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The stability and bio-distribution of genes or drug complexes with poly(ethylene oxide)-

poly(propylene oxide)-poly(ethylene oxide) (PEOePPOePEO, Pluronic F-68) polymeric mi-

celles (PM) are essential for an effective nanosized PM delivery system. We used F€orster

resonance energy transfer (FRET) pairs with PM and measured the FRET ratio to assess the

stability of PM in vitro and in vivo on the cornea. The FRET ratio reached a plateau at 0.8 with

3% PM. Differential scanning calorimetry measurement confirmed the complex formation

of FRET pairs with PM. Confocal imaging with the fluorophores fluorescein isothiocyanate

isomer I (FITC) and rhodamine B base (RhB) also showed the occurrence of FRET pairs

in vitro. The fluorophores were mixed with 3% PM solution or the FITC-labeled PEOePPO

ePEO polymers (FITC-P) were mixed with RhB-labeled plasmids (RhBeDNA). In addition,

the in vitro corneal permeation of FRET pair complexes with PM reached a 0.8 FRET ratio.

One hour after eye drop administration, FRET pairs colocalized in the cytoplasm, and

surrounded and entered the nuclei of cells in the cornea, and the polymers were located in

the corneal epithelial layers, as detected through anti-PEG immunohistochemistry.

Furthermore, fluorescence colocalization in the cytoplasm and cell nucleus of the corneal

epithelium was confirmed in tissues where RhB or RhBeDNA complexed with FITC-P was

found to accumulate. We demonstrate that at a concentration of 3%, PM can encapsulate

FRET pairs or RhBeDNA and retain their integrity within the cornea 1 h after administra-

tion, suggesting the feasibility and stability of PEOePPOePEO polymers as a vehicle for drug

delivery.
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1. Introduction

Biocompatible poly(ethylene oxide)-poly(propylene oxide)-

poly(ethylene oxide), known as PEOePPOePEO triblock co-

polymers, have drawn increasing attention as a pharmaceu-

tical application because of the hydrophilic PEO ends that

provide a steric barrier against opsonization [1,2]. In addition,

the self-assembly of the hydrophobic core of PEOePPOePEO

block copolymers provides a microenvironment for water-

insoluble molecules and is believed to facilitate solubility in

polymericmicelles (PM) [1]. Thus, PEOePPOePEOPMhave been

used as carriers for the IV injection of the anti-inflammatory

agent (methylprednisolone) [3] and the antineoplastic agent

(doxorubicin) [4], as well as oral non-viral gene delivery [5],

intramuscular sustained release formulations [6], and trans-

dermal patch or inhalation applications [7,8].

Stability is a predominant factor that affects the efficiency

of PM carrier systems. In contrast to relatively stable nano-

carriers with solid-like cores, it remains unclear whether PM

dissociates to free polymer chains and attains dynamic equi-

librium after extreme dilution. Because the concentration of

PM carriers in a biological system is likely to decline to a level

below the critical micelle concentration (CMC), the minimum

concentration at which amphiphilic polymers assemble to

form PM, real-time monitoring of the micelle status and drug

retention within the PM is necessary for successful delivery

[9]. F€orster resonance energy transfer (FRET) between two

fluorescent probes is used to determine when two molecules

are close to one another on a molecular scale (<80 Å), as well

as whether both molecules are moving relative to each other

[10]. The FRET ratio is generally used to determine whether

two fluorophores are within a certain distance of each other.

Thus, FRET has been extensively used as a spectroscopic ruler

for nanosized particles to determine fluorophore proximity

and the release of hydrophobic molecules from carriers [11].

Visual impairment caused by trauma, macular degenera-

tion, diabetic retinopathy, or glaucoma, is the leading cause of

blindness worldwide. According to the World Health Organi-

zation, an approximately 39 million people out of 285 million

cases of visual impairment in 2010 were cases of blindness

[12]. Delivery of anti-inflammatory [13], antiglaucoma drugs,

or gene therapy to the eyes provides additional options for

ophthalmic treatments. Topical instillation of ophthalmic

drops is the most common method of administering drugs to

treat ocular disease. PEOePPOePEO has been approved by the

United States Food and Drug Administration for use in

ophthalmic pharmaceuticals [14]. However, drug delivery to

the eyes has remained a challenging task, due to the diffi-

culties associated with absorption of topical drugs in the

tightly structured corneal epithelium and the anteriorly

directed aqueous humor bulk flow. The other major barrier to

the development of drugs composed of small molecules or

genes is the instability of the process. Such instability can lead

to immunogenicity and loss of activity, such as genes being

further destabilized by nucleases [15].

Although PM has been used as topical ocular vehicles to

facilitate delivery of therapeutic genes to the cornea [16e18], it

is critical to illustrate the delivery pathway of PM to determine

whether the integrity and stability of the PM complex and its
cargo remain intact [19,20]. Obstacles that PM could encounter

after penetrating the cornea includes tear flow which has a

high turn-over rate, and the stratified multi-layered corneal

epithelium which has high resistance barrier to foreign sub-

stances [21]. Therefore, we applied a fluorogenic-based

approach with two hydrophobic fluorophore FRET dyes: fluo-

rescein isothiocyanate isomer I (FITC) and rhodamine B base

(RhB). We took advantage of the transparent characteristic of

the cornea to investigate the stability and biodistribution of

PM and its cargo, by using free hydrophobic fluorophore

molecules, fluorophore-labeled DNA (RhBeDNA), or PEOeP-

POePEO block copolymers.
2. Materials and methods

2.1. Materials

PEOePPOePEO copolymers (PEO/PPO/PEO ¼ 76/30/76, Pluronic

F-68), with an average molecular mass of 8400 Da, were pur-

chased from BASF (Ludwigshafen, Germany). FITC and RhB

were obtained from SigmaeAldrich (St. Louis, MO, USA). All

other chemicals were of analytical grade and used as received.

Chemical conjugation and purification of the PEOePPOePEO

with FITC (FITC-P) moiety at the chain end were performed by

following the procedures from our previous studies [22].

2.2. Animals

Six- to eight-week-old male nude mice (BALB/c-nu), as the

selection of the animal model of the previous gene delivery

experiment [17], were obtained from the National Laboratory

Animal Breeding and Research Center (Taipei, Taiwan). The

mice were maintained under specific pathogen-free condi-

tions and housed under standard conditions with a 12-

h lightedark cycle. The protocols on the use of animals were

approved by the Laboratory Animal Research Committee of

Taipei Medical University.

2.3. Plasmid DNA labeling

A plasmid, pCMV-bcl-xL-eGFP (5.7 kb), was constructed ac-

cording to previous protocols [18] and amplified in the

Escherichia coli DH5a strain. The plasmid was purified using

equilibrium centrifugation with a CsCleEtBr gradient. RhB

was covalently attached to 100 mg of pCMVebcl-xLeeGFP DNA

using a Label IT Nucleic Acid Labeling Kit (Mirus Corp., Madi-

son, WI, USA). Label IT Reagent (100 ml) in the buffers was

mixed with DNA, and the mixture was incubated at 37 �C for

2 h in the dark. Unincorporated dye was removed, and labeled

DNA was purified using ethanol precipitation. Concentrations

of DNA were measured through UV absorption. Labeling effi-

ciencies were estimated to be one label for every 60 base pairs,

by using a spectrophotometric assay and following a protocol

provided by the manufacturer.

2.4. Preparation of PEOePPOePEO PM

All concentrations of polymeric solution were prepared on a

weight percentage basis according to previous protocols

https://doi.org/10.1016/j.jfda.2017.09.002
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[16]. Pyrene fluorescent dyes, used as probes for deter-

mining the CMC, and 180 mM FITC or various concentrations

of RhB were mixed with PEOePPOePEO PM in a vial at 25 �C.
Using similar procedures, 3 mM RhB or RhBeDNA (80 ng/ml)

with 3% FITC-P solutions was also prepared. Then, 80 ng/ml

RhBeDNA was added to 3% FITC-P solutions with gentle

mixing at 25 �C.

2.5. Transmission electron microscopy

PM morphology was evaluated from Transmission electron

microscopy (TEM) images using a Hitachi HT7700 operating at

an acceleration voltage of 75 kV. The sample was stained with

uranium acetate and deposited on a carboneFormvar-coated

nickel grid (200 mesh) (TAAB Laboratories Equipment Ltd.,

Berkshire, UK).

2.6. Atomic force microscopy

PM was prepared for imaging by placing a dispersion (3 ml) of

each sample onto freshly cleaved mica, and then the sur-

face was air dried. Atomic force microscopy (AFM) (diCP-

II; Digital Instruments/Veeco Metrology Group, Santa

Barbara, CA) was operated at 25 �C. Scanning was per-

formed in tapping mode using cantilevers with a rectan-

gular 3.4 � 1.6 � 0.4 mm silicon chip (resonant

frequency ¼ 265e400 kHz, force constant ¼ 20e75 N m�1, tip

radius < 10 nm; MikroMasch, Estonia). The constant force

mode was used with a resonant scan frequency of 375 kHz,

and the images were subsequently processed using Proscan

software (V 1.8.00, Digital Instruments/Veeco Metrology

Group, Santa Barbara, CA). All images were collected within

1 � 1 mm2 areas.

2.7. Zeta-potential measurements

The zeta-potential was assessed by dynamic light scattering

(DLS) using a Zetasizer NanoZS (Malvern Instruments, Wor-

cestershire, UK). Samples were freshly prepared and

measured at 25 �C with a HeeNe laser at a wavelength of

633 nm, and phase analysis light scattering (PALS) was per-

formed at angles of 13� and 173�. The results were average

after triplicate measurements.

2.8. The critical micelle concentration

The formation of PM was confirmed using a fluorescence

probe pyrene partition protocol [22]. The partitioning of

pyrene into PM can be determined using the ratio peak I1/I3
of the pyrene spectrum as described in our previous studies

[16,22]. The fluorescence emission spectrum of pyrene in

the PEOePPOePEO polymer solutions was measured from

350 to 450 nm with a fixed excitation wavelength of 339 nm.

The concentration of PEOePPOePEO polymer solutions

measured varied from 0.001 to 10% (w/w) with a constant

pyrene concentration of 6 � 10�7 M. The various concen-

trations of PEOePPOePEO polymers and spectral data were

acquired using a Hitachi F4500 fluorescence spectropho-

tometer. All fluorescence experiments were conducted at

25 �C.
2.9. FRET measurements

Fluorescence measurements were performed using a Vari-

oskan Flash Multimode Reader (Thermo Fisher Scientific Inc.,

Waltham,MA, USA). To verify the occurrence of FRET between

FITC and RhB, 2 ml of a series of concentrations of paired flu-

orophores in DMSO was mixed with 100 ml of 3% or different

concentrations of PM solutions. The FITC and RhB complexes

with PM solutionsweremeasured at an excitationwavelength

of 490 nm and with an emission scan from 505 to 650 nm. The

FRET ratio was calculated as I576/(I520 þ I576) as described in a

previous study [23], where I520 and I576 are the fluorescence

emission intensities of the donor (FITC) and the acceptor (RhB)

after excitation at 490 nm, respectively.

2.10. Differential scanning calorimetry

To understand the interaction between FRET pairs and PM, a

differential scanning calorimetry (DSC) analysis was con-

ducted using a Shimadzu DSC-60 plus (Shimadzu, Tokyo,

Japan). After the samples were crimped in aluminum pans

and transferred to the DSC cell, theywere heated from 30 �C to

450 �C at a rate of 5 �C/min under a nitrogen atmosphere after

one cycle.

2.11. Confocal laser scanning microscopy

All images were acquired using a Leica TCS SP5 Confocal

Spectral Microscope Imaging System (Leica Microsystems,

Wetzlar, Germany). An argon laser was excited at 488 nm and

the emission data were collected at 500e550 nm for the donor

(FITC) channel and 565e650 nm for the acceptor (RhB) chan-

nel. All of the images were captured and processed with Leica

Application Suite-Advanced Fluorescence software (Leica LAS

AF). The images represented three independent experiments.

2.12. In vitro corneal permeation of FRET pairs

To investigate the permeation of FRET pairs (FITC and RhB)

with PM (0.2 ml) through the cornea, a fresh nude mouse

cornea was excised immediately after cervical dislocation,

according to previous studies [5,7,8,16], andmounted carefully

between two compartments of a Franz cell with a rigid clamp.

The surfaces of the donor and the receiver of a Franz cell were

covered with silicone gel O ring sheets to prevent the leakage.

The receiver compartment (3 ml) was filled with glutathione

bicarbonate Ringer's (GBR) solution (pH 7.4) which was stirred

throughout the permeation study at 37 �C and contacted a

0.025 cm2 area of the cornea. Samples (0.2 ml) were collected

from the receiver compartment at fixed intervals and replaced

with an equal volume of previouslywarmedGBR solution. The

FRET pairs with PM were measured at the excitation and

emission wavelengths of 490 nm and 576 nm, respectively.

The FRET ratio was calculated as I576/(I520 þ I576), as previously

mentioned. The experiments were repeated four times.

2.13. Intracorneal distribution

Eye drops (10 ml) were administered to the nude mice. One

hour after administration, the mice were sacrificed through

https://doi.org/10.1016/j.jfda.2017.09.002
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cervical dislocation as in previous studies [16]. The corneal

specimens were freshly excised and mounted on glass slides.

Samples were immediately imaged without additional tissue

processing using confocal laser scanning microscopy. All im-

ages were captured and processed as described in Section

2.11.

2.14. Corneal immunostaining

After observation of intracorneal distribution, the freshly

excised corneas were fixed in 4% paraformaldehyde at room

temperature for 3 h. Sections (5 mm) were placed on glass

slides after the tissues were dehydrated and paraffin

embedded. Deparaffinized slides were immunostained over-

night at 4 �C with the anti-PEG rabbit mAb PEG-B-47 (Abcam,

Cambridge, MA, USA). Sections of the cornea were then

stained at 25 �C for 1 h with the Alexa Fluor 568-conjugated

donkey anti-rabbit IgG H&L (Abcam, Cambridge, MA, USA)

secondary antibody and mounted using Vectashield HardSet

containing DAPI (Vector Lab, Burlingame, CA, USA).

2.15. Statistical analysis

Statistical analysis of the samples was performed with one-

way analysis of variance in combination with Scheffe's post-

hoc test. P < 0.05 was considered statistically significant. All

experiments were performed in triplicate or quadruplicate.
3. Results and discussion

3.1. Characteristics of the PM

The CMC of the PM was measured by evaluating the spectral

change of pyrene, which is sensitive to the polarity of the

surrounding environment, mixed with an amphiphilic poly-

meric solution [22,24]. The intensity ratio of the vibronic peak

I (I1) to peak III (I3) of pyrene decreased from 1.64 for water to

1 for 1-propanol [24]. The change of the I1/I3 ratio versus the

polymer concentration was, thus, used to obtain the CMC of

PM. According to the spectra shown in Fig. S1, the I1/I3 ratio

decreased sharply at PEOePPOePEO polymer concentrations

above 0.1%, which was due to the increased hydrophobicity

of the pyrene environment in the hydrophobic core region of

PPO, indicating the micelle formation of PEOePPOePEO block

copolymers. Following the first turning point (the defined

CMC point at 0.1% PEOePPOePEO), a second turning point in

the spectrum was observed at a polymer concentration

higher than 1% and the I1/I3 ratio remained steady afterward

(Fig. S1). Therefore, we used a 3% polymer concentration, a

concentration above the CMC, for PM preparation in the

following experiments to ensure that the micelles of the

polymers were present in the formulation. Others have re-

ported that the concentration of polymer micellization

determined using either pyrene-based fluorescent probes or

surface tension methods is in a similar order of the con-

centration range near or above the CMC [25,26]. The 3% PM

was observed to be spherical with a diameter of approxi-

mately 44.66 ± 14.39 nm by TEM and AFM in the tapping

mode (Figs. S2A and S2B). The average zeta potential of the
spherical PM was �1.7 ± 0.53 mV, as determined using DLS

(Fig. S2C).

3.2. FRET measurements

Two water-insoluble dyes with high energy quantum yields

[27], FITC, with a water solubility (S) of 0.09 mg/ml and an

octanolewater partition coefficient (Log Ko/w) of 5.3, and RhB

(S ¼ 4.4 mg/ml, Log Ko/w ¼ 2.1), were mixed with the 3%

PEOePPOePEO polymer solution (Fig. S3A). FRET was deter-

mined using emission spectroscopy after mixing 180 mM FITC

and various concentrations (0e3.6 mM) of RhB with 3% PM. At

an excitation wavelength of 490 nm, gradually fading emis-

sion intensities of FITC at 520 nm in the PM complexes were

detected with the presence of RhB, and the intensity of the

RhB emission spectrum detected at 576 nm increased in par-

allel with the amount of RhB added to the mixture (Fig. 1A).

This indicates that FRET between the two dyes occurred in a

limited space within the 3% PM. A SterneVolmer plot was

generated using the fluorescence emission intensity of FITC

with (F) or without (F0) RhB [28], and the ratio of the fluores-

cence emission intensities (F0/F) of FITC (180 mM) increased

linearly with an increasing concentration of RhB (Fig. 1B). The

linear slope in the plot with the intercept at 1 on the y-axis

shows quenching of FITC, and the linear relationship of this

quenching indicates that only one type of dynamic or static

quenching effect occurs [23,28], implying close proximity of

these two hydrophobic fluorophores in the PM complexes. In

addition, the FRET ratio was used to monitor the relative peak

transfer between FITC and RhB [29]. The FRET ratio increased

from 0.58 to 0.8 in the 3% PM solution when 180 mM FITC was

mixedwith an increasing concentration of RhB (Fig. 1C).When

the concentration of RhB, the FRET acceptor was higher than

0.9 mM, a significantly higher FRET ratio was observed,

demonstrating a greater probability of more acceptors

capturing the excited energy from the donor fluorophore. A

similar result was reported by Gartzia-Rivero et al. [30], who

observed a lower FRET ratio when fewer acceptors were pre-

sent in the reaction. FITC and RhB (at 180 mM and 3 mM con-

centrations, respectively) were, therefore, mixed with the

polymer at various concentrations to examine the status of

micellizationwith respect to the concentration change. Fig. 1D

shows that the FRET ratio significantly increased with 0.1%

polymer, the identified CMC, following a steep slope on the

curve to the point where the polymer concentration reached

1%. An additional increase in the FRET ratio, which plateaued

at 0.8, was detected at polymer concentrations higher than

3%, further confirming the efficient energy transfer between

the two fluorophores in the intact PM at polymer concentra-

tions passing the second turning point in the pyrene spectrum

(Fig. S1). According to another study [26], the solubility of

pyrene increases linearly when the polymer concentration is

higher than CMC, leading to more pyrene being distributed in

the core region. This suggests more FITC and RhB entering the

core regions of the PM, increasing the FRET ratio above 0.1%

PM. The second turning point, followed by a less marked

linear decrease as the PM concentration continued to in-

crease, implied maximal incorporation of FITC and RhB into

the formulation. This finding supported by Li et al. [31], shows

that 80% of the energy from DiOC18 in the core of micelles was

https://doi.org/10.1016/j.jfda.2017.09.002
https://doi.org/10.1016/j.jfda.2017.09.002


Fig. 1 e Effects of RhB and polymer concentrations on FRET. FRET between FITC at 180 mM and RhB at various concentrations

(0e3.6 mM) in PM complexes (A, B, C). (A) The fluorescence intensities of FITC and RhB in PM complexes weremeasured at an

excitation wavelength of 490 nm and with an emission scan from 505 to 650 nm. (B) SterneVolmer plot illustrating the

influence of RhB on FITC in PM complexes. F0 and F are the fluorescence intensities of FITC (180 mM) in the absence and

presence of RhB (0, 0.3, 0.9, 1.5, 2.4, 3, and 3.6 mM), respectively (n ¼ 3). (C) The FRET ratio (I576/(I520 þ I576)) was calculated

from B. (D) FRET ratio of different concentrations of PEOePPOePEO polymers mixed with 180 mM FITC and 3 mM RhB (n ¼ 3).

(*: significant decrease (P < 0.05) compared with 1.5, 2.4, 3, and 3.6 mM; a: the polymer concentrations (0.01, 0.03, and 0.1%)

were significant decreased (P < 0.05) compared with 0.6, 1, 3, and 5%; b: significant increase compared with 0.01, 0.03, 0.1,

0.3, 0.6, and 1% (P < 0.05); c: no significant difference between 3 and 5% (P > 0.05)).
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efficiently transferred to the rhodamine B isothiocyanate

conjugated-dendritic cholic acid block copolymers. In

addition, Giusti et al. [32] reported that FRET occurred at

the micellization concentration of short amphiphilic

fluorophores-grafted amphipol polymers. All these results

suggest that the changes in the FRET ratio reflect the micelli-

zation status of polymers and may be used to determine the

stability of PM.

We then evaluated the in vitro stability of PMwith FITC and

RhB, and the results showed that the FRET ratio was reached

and maintained at 0.8 within 24 h at room temperature

(Fig. S4). This observation implies that FITC and RhB can be

stably arranged in close proximity in this PM for at least 24 h

and PM can be used as a vehicle for delivery in vivo.
3.3. DSC analysis

To evaluate the complexes of FITC and RhB in the PM, a DSC

analysis was conducted using 3% PM, FITC, RhB, and 3% PM

complexed with FITC and RhB. The thermodynamic data are

shown in Fig. S5. At a concentration of 3%, the PMdisplayed an

endothermic peak at its glass transition temperature (50 �C).
Likewise, the endothermic peak of RhB, at 164 �C, indicates its
melting point. For FITC, the exothermic peak at 287 �C on the

DSC diagram signifies crystallization. However, when FITC

and RhB were complexed with 3% PM, only an endothermic

peak at 50 �C was observed in the DSC diagram, whereas the

characteristic peaks of FITC and RhB were absent. When

heated to 400 �C, the complex disintegrated and was

https://doi.org/10.1016/j.jfda.2017.09.002
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accompanied by an exothermic reaction. A previous study [33]

reported that all of the characteristic peaks of a sample were

missing in the DSC pattern when the sample was complexed

with PM. This suggests that FITC and RhB were complexed

with PM. In addition, TEMdata showed that the sizes of the PM

complexes with FRET pairs decreased to 17.01 ± 5.32 nm

(Fig. S6A). Han et al. [34] found that both the core and shell

sizes of PM decreased in the presence of hydrophobic drugs.

They suggested that the volume fraction of polymers in the

core region might depend on drug molecules substituted in

the PM structure.

3.4. Confocal imaging of the PM complex

Confocal imaging was used to monitor the distribution of

FRET pairs mixed with 3% PM in vitro. At an excitation wave-

length of 488 nm, which excited only FITC, FRET was observed

in PM with free FITC and RhB, as evidenced by red fluores-

cence signals emitted from the RhB channel (Fig. 2, upper

three images). This further confirms proximal colocalization

of the two hydrophobic fluorophores in the limited space

provided by PM. To delineate the spatial proximity of the hy-

drophobic molecules and the polymer, 3% FITC-P was mixed

with RhB (Fig. S3B). The results showed that, within the same

particle, the fluorescence signals emitted from both FITC and
Fig. 2 e Confocal micrographs of PM complexes confocal micros

labeled PEOePPOePEO polymeric micelles (FITC-P) with RhB, an

excitation wavelength of 488 nm. The emission data were collec

650 nm for RhB channel, respectively. Green and red denote FIT

fluorescence co-localization two signals in the merged panel. S
RhB were detected at nearly the same position (Fig. 2, middle

three images). This suggests that the free hydrophobic fluo-

rophore, RhB, may be distributed to the core of 3% PM at

nanoscale sizes in such a juxtaposition that allows efficient

FRET to occur. A similar FRET approach was applied to eval-

uate the stability of PM formulated with 3% FITC-P and RhB-

labeled DNA (RhBeDNA) (Fig. S3C), which were determined

have a size of 41.24 ± 13.69 nm through TEM (Fig. S6B). FITC

and RhB fluorescence signals were observed to be colocalized

in the PM area (Fig. 2, lower three images). Itaka et al. [35] re-

ported a similar result with poly(ethylene glycol)-poly(L-

lysine) PM complexes, observing FRET between FRET pairs

conjugated on the same DNA molecules condensed with PM.

The fluorescence signals shown on our confocal microscope

images are somewhat larger compared with the respective

TEM image; this result is attributable to diffraction that occurs

when the particle size is smaller than the wavelength of ra-

diation [36].

3.5. In vitro corneal permeation of FRET pairs complexed
with PM

The permeation of FRET pairs (FITC and RhB) complexed with

3% PM through the cornea was evaluated using Franz cells. At

an excitation wavelength of 490 nm, which excited FITC, the
copy images of PEOePPOePEO PM with FITC and RhB, FITC-

d FITC-P with RhB-labeled plasmids (RhBeDNA) at an

ted between 500 and 550 nm for FITC channel and 565 and

C and RhB signals, respectively. Yellow represents

cale bar ¼ 5 mm.

https://doi.org/10.1016/j.jfda.2017.09.002
https://doi.org/10.1016/j.jfda.2017.09.002


j o u r n a l o f f o o d and d ru g an a l y s i s 2 6 ( 2 0 1 8 ) 8 6 9e8 7 8 875
occurrence of FRET was detected by measuring emission at a

wavelength of 576 nm from RhB (Fig. 3A). During the 4-

h permeation period, a gradual increase in the fluorescence

intensity at 576 nmwas observed. The FRET ratio significantly

increased from 0.48 to 0.8 after 2 h (Fig. 3B), suggesting the

presence of the PM complexedwith FRET pairs on the receiver.

According to Fig. 1, the FRET ratio was influenced by both the

RhB and polymer concentrations. In addition, the cornea

transport of dexamethasone carriers composed of poloxamer

407, which is a PEOePPOePEO polymer, was evaluated on

cornea transport [37]. Approximately 30 min after incubation,

these polymers were found to be able to penetrate the rabbit

cornea. Here, we detected the presence of PEOePPOePEO

polymers in the mouse corneal endothelium at 1.5 h after

permeation (Fig. S7). Therefore, the results indicated that FRET

pairs complexed with PM could permeate the cornea 2 h after

administration.

3.6. In vivo distribution of FITC and RhB complexes with
PM in the cornea

To confirm the stability of PM carrying small molecules or

macromolecules to ocular tissues, we used confocal micro-

scopy to observe the intracorneal distribution of FRET pair

dyes with 3% PM. One hour after administering 10 ml of eye

drops with PM and FRET pair dyes on the cornea, PM with

both FRET pair dyes were dispersed in the cytoplasm, and

surrounded and entered the nuclei of cells in the corneal

epithelium (Fig. 4A, Fig. S8). Compared to the images of the

PM complexes with FITC group, FRET was detected in the

cornea treated with PM and free FRET pair dyes (FITC and

RhB). Furthermore, colocalization of fluorescence in the

cytoplasm and cell nucleus of the corneal epithelium was

confirmed in tissues administered RhB or RhBeDNA com-

plexed with FITC-P (Fig. 4A). These results support the

concept that the two free fluorophores, DNA-conjugated, or
Fig. 3 e Stability of FRET pair complexes with PM after permeatio

and RhB) complexed with 3% PEOePPOePEO PM on the cornea

fluorescence intensities of RhB in PM complexes were measure

576 nm, respectively. (B) The FRET ratio (I576/(I520 þ I576)) of 180

from (A). a: significant increase (P < 0.05) compared with 0 and 1
polymer-conjugated, may stably locate in proximity within

the PM with sufficient integrity for energy transfer after de-

livery to the cornea. A rabbit monoclonal anti-PEG IgG with

specificity for 16 oxyethylene repeat units [38] was used to

immunohistochemically detect and confirm the presence of

the PEO ends of PEOePPOePEO and FITC-P in the corneal

tissues. Positive signals for the anti-PEG IgG (Fig. 4B) sup-

ported the delivery of PEOePPOePEO polymers to corneal

epithelial layers and their distribution in the cytoplasm and

the surface of the nucleus 1 h after administration. The

stability of PM with FRET pairs or DNA delivered into the

corneal epithelium may be attributed to the pegylation of the

PEO shell of the PM. Previous studies have suggested that the

pegylation of carriers may overcome corneal barriers to aid

in ocular delivery [39,40]. Studies has also shown that the

pegylation of solid nanoparticles, such as PEG-coated poly-

ε-caprolactone nanocapsules, facilitates in vitro corneal

epithelium delivery 1 h after incubation [39,40]. According to

the finding that fluorophore-loaded PEG-coated nanocapsules

has been distributed inside the corneal epithelium cells,

rather than in the intercellular space, the delivery of pegy-

lated carriers was considered to occur via a transcellular

pathway [40,41]. Similar results have been reported for

pegylated carriers delivering genes [17,42]. Pegylated PEI

nanoparticles with DNA appeared as discrete particles

accumulated in a perinuclear region or as particles moving

toward the nucleus in BHK-21 cells [42]. Arranja et al. [41]

reported that PEOePPOePEO polymers, the carriers used in

our study, were internalized and dispersed in the cytoplasm

and around or inside the nuclei of cervical cancer HeLa and

glioblastoma U87 cells and suggested a caveolae-mediated

endocytosis for the transcellular transport of PEOePPOePEO

carriers. We previously reported a decrease in the expression

level of genes delivered by this PM in mice pretreated with

RGD peptide, an endocytotic inhibitor with a critical integrin

binding motif [43], also supporting the endocytosis entry
n in vitro (A) Cornea permeation profiles of FRET pairs (FITC

(each value represents the mean ± S.D. of n ¼ 4). The

d at excitation and emission wavelength of 490 nm and

mM FITC and 3 mM RhB complexed with PM was calculated

h; b: no significant difference among 2, 3, and 4 h (P > 0.05).
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Fig. 4 e In vivo distribution of PM complexes in the cornea Intracellular distribution of 3% PM complexes with DAPI nuclear

staining (blue) of the cornea 1 h after a topically delivered dose (10 ml) was administered. PM with FITC and RhB, FITC-P with

RhB, and FITC-Pwith RhBeDNA compared with PM complexes with FITC. (A) Confocal images of the freshlymounted cornea

at an excitation wavelength of 488 nm. The merged images were overlaid with emission images of FITC and RhB. (B)

Confocal images of anti-PEG Immunostaining (red) of cross-sections of the cornea. Scale bar ¼ 10 mm.

j o u rn a l o f f o o d a nd d r u g an a l y s i s 2 6 ( 2 0 1 8 ) 8 6 9e8 7 8876
mechanism of the PM [17]. PEOePPOePEO has been approved

by the United States Food and Drug Administration for the

use in ophthalmic pharmaceuticals [14], and in our previous

study [16], we did not find any cellular inflammatory

response, judged by the absence of polymorphonuclear or

round cell infiltration with hematoxylineeosin staining of

the eyes after six doses for 2 days. We also detected the

presence of PEOePPOePEO polymers in the endothelium of

mouse corneal at 1.5 h after permeation (Fig. S7). However,

due to the natural aqueous humor dilution effect and

drainage through the trabecular meshwork into Schlemm's
canal, whether PEOePPOePEO PM remain intact to reach an

aqueous humor area or are eliminated/or metabolized in the

circulatory system requires further study.
4. Conclusion

The stability of insoluble fluorophores or plasmid DNA with

PEOePPOePEO polymers was monitored through

fluorescence-based methods in vitro and in vivo. Quenching

and FRETwere analyzed for mixtures of FITC and RhBwith 3%
PM. The complexes of FRET pairs with PM were also detected

through a DSC measurement. The change of the FRET ratio

during the formation of PM provides a sensitive criterion to

monitor the integrity of PM during delivery. After 2 h, we

observed the penetration of PM complexes with FRET pairs

through the cornea by measuring the FRET ratio in vitro. The

insoluble fluorophores or hydrophilic plasmids DNA with PM

were found to be colocalized in vitro and in corneal tissues,

confirming the feasibility and stability of PM as carriers for

therapeutic molecules.
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