -118.30 (t, /= 18.5
Hz, 2F), -121.05 - -121.10 (m, 2F). MS (ESI): [M+H] * calcd for Cy4H1gF14N304 = 678.1,
Found 678.1.

2.3. X-ray photoelectron spectroscopy (XPS)

XPS was used to determine the surface atomic concentrations of C1s, N1s, O1s, F1s, Si2p of
five types of commercial contact lenses, Comfilcon A, Narafilcon A, Lotrafilcon B,
Ocufilcon D, and Delefilcon A. Briefly, lenses were dried in air and cut into pieces of ~ 5 x
5 mm2. Each piece was glued onto a stainless steel holder and loaded into a PHI 5700 X-ray
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photoelectron spectrometer, equipped with a monochromatic AlKa X-ray source (hv =
1486.7 eV) at a take-off angle (TOA) of 45° from the film surface.[67]

2.4. Loading of molecules into commercial contact lenses

A list of the commercial contact lenses tested is presented in Table 1. All lenses were air
dried and weighed. The weights of Comfilcon A, Narafilcon A, Lotrafilcon B, Ocufilcon D
and Delefilcon A lenses are 16.3 £ 0.3, 15.6 £ 0.1, 20.7 £ 0.3, 15.7 £ 0.2, and 21.5 £ 0.4 mg,
respectively. Compounds used including FITC-F, FITC, Ciprofloxacin (Cip), fluorous-
tagged ciprofloxacin (F-Cip 1-4) are shown in Figure 1. Briefly, commercial lenses were
individually immersed in wells of a 24 well plate, each containing 1 mL PBS solution of
FITC-F (15.6 uM), FITC (15.6 uM), Cip (100 uM) or F-Cip (100 uM), and incubated for 18
h. Then the lenses were washed with PBS three times for 5 min each. All incubation and
wash solutions were collected and the amount of each compound was quantified by
spectrophotometry. Standard curves were generated with seven standard samples with
known concentrations for each individual compound of interest. Specifically, fluorescent
compounds FITC and FITC-F were quantified by fluorescence emission at 520 nm (Aex =
485 nm), and Cip and F-Cip were quantified by absorbance at 275 nm. The amount of each
compound in the above collected solutions was then measured with the standard curve. The
amount of the compound incorporated into lenses was determined by subtracting the amount
in solution from the total amount added initially.

2.5. Lens transparency after modification

To determine the transparency of fresh and modified Comfilcon A contact lenses using light
transmission, contact lenses were cut into small disks with a diameter of 6 mm and placed
into wells of a UV-transparent 96-well plate, and a wavelength scan from 220 to 800 nm was
conducted using a plate reader (BMG LabTech FLUOstar Omega plate reader, Germany).
[28]

2.6. Time course release of individual compounds from contact lenses

The modified Comfilcon A lenses were placed into individual wells of a 24 well plate with 1
mL PBS in each well at room temperature. The PBS solution was replaced with fresh PBS
every hour for up to 8 h or 15 h, or every ten minutes for 2 h or 6 h. The amount of
fluorescent compound released into the collected PBS aliquots was quantified
spectrophotometrically based on the above standard curve. The amount of F-Cip released
into the collected PBS aliquots was quantified using LC-MS (LCQ Deca XP plus with
Surveyor LC, Thermo Fisher, Waltham, MA) with electrospray ionization in positive ion
mode. Samples (5 pL each) were loaded onto the analytical column at 200 pL/min (Kinetex
XB-C18, 2.1 x 50 mm, 2.6 pym, Phenomenex) with the following gradient: 0-3 min, 10-75%
(B); 3-7.5 min, 75-91% (B). The mobile phase consists of (A) water containing 0.1% formic
acid and (B) acetonitrile containing 0.1% formic acid. Mass spectrometric parameters were
as follows: 250 °C capillary temperature, 45 units sheath gas, 10 units aux gas and 4.5 kV
spray voltage. Selective ion monitoring (SIM) was used for detecting F-Cip 1 and 2, and the
quantification was based on the respective standard calibration curve. The detection limit for
F-Cip 1 and 2 is approximately 1.5 pg based on S/N ratios.
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2.7. Antibacterial activity of F-Cip

Laboratory strain Pseudomonas aeruginosa (P. aeruginosa) ATCC 19660 was used to test the
antimicrobial activity of modified ciprofloxacin. The strain was inoculated and grown at

37 °C for 18 h. The bacterial suspension (300 pL) was added into 100 mL of nutrient broth
and incubated for 2 h to reach a log growth phase. The resulting bacterial suspension was
adjusted to a concentration of ~107 cfu/mL and 100 ul were placed into each well of a 96
well plate. Fifty microliters of F-Cip solution of various concentrations in triplicate were
added into the 96 well plate and incubated at 37 °C for 18 h. The inhibition of microbial
growth was determined by measuring the absorbance at 620 nm. The concentration that
inhibited 50% of bacterial growth (ICsg) was calculated based on absorbance readings from
three independent experiments.

2.8. In vitro antibacterial efficacy of modified contact lenses

Modified Comfilcon A contact lenses were cut into small disks with a diameter of 6 mm and
placed into wells of a 96 well plate, each with 100 pL of bacterial suspension prepared as
described above in duplicate. Non-modified lenses taken directly for their packaging were
used as control. The plate was incubated at 37 °C for 18 h. The inhibition of microbial
growth was determined by measuring the absorbance at 620 nm. The bacterial inhibition was
calculated based on absorbance and the mean values from three independent experiments
were plotted.

2.9 Cytotoxicity of F-Cip and modified contact lenses

Telomerase modified human corneal epithelial cells were seeded into wells of a 96 well plate
with 100 pL KGM-2 medium (Lonza Ltd, Switzerland) and incubated at 37 °C until ~80%
confluence. Ten microliters of ciprofloxacin and fluorous-tagged ciprofloxacin 1 and 2 were
added to the wells with final concentrations of 10, 5, 2.5, 1.25, 0.63, 0.31, 0.16, 0.08, 0.04,
0.02 uM. Cells treated with benzalkonium chloride (0.05%) and without any treatment
served as controls. The plate was incubated at 37 °C for 18 h, and cell viability was
determined using a cell counting Kit-8 assay.

To determine the cytotoxicity of contact lenses, control and modified Comfilcon A lenses
were cut into small disks with a diameter of 6 mm and placed individually into wells of the
96 well plate in duplicate followed by incubation at 37 °C for 18 h. All lenses were taken
out, and cell viability was determined using a cell counting kit-8 assay (Dojindo Molecular
Technologies, Inc. Japan).

2.10. Ex vivo antimicrobial efficacy of modified contact lenses using porcine eyes

Fresh porcine eyes were purchased from Sioux-Preme Packing Co. (Chicago, IL). The pigs
were slaughtered for commercial use and not specifically for the purpose of this study. The
eyes were used because their size is similar to that of human eyes, allowing the use of
commercially available contact lenses. Upon arrival, eyelids and connective tissues were
removed and the porcine eyes were sanitized using 5% penicillin/streptomycin (Sigma-
Aldrich, St. Louis, MO) for 1 h then washed with PBS three times. Six scratch wounds with
a 3x3 crosshatch pattern and a length of ~1 cm were created on each cornea using a 27G
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needle. The eyes were placed into holders and then 100 uL of bacterial solution containing
108 CFU (prepared as in Section 2.7) applied to each cornea. The eyes were left at room
temperature in a biosafety cabinet for 5 h. After rinsing with 10 mL of PBS, control and
modified Comfilcon A contact lenses were placed individually onto the eyes. Eyes without
any lenses and eyes treated with 0.3% ciprofloxacin solution every 15 min for 1 h served as
controls. One eye without scratches but incubated with bacteria served as an additional
control. A custom-made apparatus was used to flow culture medium over the surface of the
porcine eyes. This apparatus consisted of a fluid reservoir containing DMEM (Life
Technologies, Inc. Carlsbad, CA) and small diameter tubing, positioned to create a flow rate
of four 25 pL drops per min onto individual porcine eyes that were placed directly
underneath the tube outlet. The eyes were left for 12 h, and then rinsed with 10 mL PBS.
The corneas were dissected and cut into pieces using a sterile scalpel followed by
homogenizing using a LabGen 125 homogenizer (Cole-Parmer, Vernon Hills, IL) for 1.5
min in 2 mL PBS. Five hundred microliters of the homogenate solution from each sample
was added into individual tubes with 6 mL nutrient broth, and the mixtures were shaken at
250 rpm at 37 °C for 10 h. Then 100 pL of the bacterial suspension from each sample was
taken out and added into a 96-well plate in triplicate, and absorbance at 620 nm was
measured and plotted as percentage of bacterial growth inhibition compared to the corneas
infected with bacteria but without any treatments.

2.11. Statistical analysis

Data are expressed as mean + SD. Where applicable, statistical analysis was performed
using one-way or two-way ANOVA followed by Tukey's test where significance was found
with p < 0.05.

3. Results and Discussion

3.1. Loading of FITC-F into contact lenses

Fluorophore FITC and fluorous-tagged FITC (FITC-F, Figure 1) were used to test loading
onto various types of contact lenses, taking advantage of their simple detection by
fluorescence. Among the five types of contact lenses tested (Table 1), Comfilcon A,
Narafilcon A, and Lotrafilcon B are silicone hydrogels, Ocufilcon D is a conventional
hydrogel, and Delefilcon A is made of a mixture of both materials. Notably, among these 5
types of lens materials, Comfilcon A and Lotrafilcon B contain fluorocarbons in their
formulations with a surface fluorine content of 3.70% and 1.05%, respectively (Table 1).

As shown in Figure 2, Comfilcon A attracted the greatest amount of FITC-F (10.1 +0.9
nmol per lens), which was significantly higher than the other four types of lenses.
Lotrafilcon B attracted 6.7 £ 1.9 nmol FITC-F per lens, which was more than the other three
types, and the difference reached statistical significance compared to Ocufilcon D lenses
(1.4 £ 0.8 nmol/lens). Comfilcon A attracted more FITC-F than Lotrafilcon B, which
correlates to the surface fluorine concentration (3.7% vs 1.05%, Table 1). Furthermore, for
Comfilcon A and Lotrafilcon B lenses, the amount of FITC-F loaded onto lenses was
significantly more than the amount of FITC, but this was not the case for the other three
types of lenses. The amount of FITC-F loaded was ~9 times greater than the amount of
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FITC for Comfilcon A lenses (10.1 £ 0.9 vs. 1.1 + 1.2 nmol/lens), and ~5 times for
Lotrafilcon B lenses (6.7 £ 1.9 vs. 1.3 £ 1.3 nmol/lens), respectively. The structural
difference between FITC-F and FITC is the fluorocarbon chain (Figure 1). This result
demonstrates that the fluorescent dye with a fluorous tag can be efficiently loaded to the
widely used commercial, fluorine-containing contact lenses.

3.2. Release of FITC-F from Comfilcon A lenses

Comfilcon A lenses were chosen for testing the release profile because they were loaded
with the greatest amount of FITC-F. For solution exchange rate of 1 mL/h, the release of
unmodified FITC showed a typical burst release profile, and reached plateau with ~60%
release within the first two hours (Figure 3C). The remaining 40% was likely on the lenses.
Burst release is the major hurdle for clinical applications of current contact lens based drug
delivery systems. Significantly, the release of FITC-F showed a sustained profile with a
nearly linear release for the first 6 h with a release rate of 10.5% per hour (Figure 3A), and
reached ~90% at 15 h. Upon increasing the solution exchange rate to 6 mL/h, as expected,
the release of unmodified FITC quickly reached plateau within 50 min (Figure 3D).
Meanwhile, the release of FITC-F showed a sustained profile with a nearly linear release for
the first 120 min with a release rate of 26.5% per hour (Figure 3B), and reached plateau at
270 min. These results showed the release rate increased with faster solution exchange rate,
which confirms that the release profiles from contact lens drug delivery model systems are
dependent on the experimental setup, and care must be taken to compare results from studies
with different setups.[68] The reported tear turnover rate (~100 pL/h) in human subjects
varies significantly,[69-72] and is much lower than the rates used in our experiment. It
should be pointed out that the solution in our experiment was changed hourly while tear
turnover in the eye is a continuous process, which could result in a different drug release
profile. Therefore, it is not feasible to predict the release profile of this system in vivo only
based on the solution exchange rates.

The focus of this work is to demonstrate the feasibility of using fluorous chemistry for
loading molecules into contact lenses and controlling their release. Overall, our data showed
that the release of fluorous-tagged molecules from fluorine-containing lenses exhibited a
sustained release profile while non-fluorous-tagged molecules showed a burst release
profile. Notably, the structural difference between FITC-F and FITC is the fluorocarbon
chain. Therefore, this result demonstrates that fluorous interactions are the driving force in
the releasing/retaining of molecules with a fluorous tag from fluorocarbon-containing
polymers.

3.3. In vitro antimicrobial activity of fluorous tagged ciprofloxacin

The above results encouraged us to test the feasibility of using this method to load a drug,
e.g. antibiotic ciprofloxacin (Cip) in this case, into a contact lens and using it as a drug
delivery system. Thus, a series of fluorous-tagged ciprofloxacin (F-Cip, compounds 1-4)
molecules were synthesized, differing in the length of the linker (number of CH, groups)
and the number of fluorinated carbons (See Figure 1 for their structures). Table 2 lists the
ICsq values of F-Cip 1-4 against P aeruginosa 19660. The ICsq value of Cip was 0.13 mM,
which is similar to the reported values in the literature[73]. Compared to Cip, F-Cip with
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only 3 and 4 perfluorocarbon atoms (1 and 2) showed a higher 1Csq value (0.63-0.69 puM).
The ICsq values of F-Cip 3 and 4 were greater than the highest concentration we tested (40
uUM), indicating that both lost their antimicrobial activity. The structural difference between
F-Cip 1, 2, and 3 is the number of fluorinated carbons, which is 3, 4, and 6 respectively. The
result indicated that the longer the fluorinated carbon chain, the less was its antimicrobial
efficacy against £ aeruginosa 19660. The attachment of a fluorocarbon chain to Cip may
undermine the drug's mechanism of action by decreasing its ability to penetrate bacterial cell
membrane and/or binding to its target due to the unique properties of fluorocarbons (i.e.
neither hydrophilic nor hydrophobic), therefore, the longer the chain, the larger the effect.
Furthermore, although F-Cip 4 has two fluorinated carbons, it also has two extra carbons
between the fluorinated carbon chain and its parent compound Cip, which negatively
affected its antimicrobial activity. The above brief screening identified compounds 1 and 2
as the lead compounds, which were used in subsequent studies.

3.4. Cytotoxicity of F-Cip

The cytotoxicity of 1, 2 and Cip was tested against a telomerase modified human corneal
epithelial cell line.[66] Cells exhibited ~100% viability after incubation with F-Cip 1 and 2,
and Cip with concentrations up to 10 uM compared to cells without any treatment.
Benzalkonium chloride is known to be cytotoxic [74-76] and killed ~100% cells and served
as control. There was no significant difference among Cip, 1 and 2, indicating that
modification of Cip with a fluorous tag did not change its cytotoxicity.

3.5. Loading of F-Cip into Comfilcon A lenses

As Comfilcon A lenses present the greatest amount of fluorine in the formulation, this type
of lens was used for the loading experiment of F-Cip. As shown in Figure 5, the amount of
1, 2, 3, and 4 loaded onto contact lenses was 67.96 + 11.50, 68.72 + 5.28, 108.36 + 5.95, and
83.31 + 8.33 nmol/lens, which was approximately 19, 19, 30, and 23 times more than the
amount of Cip loaded on the lenses (3.56 + 4.51 nmol/lens), respectively. There were no
statistically significant differences for the loading of the F-Cip 1, 2, and 4 onto the contact
lenses; however, all of them were significantly higher than the amount of Cip. This result
demonstrates that the presence of even a short fluorous tag on the molecule greatly enhances
its immobilization onto the fluorocarbon-containing contact lenses. The amount of 3 loaded
on lenses was significantly more than that of 1, 2, and 4, demonstrating that longer
fluorocarbon chain (i.e. stronger interactions between molecules and the lens) facilitated the
loading onto lenses.

It is also remarkable that after modification, the lenses maintained their transparency. As
shown in Figure 6, within the visible light range (350 — 750 nm), the light transmission of
modified lenses remained ~ 100% compared to fresh lenses without modification.
Therefore, the current simple method has addressed the previously reported issue of loss of
transparency of ciprofloxacin-loaded lenses that often exhibited precipitates [14].

3.6. Release of F-Cip from Comfilcon A lenses

Figure 7 shows the release profile of F-Cip 1, 2, and Cip from Comfilcon A lenses over a
period of 8 h with a solution exchange rate of 1 mL/h. Cip exhibited a typical burst release
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profile, that is, most release occurred within the first hour and no more release after 3 h. The
plateau was reached at ~60% release, and the remaining 40% were likely on the lenses.
Significantly, both F-Cip 1 and 2 exhibited a sustained release profile that was very similar
to the release profile of FITC-F as shown in Figure 3. Although the percentage release of F-
Cip 1 and 2 within the 8 h period was lower than that of Cip, the amount of F-Cip released
was 6 times of that of Cip because the amount of F-Cip loaded onto lenses (~68 nmol/lens)
was much more than that of Cip (3.56 + 4.51 nmol/lens) as shown in Figure 5. The release
profiles of 1 and 2 were very similar indicating that only one CF, group difference in the
structures of these two molecules may not affect the overall fluorous interactions between F-
Cip and contact lenses, which was also supported by the comparable amounts of 1 and 2
loaded onto Comfilcon A lenses.

3.7. In vitro antimicrobial activity of F-Cip-loaded contact lenses

The antimicrobial activity of 1- and 2- as well as Cip-loaded Comfilcon A lenses was tested
against P, aeruginosa 19660. As shown in Figure 8, the lenses loaded with 1 and 2 exhibited
99.3% and 93.6% growth inhibition, which was significantly higher than the 35.2% by Cip
loaded lenses. Although 1 and 2 exhibited ICsq values that were ~5 times higher than
ciprofloxacin (Table 2), the amount of 1 and 2 loaded onto Comfilcon A lenses was ~19
times greater than that of Cip (Figure 5), which may account for the significantly higher
efficacy of 1-and 2-loaded lenses than Cip-loaded lenses. It is worth noting that in vivo
bacteria are also partially cleared from the eye with the continuous tear turnover, which may
present a less challenging condition compared to the experimental condition tested here in
which bacteria were maintained in nutrient broth without other clearance mechanisms.
Therefore, it is significant that this drug-loaded delivery system exhibited nearly complete
killing of bacteria under such demanding conditions.

The performance of a drug delivery system is also dependent upon the drug release profile
from contact lenses because the released drug has to reach a threshold concentration over a
desired period of time. As tear clearance is a continuous process in the eye, the release of
drugs from contact lenses needs to be fast enough to overcome the clearance. This
requirement is challenging for many drug delivery systems as there would be only a very
small portion of drug, if any, to be released after their short burst release period, thus no
antimicrobial activity would be observed. To mimic the in vivo conditions, we designed an
ex vivo porcine eye infection model to test the antimicrobial efficacy of the modified contact
lenses with a flow of culture medium representing tear turnover (See section 3.9).

3.8. Cytotoxicity of F-Cip-loaded contact lenses

The cytotoxicity of 1, 2 and Cip loaded lenses was tested against hTCEpi cells. Cells
exhibited ~100% viability after incubation with lenses loaded with F-Cip 1 and 2, and
unmodified Cip compared to cells incubated with untreated lenses, and there was no
significant difference among them, indicating that loaded drug did not exhibit a toxic effect
on this cell line (Figure 9).
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3.9. Ex vivo infection model and antimicrobial activity of F-Cip-loaded contact lenses

Porcine eyes have been adopted for studies that test commercial contact lenses due to their
similar size and anatomy with human eyes.[77-83] Few studies have been carried out on
ocular infections using ex vivo porcine eye models that had a mechanism to mimic the tear
turnover.[78, 79, 83] Herein we designed an ex vivo porcine eye infection model, in which
culture medium was dripped onto each eye at a rate of four 25 pL drops/min to represent the
tear turnover in vivo. Using this system, we tested the antimicrobial activity of F-Cip 1 and
unmodified Cip loaded Comfilcon A lenses against £ aeruginosa 19660. Eyes that were
infected with bacteria but not exposed to contact lenses served as control. As shown in
Figure 10, for eyes with contact lenses modified with F-Cip 1, there was significant bacterial
growth inhibition (86.8 + 13.9 %) compared to the eyes with unmodified lenses (labeled as
CL) and lenses modified with Cip, which showed 29.7 + 12.7% and 37.5 + 8.2% bacterial
growth inhibition, respectively. This result supported our finding in the in vitro antimicrobial
assay. The eyes infected with bacteria and treated with 0.3% ciprofloxacin solution showed
98.1 + 4.3% bacterial growth inhibition, which was higher than the ones wearing F-Cip
modified lenses although this difference did not reach statistical significance (p=0.70). In
clinical practice, a high concentration (0.3%) of ciprofloxacin solution is commonly used to
treat eye infections and frequent administration is necessary. For example, treatment of
relatively mild bacterial conjunctivitis requires one to two drops four times a day, while
treatment of sight threatening bacterial ulcers requires drops every fifteen minutes for the
first six hours.[84] It should be noted that the amount of ciprofloxacin in the solution that
was used for treatment was more than 100 times of the amount of F-Cip 1 (67.96 + 11.50
nmol/lens, see Figure 5), yet these two systems showed a comparable efficacy. Therefore,
our approach could significantly reduce the amount of drug needed to treat eye infections.
For the eyes without scratch wounds, the number of bacteria detected was much less than
that for the control eyes indicating that bacteria did not penetrate the intact corneal
epithelium and those that grew on top of the ocular surface were most likely washed away
during the washing step. Overall, these results showed that contact lenses loaded with F-Cip
exhibited antimicrobial activity in an ex vivo model that represents tear clearance in vivo.

In summary, we modified both hydrophilic (FITC) and hydrophobic (ciprofloxacin)
molecules with fluorinated carbon chains and tested their loading into contact lenses. We
found that more F-FITC was loaded onto fluorine-containing Comfilcon A lenses compared
to FITC and compared to other non-fluorine-containing contact lenses. Similarly, there was
significantly more F-Cip loaded onto Comfilcon A lenses compared to Cip. F-FITC and F-
Cip exhibited sustained release from Comfilcon A lenses while unmodified molecules
showed typical burst release profiles. Lenses loaded with F-Cip exhibited antimicrobial
efficacy against P aeruginosa 19660 in vitro and ex vivo, while not exhibiting cytotoxicity
against human corneal epithelial cells.

3.10. Proposed role of fluorous chemistry

In our system, the molecular interactions between the molecules and contact lenses consist
of hydrophobic, hydrophilic, hydrogen bonding, ionic, and fluorous interactions. As shown
in Figure 2 and 5, the loading of fluorous-tagged molecules is much greater than that of their
non-fluorous-tagged counterparts, indicating that the fluorous interactions play a significant
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role. Fluorous interactions are a combination of bonding between fluorinated molecules,
which includes several chemical bonding such as F...F, C-F...H, C-F...r, C-F...C=0, etc.,
[54] among which the F...F non-covalent interactions that are known to be the strongest
attractive force.[85] Extensive theoretical and experimental studies are still ongoing to
understand the nature of fluorous interaction force.[85] In general, the fluorous attractive
force increases with the number and proximity of the interacting F-atoms in the molecule,
and is also affected by the surface dipolar interactions.[86] Attachment of the fluorous tag to
the molecules creates the fluorous interactions between the molecules and the fluorous side
chains of the contact lens polymers as well as the fluorous interactions among the molecules,
thus greatly increases the loading of the fluorous-tagged molecules.

The release data for FITC-F and F-Cip 1 and 2 were fitted to the Peppas equation for the
first 60% of the normalized drug release using the following equation [87, 88]:

M, /Mo=kt"

Where M;is the drug released at time ¢, Mpis the total amount of drug released, ks the rate
constant, and 77 is the release exponent. The n values were 0.78-0.92 with RZ = 0.987-0.996.
Although in the classical Higuchi diffusion model, the release exponent is 0.5,[88] deviation
of the release exponent between 0-1 is often reported, which can be attributed to the polymer
material geometry and anomalous transport mechanism.[87, 88] The release rate constants,
ranging 0.4 — 1.2 min"Y/2 in our system, are strongly affected by the molecular interactions
of the system. Specifically, the attachment of the fluorous tag to the molecules creates the
fluorous interactions among the molecules as well as between the molecules and the
fluorous side chains of the contact lens polymers. The combination of these two effects
greatly slows down the release of the molecules from the contact lens matrix.

4. Conclusion

In conclusion, we demonstrated that fluorous interactions could be utilized to greatly
enhance loading of fluorous-tagged molecules into fluorine-containing delivery systems.
The antibiotic-loaded delivery system exhibited nearly complete growth inhibition of
bacterium £ aeruginosa in vitro and ex vivo while having no cytotoxicity towards host cells
and no effect on the optical quality of the lenses. Furthermore, our results encourage further
investigation of the antimicrobial properties and cytotoxicity of fluorous-tagged
ciprofloxacin loaded contact lenses and other fluorous-based biomaterial systems /n vivo for
better understanding of their actions and their potential applications in the clinic.
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Figure 1.
Structures of FITC-F, FITC, and fluorous-tagged ciprofloxacin (F-Cip).
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BEITC-F
OFITC

Comfilcon A Lotrafilcon B Delefilcon A Narafilcon A Ocufilcon D

The amount of FITC-F (M) and FITC (O) loaded onto Comfilcon A, Lotrafilcon B,
Delefilcon A, Narafilcon A and Ocufilcon D lenses. Data are from at least three independent
experiments and are expressed as mean + SD. Two-way ANOVA was performed followed
by Tukey's test where significance was found. * p<0.05.
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Release of FITC-F (A, B) and FITC (C, D) from Comfilcon A lenses with a solution
exchange rate of 1 mL/h (A, C) and 6 mL/h (B, D), respectively. Data are expressed as mean

+SD (n=3).
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Figure 4.
Cytotoxicity of F-Cip 1, 2 and Cip against human telomerase corneal epithelial cells

(hTCEpi) with a series of concentrations. BAC: benzalkonium chloride as control. Data are

expressed as mean = SD (n
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Figure 5.
The amount of F-Cip and Cip loaded onto Comfilcon A lenses. Data are from three

independent experiments and are expressed as mean = SD. One-way ANOVA was
performed followed by Tukey's test where significance was found. *p<0.05.
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Figure 6.

Lens transparency within a wavelength range of 220-800 nm. Fresh lens: black line; Cip:
Comfilcon A lenses loaded with ciprofloxacin, green line; 1: Comfilcon A lenses loaded
with F-Cip 1, blue line; 2: Comfilcon A lenses loaded with F-Cip 2, red line.
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Release of 1 (), 2 (M) and Cip (A) from Comfilcon A lenses over a course of 8 h. Data are
expressed as mean + SD. (n=3)
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Figure 8.
Antimicrobial activity of F-Cip 1 and 2 and Cip loaded Comfilcon A lenses against 2

aeruginosa 19660. Data are from three independent experiments expressed as mean + SD.
Oneway ANOVA was performed followed by Tukey's test where significance was found.
*

p<0.05.
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Cip

Cytotoxicity of F-Cip and Cip loaded Comfilcon A lenses against hTCEpi cells. Data are
from three independent experiments and expressed as mean + SD. One-way ANOVA was

performed and no significance was found.
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Figure 10.
Antimicrobial efficacy of modified Comfilcon A lenses in an ex vivo porcine eye infection

model. CL: unmodified lenses. 1: lenses modified with F-Cip 1. Cip: lenses modified with
Cip. 0.3% Cip: 0.3% ciprofloxacin solution administered in the form of eye drops. No
scratch: intact porcine eyes. Statistical analysis was performed using one-way ANOVA
followed by Tukey's test comparing to 1 where significance was found. *p<0.05. (n=3)
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Table 2

ICsq values of fluorous-tagged ciprofloxacin (F-Cip) and Cip against pseudomonas aeruginosa (PA) ATCC
19660. (n=3)

No. No.of CH,groups  No. of fluorocarbons  1Cso (UM)

1 0 3 0.63 £0.15

2 0 0.69 +0.62

3 0 6 > 40

4 2 2 > 40
Cip 0.13£0.035
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