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Abstract

Background: Despite the growing array of assisted reproductive techniques, there is still a lack
of rapid, non-cytotoxic, and minimally invasive in situ approaches for further enhancements
through cell targeting. Here we synthesized clinically relevant liposome nanoparticles for real-
time cellular targeting and drug (doxorubicin) delivery, using pigs and mares as animal models.
In Experiment 1, fluorescently labeled and doxorubicin-loaded (without fluorescent probe)
liposomes were injected in cultured pig ovarian follicles to assess plasma membrane binding and
intracellular doxorubicin delivery. In Experiment 2, fluorescent liposomes were in vivo injected
into small and large ovarian follicles of living mares to assess their binding capability to
follicular cells. Twenty-four hours post-injection, all cultured pig follicles were collected while
mare samples (i.e., follicle wall fragments, granulosa cells and follicular fluids) were harvested
through follicle wall biopsy (FWB), and follicle aspiration and flushing techniques using
transvaginal ultrasound-guided approach.

Results: All injected follicles were healthy and samples were subjected to fluorescence imaging
before and after fixation. Findings revealed successful intrafollicular migration and binding of
liposomes to all follicle cell layers (granulosa, theca interna, and theca externa) regardless of the
follicle size. The intracellular delivery of doxorubicin was confirmed with the staining of nuclei
of follicle cells.

Conclusions: This study demonstrates the promising combination of the FWB technique and
nanotechnology tools for real-time monitoring of intrafollicular treatment, follicular health and
oocyte development, which in turn has the potential to help understand the mechanisms of

ovulatory dysfunction and to select high-quatity oocytes for assisted reproduction techniques.
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Background

The current efforts to overcome fertility problems through assisted reproductive technologies
(ARTsS) are still unsatisfactory because of the insufficient maturation of the oocytes and/or the
existing follicular diseases [1-6]. Furthermore, the ability to assess the quality of the oocytes
mainly, if not only, through in vitro manipulations constitutes a serious limitation [7, 8]. Hence,
the development of novel methods for in sifu assessment of oocyte quality and local (versus
systemic) treatments of unhealthy follicles prior to the retrieval of enclosed oocytes would be of
great interest.

Challenges related to female fertility treatments need the investigation of various
methodologies. For example, the routine systemic drug injections (i.e., exogenous
gonadotropins) for controlled ovarian hyperstimulation (COH) is showing increased evidence of
detrimental effects on oogenesis, embryo quality, and endometrial receptivity [9-12]. Hence,
intrafollicular injection, which has been applied in large animals (e.g., cow and mare) with
relative success [4, 13], may become a viable alternative to COH, and the recent advances in
nanotechnology and assisted reproduction tools are likely to boost the outcomes of intrafollicular
treatments.

At present, the primary use of “naked” biomolecules, without a carrier, for intrafollicular

injection has drastically limited their potential to gain mechanistic insights related to follicle
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growth and oocyte maturation. Interestingly, the recent detection of extracellular membrane
microvesicles in equine [14], human [15], and bovine [16] follicular fluid (FF) and their roles as
delivery carriers of biomolecules (e.g., lipids, proteins, RNAs, and miRNA) enabling
intercellular communications have prompted new interest in the use of liposome nanoparticles
for intrafollicular injections [17-19]. Liposomes are clinically relevant carbon-based
nanoparticles shaped like spherical vesicles constituted of phospholipid bilayers providing
biocompatibility, biodegradability, and low toxicity to cells [20]. These nanoparticles have been
used as effective carriers for controlled and rapid deliveries of various hydrophilic and
hydrophobic molecules to specific biological sites, with indubitable benefits during in vivo and in
vitro applications [21, 22]. For fertility treatments, several drugs, including biomolecules that are
found in the FF [23-27], can be loaded into liposomes for intrafollicular injections.

Following intrafollicular injections, the minimally invasive in vivo Follicle Wall Biopsy
(FWB) technique is a recently improved methodology for assisted reproduction allowing for
simultaneous sampling of the follicle environment (FF, granulosa, theca interna and externa
cells) for ex vivo examinations. Most importantly, the FWB technique is performed on living
mares without affecting their fertility, ovarian function, or the FF composition, therefore
providing an excellent cocktail for biomarkers research and clinical purposes [28, 29]. Its
combination with the encapsulated liposomes for intrafollicular deliveries can be highly effective
for a more in-depth understanding of the molecular mechanisms governing follicle growth and
oocyte maturation.

In the current study, fluorescent and non-fluorescent unilamellar liposome vesicle

nanoparticles were synthesized. Fluorescence was used for the visualization of the tissular
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distribution, and non-fluorescent liposomes were loaded with doxorubicin to assess intercellular
delivery. The effectiveness of the liposome nanoparticles in binding the plasma membrane of
follicle cells and delivering doxorubicin was tested in vitro with cultured pig ovarian follicles (ex
situ - Experiment 1). Thereafter, as the first step to implement in situ fertility treatments and
deep-tissue imaging, the binding capability of liposomes in living animals was tested using intact

equine ovarian follicles (in situ — Experiment 2).

Results

Characterization of synthesized liposome nanoparticles

The formulated liposome characterization in Tris buffer pH 7.5 indicated a z-average
nanoparticle diameter of 124.7 nm (PDI = 0.106), a number average diameter of 87.7 £ 27.5 nm
(Fig. 1A), and a zeta potential mean of —22.9 + 9.51 mV (Fig. 1B). The addition of 1% Dil to the
formulated fluorescent liposomes led to a final hydrodynamic average diameter of 109.9 + 17.5
nm, while the TEM imaging indicated a dry average diameter of 21.3 + 4.5 nm (+ SEM),
calculated for thirty random liposomes (Fig. 1A- Insert). For this study, three independent
liposomes were formulated with high fluorescence intensity (1.9x10'! + 8 x10° radiance; Fig.
2A). Their mixture and dilution with PBS resulted in the working liposome solution of 23.1 uM

Dil dye with fluorescence intensity of 6.5x 10'° radiance (IVIS imaging; Fig. 2B).

Experiment 1. Assessment of liposome binding and doxorubicin delivery in cultured
porcine follicles

IVIS imaging of dissected porcine antral follicles
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Decreasing fluorescence signals with PBS-injected liposomes (auto fluorescence; upper follicle
series) when compared to those injected with fluorescence liposomes (middle follicle series) or
liposomal encapsulated doxorubicin (lower follicle series) can be seen in Figure 3A. Data
quantification confirmed higher (P < 0.05) fluorescence signals of both liposome- (1.35 x10° +
5.31 x10%) and doxorubicin-injected follicles (1.82 x10° + 8.38 x10®) and radiant efficiency,
when compared with the PBS-injected group (3.93 x10® + 1.53 x10%; Figure 3B); however, the

fluorescence signals in both liposome and doxorubicin groups were comparable (P > 0.05).

Microscopy imaging of liposome binding and doxorubicin delivery

Imaging was performed on follicle wall sections on microscope slides. Autofluorescence or
low/background fluorescence can be observed in sections of follicles injected with PBS (Fig.
4A). In contrast, the highest fluorescence intensity observed in the plasma membranes of follicle
wall cells confirmed the liposome binding (Fig. 4B). The successful binding of doxorubicin-
loaded liposomes to cellular plasma membranes and the delivery of doxorubicin (10 pg/follicle)
to the nucleus (red dots) of various cell types of the follicle wall (Fig. 4C) were observed; and
highlights the colocalization of red (doxorubicin) and blue staining (DAPI) within the nuclei can

be seen in Figure 4D- Insert.

Experiment 2. In vivo liposome binding in living mares and ex vivo imaging
A total of 22 growing and healthy follicles of nine mares (2-3 follicles/mare) were successfully

injected with 130 pl of fluorescent liposomes working stock solution.



131  IVIS imaging of FWB

132 All FWB samples were of comparable areas (3.5 + 0.3 mm?), and those of liposome-injected
133 follicles exhibited fluorescence intensities above background (Control; 6.7 x108 + 1.44 x10’
134 radiant efficiency; Fig. 5A). The FWB derived from both small and large follicles had

135  comparable fluorescence intensities (1.74 x10° + 7.6 x10% and 1.98 x10° + 3.4 x108 radiant

136  efficiency, respectively, P > 0.05; Fig. 5B). In vitro labeling of FWB with an equivalent amount
137 of liposomes (130 ul = 1.2 nmoles; 60 min at 37°C) led to higher (3.92 x10° + 1.11 x10® radiant
138 efficiency, P < 107*) fluorescence intensity than that of other groups (Fig. 5B).

139

140  IVIS imaging of intrafollicular fluid

141  The FF of both non-injected (control) and PBS-injected follicles emitted low fluorescence

142 intensities that were considered background and subtracted from those of FF harvested from
143 small (Fig. 6A) and large (Fig. 6B) follicles injected with liposomes (P < 107*; Fig. 6C). Data
144  quantification shows higher fluorescence intensity from small follicles’ FF (2.95 x10° + 9.65
145  x108 radiant efficiency) than their large counterparts (8.53 x10® + 0.98 x10°® radiant efficiency).
146

147  IVIS imaging of granulosa cells (GC)

148  Fluorescence signals of GC harvested from both small and large follicles were above background
149 (non-injected or control follicles: 7.4 x10% + 1.23 x107 radiant efficiency, P < 107; Fig. 7A).
150  Large follicles’ GC produced higher fluorescence than that of small follicles (1.61 x10° + 6.83
151 x107 vs. 9.12 x10® + 1.67 x10 radiant efficiency, P < 0.05; Fig. 7B).
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Confocal microscope fluorescence imaging of FWB samples and flushed granulosa cells
The uniform staining of cell nuclei with DAPI (blue) revealed the good health status of harvested
samples. Follicles injected with PBS did not show any fluorescence (green staining)
corresponding to the presence of liposomes (Fig. 8A). In contrast, follicles injected with
liposomes displayed green fluorescence staining within the plasma membrane of the follicle wall
cells (Fig. 8B). The insert in Figure 8B highlights the fluorescence signal on the plasma
membrane surrounding the blue staining of the nuclei; this observation is confirmed with the
images of flushed mural granulosa cells showing stronger fluorescence signals within the plasma
membrane (Fig. 8C,D). The smeared fluorescence signals seen in Figure 8C,D on the tissues

surrounding the GC correspond to liposomes bound/trapped within the extracellular matrix.

Discussion

Many factors, such as the physiological conditions of animals and the available technologies, are
prone to influence assisted reproduction outcomes in animals. Here we examined a clinically
relevant liposome vesicle nanoparticle as a potentially powerful, non-invasive diagnostic and
therapeutic agent for future assessment and treatment of ovarian follicles prior to oocyte
recovery. Monovular (mare) and polyovular (pig) species were used to demonstrate the likely
application of our proposed technological approach for in situ follicle investigation and
improvement of female fertility.

Herein, the sizes of the synthesized liposomes were comparable to those in previous reports
[20, 30, 31], while the injected volumes (5 ul in pigs and 200 pl in mares) and incubation time

(24 h) were lesser or equal to those reported in previous studies [4, 32]. Hence, the absence of
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morphological changes in both equine and porcine ovarian follicles’ structures following
intrafollicular injections was highly important, with the prospect of performing local deliveries
(i.e., intrauterine or intrafollicular) of molecules at minimal effective doses to reach the targeted
cells during ovarian follicle treatments [33]. These minimal effective doses following local
injections (vs. systemic treatments) were demonstrated in mares [34] and cows [13] using PGF2a
(£ 0.1 mg vs. up to 50-fold greater) and hCG (1.0 IU vs. up to 1000-fold greater), respectively.
The ability to by-pass the systemic route (i.e., intramuscular or intravenous) and avoid the
dilution with the blood-stream through local injections of growing antral follicles permits the
study of the direct effects of biocompounds (insulin-like growth factor 1, eCG, and PGF2a)
during folliculogenesis [4, 34, 35]. These studies highlight the promising interest in
intrafollicular treatments in animal production and veterinary medicine; however, most related
studies use “naked” (devoid of additional carriers) biomolecules whose ability to cross cell
membranes and short lifespan may be jeopardized during long incubations or journeys.
Interestingly, the current progress in nanotechnology is increasing the popularity of
nanoparticles in biomedicine. These nanoparticles possess specific properties (e.g., size-
dependent synthesis, bright and broad-spectrum fluorescence, biocompatibility and
bioconjugation capability) that can be exploited for further investigation and improvement of
reproductive outcomes [22, 32, 36]. In the present study, we used liposomes shaped like
extracellular membrane microvesicles (EVs), which are nano- and micro-size vesicles naturally
released from cells to mediate a new type of cell-to-cell communication through passive
interactions [17, 18, 37]. Likewise, liposomes can interact and fuse with somatic cells (e.g.,

MCEF-7 breast cancer cells) within approximately five minutes post-incubation [38]. In the
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present study, the pig model allowed the (IVIS) imaging of the full and intact follicle, indicating
the possibility for in situ non-invasive monitoring of folliculogenesis through molecular imaging
of key biological processes. With the existing fluorescence spectrum of hydrophobic dyes, it is
reasonable to anticipate the formulation of specific labeled liposomes for multiplex molecular
imaging for real-time examinations of various follicular phenomena related to aging, ovarian
cyclicity (cycling vs. anestrous phase), structural variations (antral follicles vs. corpus luteum),
reproductive phases (estrous vs. diestrous), and health (follicle diseases). Understanding of them
may have beneficial implications for women, who are known to share many reproductive
similarities with mares [39].

The present study highlights the advantage of combining nanotechnology with granulosa cell
aspiration and in vivo FWB techniques to provide more insights into the intrafollicular
microenvironment. Recently, the FWB technique was validated for simultaneous collections of
follicle wall fragments and FF samples from the same living mare [28, 29]. Here, we first
observed that the expected unidirectionality of liposome binding, from the follicular antrum to
the theca externa, leading to lower fluorescence intensity of in situ labeled biopsies contrasted
with the likely multidirectional binding during ex situ labeling; consequently, all follicle cell
types simultaneously interacted with the liposomes ex situ to generate stronger fluorescence
signals. Second, the higher fluorescence of FFs in small follicles was indicative of the low
abundance of cells capable of uptaking liposomes. And third, the high abundance of cells in large
follicles permitted the binding of more liposomes, leading to reduced unbound fluorescent

liposomes in the corresponding FFs. Nonetheless, fluorescence intensity variations between

10
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11

samples certainly corresponded to the possible losses of liposomes during injections, while the
higher fluorescence of large follicles’ granulosa cells was attributed to their greater density.
The random and passive characteristics of injected liposomes to fuse with follicular cells’
membranes makes them suitable for intracellular deliveries. Indeed, liposomes are among the
numerous carriers with efficient intracellular delivery of cargo of molecules such as proteins,
nucleic acids, metabolites, and even drugs [14, 17, 18, 36, 38]. Our findings revealed the
effective internalization of doxorubicin with its binding to the cell nucleus of all follicle cell

types, demonstrating the far-reaching capacity of the proposed injection route.

Conclusions

The current study demonstrates 1) the combination of FWB technique and nanotechnology tools
as a promising approach for potential local treatments of ovarian follicle diseases and
enhancement of reproductive performance; 2) the possibility for deep-tissue (plain or targeted)
imaging using fluorescent-labeled liposomes for in situ tracking of molecular and/or cellular
processes throughout the antral follicle growth; and 3) the possible use of a formulated liposome
carrier in both mono- and polyovulator animals as well as in living large animals. We believe the
proposed methodology is likely to support future intrafollicular attempts to promote follicle
and/or oocyte growth and to develop treatments to address follicle diseases such as luteinized

unruptured follicle in mares and, potentially, in women as well [5, 40].

Methods

Chemical and reagents

11
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Phospholipid, DPPC (1, 2-dipalmitoyl-sn-glycero-3-phosphocholine) was purchased from Avanti
Polar Lipids, Inc. (Alabaster, Alabama, USA). Ultrapure grade cholesterol was obtained from
Amresco, Inc. (Solon, Ohio, USA). Lipophilic probes, 1, 1'-dioctadecyl-3, 3, 3', 3'-
tetramethylindocarbocyanine perchlorate (DiIC18(3) or Dil) and 3,3'-
dioctadecyloxacarbocyanine perchlorate (DiOC18(3) or Di0O), were acquired from Biotium, Inc.
(Hayward, California, USA). Any additional reagents, chemicals, or solvents of necessary

molecular biology or analytical grade were obtained through commercial sources.

Liposome nanoparticle preparation and characterization

Fluorescence liposome formulation. Pegylated liposomes were prepared as previously described
[41, 42]. Briefly, formulations were generated according to a ratio of 10 umol DPPC, 5 umol
cholesterol, and 100 nmol of the fluorescent lipophilic probe, Dil (~1 mol % of lipid membrane),
per milliliter of dispersant. The lipids and probe, dissolved in chloroform, were mixed and then
dried under a rotary vacuum via a Buchi Rotavapor r-200 (Postlfach, Switzerland) to create a
thin film. Subsequently, films were hydrated in an isotonic solution of either 10% (w/v) sucrose
or phosphate-buffered saline to yield 10 umol phospholipid/mL. Liposomes underwent seven
freeze/thaw cycles via liquid nitrogen and a 60°C water-bath above lipid phase transition
temperature as a means to eliminate additional membrane layers. Formulations were then
extruded using a Lipex extruder (Northern Lipids Inc., Burnaby, British Columbia, Canada)
under high pressure through double-stacked laser etched polycarbonate 80 nm filters (GE
Osmonics, Trevose, Pennsylvania, USA) at heated conditions again above DPPC’s phase

transition temperature (T. = 41°C) for seven times before stabilizing the lipid membranes using

12
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an ice-bath for 10 min. Afterward, the liposome dispersions were dialyzed with a 12—14 kDa
SpectraPor Dialysis membranes against fresh isotonic solution as used in hydration for a period
of 1, 4, and 16 hours at 4°C to remove any non-membrane associated probe. Liposomes were
sterilized by terminal filtration (0.22 pm filter) and stored in a sterile glass container under
nitrogen atmosphere at 4°C, protected from light, and used within 3 weeks of preparation. Lipid
concentration was determined for all formulations using an inorganic phosphate assay [43].
Thereafter, the dispersion was diluted to 10 pmol/ml (10 mM), and average stock solutions of
liposome nanoparticles (9.24 + 0.72 pmol/ml or 9.24 mM) were constituted and stored at 4°C for
experiments. The Dil lipophilic probe fluoresced at 570 nm following a 480 nm wavelength

excitation.

Doxorubicin-loaded liposome formulation. A nonfluorescent pegylated liposomal was
formulated by Avanti Polar Lipids, Inc. (Alabaster, Alabama, USA) and used to encapsulate the
naturally fluorescing doxorubicin (Dox-NP; referenced maxima Ex/Em of 480nm/590nm). All

samples were stored at 4°C for experiments.

High-Resolution Transmission Electron Microscopy and Fluorescence imaging. A subset of
synthesized liposomes was visualized under a high-resolution transmission electron microscope
(HR-TEM-2100, 200 kV) with Gatan Orius 832 camera (JEOL; Peabody, Massachusetts, USA),
while another subset was subjected to non-invasive and real-time fluorescence imaging using the
In Vivo Imaging System 200, Lumina XRMS Series III system (IVIS; PerkinElmer; Waltham,

Massachusetts, USA).

13
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Experiment 1. Porcine antral follicle culture and intrafollicular liposome injection

Porcine ovaries were harvested in a pre-warmed 0.9% NaCl solution at a local slaughterhouse
and transported immediately to the laboratory. Visible and morphologically normal antral
follicles (4—8 mm in diameter) were dissected and randomly distributed in a set of 24-well tissue
culture plates (3—4 follicles/well); subsequently, the tissue culture plates were placed in a 5%
CO; incubator as previously reported [32]. After 24 h of culture at 37°C in a humidified
environment, follicles were microinjected using FemtoJet microinjection system (Eppendorf;
Hauppauge, New York, USA) with 5 ul of Phosphate-Buffered Saline solution (PBS) or 46 nmol
of fluorescent liposomes. Thereafter, injected follicles were returned to their respective culture
wells with half of the medium renewed (1.5 ml of NCSU-23 based medium) and re-incubated for
an additional day of culture. A subset of non-injected follicles was kept in culture to serve as
controls for auto-fluorescence. Following culture, follicles were carefully removed from culture
wells and washed twice in PBS solution prior to non-invasive IVIS fluorescence imaging.
Thereafter, follicles were processed for standard histology and fluorescence microscopic

imaging.

Experiment 2. In vivo liposome binding tests in living mares

Animals, ultrasonography examination, and intrafollicular fluorescent liposome injection.
Nine nonlactating and cycling Quarter Horse breed mares, 8—14 years old, and weighing
400—600 Kg were used during the ovulatory season. Mares were kept under natural light in

pasture and were maintained with free access to water and trace-mineralized salt. Ovarian follicle

14
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tracking was performed daily starting on day 10 of the estrous cycle (day O = ovulation) until
follicles reached the designated diameter. Ultrasonographic follicle tracking was carried out
using a duplex color Doppler ultrasound machine (Aloka SSD-3500; Hitachi Aloka Medical
America, Inc., Wallingford, CT, USA) equipped with a finger-mounted 3.5—10 MHz convex-
array transducer (UST-995-7.5). After identification and mapping of small (15-23 mm; n = 12)
and large (24—30 mm; n = 10) follicles that showed continuous growth for a minimum of three
consecutive days, fluorescent liposome nanoparticles (130 ul; 23.1 uM or 1.2 nmol) were
injected into each growing follicle using a double-channel injection system as previously
described [4, 44]. All mares (n = 9) were used for the injection of 22 follicles (12 small and 10
large), corresponding to 2—3 follicles per mare. One small and one large noninjected follicle
served as experimental controls. After follicle injections, all mares were released to the pasture
for 24 h. Thereafter, all samples (FWB, FF, and isolated granulosa cells) were collected for

analyses.

Mare antral follicle wall biopsy and follicular fluid collection. A novel FWB technique recently
developed in our lab [29] was used to simultaneously harvest FWB and FF from PBS- and
liposome-injected follicles (7 small and 7 large) and one non-injected (control) follicle. This
technique uses an endoscopic biopsy forceps (5 FR gauge, 60 cm, Karl Storz, Berlin, Germany)
located inside a 12 G needle/cannula and mounted on a 5—10 MHz transvaginal ultrasound-
guided convex array transducer (Aloka UST-987-7.5). The FWB samples measured
approximately 3.5 + 0.3 mm? in area, as previously reported [29]. Immediately after FWB

harvesting, FF was collected while the needle was still inside the follicle. Intrafollicular fluid

15
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samples were centrifuged at 4°C (1,500 g for 10 min), and the supernatant of each FF sample

was stored in light safe black Eppendorf tubes at 4°C.

In situ collection of equine granulosa cells. The remaining injected (6 small and 5 large) and
non-injected (1) follicles were flushed with 120—150 ml of pre-warmed (38°C) Vigro complete
embryo flush with BSA solution (Bioniche; Pullman, WA, USA) containing 2 IU/ml heparin
(H3149, Sigma-Aldrich; Saint-Louis, MO, USA), and granulosa cells were retrieved. Thereafter,
flushing fluid was filtered through a 70-um cell strainer, and concentrated granulosa cells were
washed out from the strainer with PBS into a petri dish and transferred into light safe black
Eppendorf tubes. After centrifugation (800 g for 10 min) at 4°C, the supernatant was discarded,

and the pelleted granulosa cells were kept at 4°C until fluorescence imaging.

Fluorescence microscopic imaging

All samples were imaged within a week post-collection.

IVIS imaging. Equine FF, granulosa cells, and FWB samples, as well as cultured porcine
follicles, were collected and subjected to non-invasive and real-time fluorescence imaging using

the IVIS imaging system (PerkinElmer; Waltham, Massachusetts, USA).

Fluorescence imaging. Following IVIS imaging, porcine follicles and equine FWB samples
were fixed in 10% formalin solution for standard histology processing, generating 4—6 um

sample sections per slide. Fixed equine granulosa cells were spread on histology slides, air-dried,

16
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immersed with a DAPI-contained mounting medium, and covered by a cover-slip. Slides were
imaged with an epifluorescence microscope (EVOS FL-Auto Cell Imaging System, Thermo
Fisher Scientific Inc., Waltham, MA, USA) or a confocal laser scanning with an Inverted
microscope (Axiovert 200M) coupled with Zeiss ZEN digital imaging software (Carl Zeiss AG;

Oberkochen, Germany).

Statistical analyses

All statistical analyses were performed using SPSS v22 software. The Student’s t-test and One-
way Analysis of Variance (ANOVA) were used, wherever appropriate, to compare the difference
between groups (control, small and large follicles). The threshold of significance was set for p-

values less or equal to 0.05. All data are expressed as mean + SEM.

List of abbreviations

PBS: Phosphate-buffered saline; FWB: Follicle Wall Biopsy; DAPI: 4',6-diamidino-2-
phenylindole; GC: Granulosa Cells; FF: Follicular Fluid; IVIS: In Vivo Imaging System; Dil:
1,1'-Dioctadecyl-3,3,3",3'-Tetramethylindocarbocyanine Perchlorate; SPSS: Statistical Product
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Figure legends

Figure 1. Liposome characterization through Malvern Zetasizer Nano ZS.

The Z-average diameter (A) and Zeta potential (B) parameters were measured in 3 replicates
(dilutions 1, 2, and 3). The insert is a TEM micrograph of liposome nanoparticles in monomer
(arrows) and aggregate formations.

Figure 2. Fluorescence imaging of liposome formulations using In Vivo Imaging System (IVIS).
Fluorescence imaging (480 nm excitation/570 nm emission) of 3 stock solutions (an average of
1.9x10'"! + 8.x10° radiance efficiency; A) and the working solution (B) are shown. The blue box
surrounding the right panel (B) has a Phosphate-Buffered Saline solution (PBS) solution and
diluted liposome solution (23.1 uM; an average of 6.5x10'" + 8.x10” radiance).

Figure 3. Fluorescence imaging of in vitro culture porcine follicles.

The micrograph (A) corresponds to fluorescence detected with In Vivo Imaging System (IVIS)
of pig follicles microinjected with 5 pl of Phosphate-Buffered Saline solution (PBS; upper
series), fluorescence liposomes (4.6 nmoles/follicle; middle series), and liposomal encapsulated
doxorubicin (10 pg/follicle; lower series) and cultured 24 h before imaging. All fluorescence
quantifications are shown in (B).

Figure 4. In situ fluorescence imaging of microinjected porcine follicles.

Following microinjection and 24 h culture of porcine follicles, follicles were fixed and subjected
to standard histology processing. Representative micrographs with sections of antral follicle
walls/layers injected with PBS (A, autofluorescence) or fluorescent liposomes (B, green color)
are shown. The green fluorescence is mainly located on the cell plasma membrane.
Representative micrographs with sections of antral follicles injected with non-fluorescent
liposomes loaded with doxorubicin are mainly located in the nuclei of follicle wall cells (C, D),
which colocalization with DAPI (blue) is highlighted with the insert in Micrograph D,
corresponding to fluorescence overlaid with visible light. Granulosa cells (GC), Theca interna
(TT), and Theca externa (TE) constitute the cell layers of the ovarian follicle wall.

Figure 5. Representative fluorescence imaging of equine follicle wall biopsies (FWB).

Biopsies were obtained from in vivo microinjected small (SF: n = 6) and large (LF: n =5)
follicles. In parallel, FWB samples were harvested from Phosphate-Buffered Saline solution
(PBS)-injected follicles to serve as Control with a subset being in vitro labeled with comparable
fluorescence liposome concentrations. All FWB samples were imaged with the In Vivo Imaging
System (IVIS) and data (Radiant Efficiency) were quantified (mean + sem). Letters indicate
significant differences (a, b, ¢; P < 10™). N = total number of samples analyzed.
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Figure 6. Representative fluorescence imaging of equine follicular fluid (FF) following in vivo
labeling with fluorescence liposome nanoparticles.

The In Vivo Imaging System (IVIS) of FF collected from small and large follicles microinjected
with fluorescent liposomes is shown in A and B, respectively. The quantification of collected
fluorescence signals is plotted minus the values of FF originated from Phosphate-Buffered Saline
solution (PBS)-microinjected follicles that were considered as the background noise.
Fluorescence signal (Radiant Efficiency) data are mean (+ SEM) and letters indicate a significant
difference (a, b; P < 10™). N = total number of samples analyzed.

Figure 7. Representative fluorescence imaging of in vivo labeled equine granulosa cells (GC).
The micrograph (left panel) shows tubes containing GC collected from follicles injected with
Phosphate-Buffered Saline solution (PBS) to serve as Control, and liposome-microinjected
follicles (A). Mean (+ SEM) fluorescence data (Radiant Efficiency) of small (SF) and large (LF)
follicles are indicated (B). Letters denote significant differences (a, b, c; P < P< 107). N = total
number of samples analyzed.

Figure 8. In vivo fluorescence imaging of liposome binding to equine ovarian antral follicles.
Micrograph A showed a fragment of the follicle wall biopsy (FWB) of an antral follicle injected
with Phosphate-Buffered Saline solution (PBS). A representative sample of FWB harvested from
antral follicles injected with fluorescent liposomes are shown in Micrograph B. Granulosa cells
flushed from liposome injected antral follicles are shown in Micrographs C and D. The green
fluorescence detection of liposome was detected in the mural granulosa cells layers and the
major signal was located in the cells’ plasma membrane (Insert in micrograph B), which is also
confirmed in Micrographs C and D. Nuclei are counterstained in blue with DAPI.
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Figure 1

Liposome characterization through Malvern Zetasizer Nano ZS. The Z-average diameter (A) and Zeta
potential (B) parameters were measured in 3 replicates (dilutions 1, 2, and 3). The insert is a TEM
micrograph of liposome nanoparticles in monomer (arrows) and aggregate formations.
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Fluorescence imaging of liposome formulations using In Vivo Imaging System (IVIS). Fluorescence
imaging (480 nm excitation/570 nm emission) of 3 stock solutions (an average of 1.9x1011 + 8.x109
radiance efficiency; A) and the working solution (B) are shown. The blue box surrounding the right panel
(B) has a Phosphate-Buffered Saline solution (PBS) solution and diluted liposome solution (23.1 uM; an
average of 6.5x1010 * 8.x109 radiance).
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Figure 3

Fluorescence imaging of in vitro culture porcine follicles. The micrograph (A) corresponds to fluorescence
detected with In Vivo Imaging System (IVIS) of pig follicles microinjected with 5 pl of Phosphate-Buffered
Saline solution (PBS; upper series), fluorescence liposomes (4.6 nmoles/follicle; middle series), and
liposomal encapsulated doxorubicin (10 pg/follicle; lower series) and cultured 24 h before imaging. All
fluorescence quantifications are shown in (B).
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Figure 4

In situ fluorescence imaging of microinjected porcine follicles. Following microinjection and 24 h culture
of porcine follicles, follicles were fixed and subjected to standard histology processing. Representative
micrographs with sections of antral follicle walls/layers injected with PBS (A, autofluorescence) or
fluorescent liposomes (B, green color) are shown. The green fluorescence is mainly located on the cell
plasma membrane. Representative micrographs with sections of antral follicles injected with non-
fluorescent liposomes loaded with doxorubicin are mainly located in the nuclei of follicle wall cells (C, D),
which colocalization with DAPI (blue) is highlighted with the insert in Micrograph D, corresponding to
fluorescence overlaid with visible light. Granulosa cells (GC), Theca interna (Tl), and Theca externa (TE)
constitute the cell layers of the ovarian follicle wall.
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Figure 5

Representative fluorescence imaging of equine follicle wall biopsies (FWB)

. Biopsies were obtained from

in vivo microinjected small (SF: n = 6) and large (LF: n = 5) follicles. In parallel, FWB samples were
harvested from Phosphate-Buffered Saline solution (PBS)-injected follicles to serve as Control with a
subset being in vitro labeled with comparable fluorescence liposome concentrations. All FWB samples
were imaged with the In Vivo Imaging System (IVIS) and data (Radiant Efficiency) were quantified (mean

+ sem). Letters indicate significant differences (a, b, ¢; P < 10-4). N = total

number of samples analyzed.
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Representative fluorescence imaging of equine follicular fluid (FF) following in vivo labeling with
fluorescence liposome nanoparticles. The In Vivo Imaging System (IVIS) of FF collected from small and
large follicles microinjected with fluorescent liposomes is shown in A and B, respectively. The
quantification of collected fluorescence signals is plotted minus the values of FF originated from
Phosphate-Buffered Saline solution (PBS)-microinjected follicles that were considered as the background
noise. Fluorescence signal (Radiant Efficiency) data are mean (+ SEM) and letters indicate a significant
difference (a, b; P < 10—4). N = total number of samples analyzed.
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Figure 7

Representative fluorescence imaging of in vivo labeled equine granulosa cells (GC). The micrograph (left
panel) shows tubes containing GC collected from follicles injected with Phosphate-Buffered Saline
solution (PBS) to serve as Control, and liposome-microinjected follicles (A). Mean (+ SEM) fluorescence
data (Radiant Efficiency) of small (SF) and large (LF) follicles are indicated (B). Letters denote significant
differences (a, b, ¢; P < P<10-5). N = total number of samples analyzed.



Figure 8

In vivo fluorescence imaging of liposome binding to equine ovarian antral follicles. Micrograph A showed
a fragment of the follicle wall biopsy (FWB) of an antral follicle injected with Phosphate-Buffered Saline
solution (PBS). A representative sample of FWB harvested from antral follicles injected with fluorescent
liposomes are shown in Micrograph B. Granulosa cells flushed from liposome injected antral follicles are
shown in Micrographs C and D. The green fluorescence detection of liposome was detected in the mural
granulosa cells layers and the major signal was located in the cells’ plasma membrane (Insert in
micrograph B), which is also confirmed in Micrographs C and D. Nuclei are counterstained in blue with
DAPI.



