
A Nano-Platform for in situ Investigations of
Ovarian Follicles
Jean M. Feugang  (  j.feugang@msstate.edu )

Mississippi State University https://orcid.org/0000-0002-1376-5059
Ghassan Ishak 

Southern Illinois University Carbondale
Matthew Eggert 

Auburn University
Robert Arnold 

Auburn University
Scott Willard 

Mississippi State University
Peter Ryan 

Mississippi State University
Eduardo Gastal 

Southern Illinois University Carbondale

Research

Keywords: Liposome vesicles, Molecular imaging, Nanoparticles, Targeted drug delivery, Ovarian follicles,
Intrafollicular injection, Livestock, Assisted reproductive technology

Posted Date: September 22nd, 2020

DOI: https://doi.org/10.21203/rs.3.rs-78063/v1

License:   This work is licensed under a Creative Commons Attribution 4.0 International License.  
Read Full License

https://doi.org/10.21203/rs.3.rs-78063/v1
mailto:j.feugang@msstate.edu
https://orcid.org/0000-0002-1376-5059
https://doi.org/10.21203/rs.3.rs-78063/v1
https://creativecommons.org/licenses/by/4.0/


1 

 

1 

 

A nano-platform for in situ investigations of ovarian follicles 1 

 2 

J M Feugang1,*, G M Ishak2,3, M Eggert4, R D Arnold4, S T Willard1, P L Ryan1, E L Gastal3 3 

 4 

1 Department of Animal and Dairy Sciences, Mississippi State University, Mississippi State, MS, 5 

USA 6 

2 Department of Surgery and Obstetrics, College of Veterinary Medicine, University of Baghdad, 7 

Baghdad, Iraq 8 

3 Department of Animal Science, Food and Nutrition, Southern Illinois University, Carbondale, 9 

Illinois, USA 10 

4 Department of Drug Discovery and Development, Harrison School of Pharmacy, Auburn 11 

University, Auburn, AL, USA 12 

 13 

 14 

* Corresponding author: Jean M. Feugang, Department of Animal and Dairy Sciences, 15 

Mississippi State University, Mississippi State, MS, USA. 335 Wise Center, PO Box 9815 16 

Mississippi State, MS 39762. Tel. (662) 325-7567; FAX: (662) 325-8873 E-mail: 17 

j.feugang@msstate.edu 18 

 19 

  20 

mailto:j.feugang@msstate.edu


2 

 

2 

 

Abstract 21 

Background: Despite the growing array of assisted reproductive techniques, there is still a lack 22 

of rapid, non-cytotoxic, and minimally invasive in situ approaches for further enhancements 23 

through cell targeting. Here we synthesized clinically relevant liposome nanoparticles for real-24 

time cellular targeting and drug (doxorubicin) delivery, using pigs and mares as animal models. 25 

In Experiment 1, fluorescently labeled and doxorubicin-loaded (without fluorescent probe) 26 

liposomes were injected in cultured pig ovarian follicles to assess plasma membrane binding and 27 

intracellular doxorubicin delivery. In Experiment 2, fluorescent liposomes were in vivo injected 28 

into small and large ovarian follicles of living mares to assess their binding capability to 29 

follicular cells. Twenty-four hours post-injection, all cultured pig follicles were collected while 30 

mare samples (i.e., follicle wall fragments, granulosa cells and follicular fluids) were harvested 31 

through follicle wall biopsy (FWB), and follicle aspiration and flushing techniques using 32 

transvaginal ultrasound-guided approach. 33 

Results: All injected follicles were healthy and samples were subjected to fluorescence imaging 34 

before and after fixation. Findings revealed successful intrafollicular migration and binding of 35 

liposomes to all follicle cell layers (granulosa, theca interna, and theca externa) regardless of the 36 

follicle size. The intracellular delivery of doxorubicin was confirmed with the staining of nuclei 37 

of follicle cells. 38 

Conclusions: This study demonstrates the promising combination of the FWB technique and 39 

nanotechnology tools for real-time monitoring of intrafollicular treatment, follicular health and 40 

oocyte development, which in turn has the potential to help understand the mechanisms of 41 

ovulatory dysfunction and to select high-quatity oocytes for assisted reproduction techniques. 42 
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 46 

Background 47 

The current efforts to overcome fertility problems through assisted reproductive technologies 48 

(ARTs) are still unsatisfactory because of the insufficient maturation of the oocytes and/or the 49 

existing follicular diseases [1-6]. Furthermore, the ability to assess the quality of the oocytes 50 

mainly, if not only, through in vitro manipulations constitutes a serious limitation [7, 8]. Hence, 51 

the development of novel methods for in situ assessment of oocyte quality and local (versus 52 

systemic) treatments of unhealthy follicles prior to the retrieval of enclosed oocytes would be of 53 

great interest. 54 

Challenges related to female fertility treatments need the investigation of various 55 

methodologies. For example, the routine systemic drug injections (i.e., exogenous 56 

gonadotropins) for controlled ovarian hyperstimulation (COH) is showing increased evidence of 57 

detrimental effects on oogenesis, embryo quality, and endometrial receptivity [9-12]. Hence, 58 

intrafollicular injection, which has been applied in large animals (e.g., cow and mare) with 59 

relative success [4, 13], may become a viable alternative to COH, and the recent advances in 60 

nanotechnology and assisted reproduction tools are likely to boost the outcomes of intrafollicular 61 

treatments. 62 

At present, the primary use of “naked” biomolecules, without a carrier, for intrafollicular 63 

injection has drastically limited their potential to gain mechanistic insights related to follicle 64 
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growth and oocyte maturation. Interestingly, the recent detection of extracellular membrane 65 

microvesicles in equine [14], human [15], and bovine [16] follicular fluid (FF) and their roles as 66 

delivery carriers of biomolecules (e.g., lipids, proteins, RNAs, and miRNA) enabling 67 

intercellular communications have prompted new interest in the use of liposome nanoparticles 68 

for intrafollicular injections [17-19]. Liposomes are clinically relevant carbon-based 69 

nanoparticles shaped like spherical vesicles constituted of phospholipid bilayers providing 70 

biocompatibility, biodegradability, and low toxicity to cells [20]. These nanoparticles have been 71 

used as effective carriers for controlled and rapid deliveries of various hydrophilic and 72 

hydrophobic molecules to specific biological sites, with indubitable benefits during in vivo and in 73 

vitro applications [21, 22]. For fertility treatments, several drugs, including biomolecules that are 74 

found in the FF [23-27], can be loaded into liposomes for intrafollicular injections. 75 

Following intrafollicular injections, the minimally invasive in vivo Follicle Wall Biopsy 76 

(FWB) technique is a recently improved methodology for assisted reproduction allowing for 77 

simultaneous sampling of the follicle environment (FF, granulosa, theca interna and externa 78 

cells) for ex vivo examinations. Most importantly, the FWB technique is performed on living 79 

mares without affecting their fertility, ovarian function, or the FF composition, therefore 80 

providing an excellent cocktail for biomarkers research and clinical purposes [28, 29]. Its 81 

combination with the encapsulated liposomes for intrafollicular deliveries can be highly effective 82 

for a more in-depth understanding of the molecular mechanisms governing follicle growth and 83 

oocyte maturation. 84 

In the current study, fluorescent and non-fluorescent unilamellar liposome vesicle 85 

nanoparticles were synthesized. Fluorescence was used for the visualization of the tissular 86 
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distribution, and non-fluorescent liposomes were loaded with doxorubicin to assess intercellular 87 

delivery. The effectiveness of the liposome nanoparticles in binding the plasma membrane of 88 

follicle cells and delivering doxorubicin was tested in vitro with cultured pig ovarian follicles (ex 89 

situ - Experiment 1). Thereafter, as the first step to implement in situ fertility treatments and 90 

deep-tissue imaging, the binding capability of liposomes in living animals was tested using intact 91 

equine ovarian follicles (in situ – Experiment 2). 92 

 93 

Results 94 

Characterization of synthesized liposome nanoparticles 95 

The formulated liposome characterization in Tris buffer pH 7.5 indicated a z-average 96 

nanoparticle diameter of 124.7 nm (PDI = 0.106), a number average diameter of 87.7 ± 27.5 nm 97 

(Fig. 1A), and a zeta potential mean of –22.9 ± 9.51 mV (Fig. 1B). The addition of 1% DiI to the 98 

formulated fluorescent liposomes led to a final hydrodynamic average diameter of 109.9 ± 17.5 99 

nm, while the TEM imaging indicated a dry average diameter of 21.3 ± 4.5 nm (± SEM), 100 

calculated for thirty random liposomes (Fig. 1A- Insert). For this study, three independent 101 

liposomes were formulated with high fluorescence intensity (1.9x1011 ± 8.x109 radiance; Fig. 102 

2A). Their mixture and dilution with PBS resulted in the working liposome solution of 23.1 µM 103 

DiI dye with fluorescence intensity of 6.5x 1010 radiance (IVIS imaging; Fig. 2B). 104 

 105 

Experiment 1. Assessment of liposome binding and doxorubicin delivery in cultured 106 

porcine follicles 107 

IVIS imaging of dissected porcine antral follicles 108 
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Decreasing fluorescence signals with PBS-injected liposomes (auto fluorescence; upper follicle 109 

series) when compared to those injected with fluorescence liposomes (middle follicle series) or 110 

liposomal encapsulated doxorubicin (lower follicle series) can be seen in Figure 3A. Data 111 

quantification confirmed higher (P < 0.05) fluorescence signals of both liposome- (1.35 x109 ± 112 

5.31 x108) and doxorubicin-injected follicles (1.82 x109 ± 8.38 x108) and radiant efficiency, 113 

when compared with the PBS-injected group (3.93 x108 ± 1.53 x108; Figure 3B); however, the 114 

fluorescence signals in both liposome and doxorubicin groups were comparable (P > 0.05). 115 

 116 

Microscopy imaging of liposome binding and doxorubicin delivery 117 

Imaging was performed on follicle wall sections on microscope slides. Autofluorescence or 118 

low/background fluorescence can be observed in sections of follicles injected with PBS (Fig. 119 

4A). In contrast, the highest fluorescence intensity observed in the plasma membranes of follicle 120 

wall cells confirmed the liposome binding (Fig. 4B). The successful binding of doxorubicin-121 

loaded liposomes to cellular plasma membranes and the delivery of doxorubicin (10 µg/follicle) 122 

to the nucleus (red dots) of various cell types of the follicle wall (Fig. 4C) were observed; and 123 

highlights the colocalization of red (doxorubicin) and blue staining (DAPI) within the nuclei can 124 

be seen in Figure 4D- Insert. 125 

 126 

Experiment 2. In vivo liposome binding in living mares and ex vivo imaging 127 

A total of 22 growing and healthy follicles of nine mares (2-3 follicles/mare) were successfully 128 

injected with 130 µl of fluorescent liposomes working stock solution. 129 

 130 
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IVIS imaging of FWB 131 

All FWB samples were of comparable areas (3.5 ± 0.3 mm2), and those of liposome-injected 132 

follicles exhibited fluorescence intensities above background (Control; 6.7 x108 ± 1.44 x107 133 

radiant efficiency; Fig. 5A). The FWB derived from both small and large follicles had 134 

comparable fluorescence intensities (1.74 x109 ± 7.6 x108 and 1.98 x109 ± 3.4 x108 radiant 135 

efficiency, respectively, P > 0.05; Fig. 5B). In vitro labeling of FWB with an equivalent amount 136 

of liposomes (130 µl = 1.2 nmoles; 60 min at 37oC) led to higher (3.92 x109 ± 1.11 x108 radiant 137 

efficiency, P < 10–4) fluorescence intensity than that of other groups (Fig. 5B). 138 

 139 

IVIS imaging of intrafollicular fluid 140 

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

intensities that were considered background and subtracted from those of FF harvested from 142 

small (Fig. 6A) and large (Fig. 6B) follicles injected with liposomes (P < 10–4; Fig. 6C). Data 143 

quantification shows higher fluorescence intensity from small follicles’ FF (2.95 x109 ± 9.65 144 

x108 radiant efficiency) than their large counterparts (8.53 x108 ± 0.98 x108 radiant efficiency). 145 

 146 

IVIS imaging of granulosa cells (GC) 147 

Fluorescence signals of GC harvested from both small and large follicles were above background 148 

(non-injected or control follicles: 7.4 x108 ± 1.23 x107 radiant efficiency, P < 10–5; Fig. 7A). 149 

Large follicles’ GC produced higher fluorescence than that of small follicles (1.61 x109 ± 6.83 150 

x107 vs. 9.12 x108 ± 1.67 x107 radiant efficiency, P < 0.05; Fig. 7B). 151 

 152 
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Confocal microscope fluorescence imaging of FWB samples and flushed granulosa cells 153 

The uniform staining of cell nuclei with DAPI (blue) revealed the good health status of harvested 154 

samples. Follicles injected with PBS did not show any fluorescence (green staining) 155 

corresponding to the presence of liposomes (Fig. 8A). In contrast, follicles injected with 156 

liposomes displayed green fluorescence staining within the plasma membrane of the follicle wall 157 

cells (Fig. 8B). The insert in Figure 8B highlights the fluorescence signal on the plasma 158 

membrane surrounding the blue staining of the nuclei; this observation is confirmed with the 159 

images of flushed mural granulosa cells showing stronger fluorescence signals within the plasma 160 

membrane (Fig. 8C,D). The smeared fluorescence signals seen in Figure 8C,D on the tissues 161 

surrounding the GC correspond to liposomes bound/trapped within the extracellular matrix. 162 

 163 

Discussion 164 

Many factors, such as the physiological conditions of animals and the available technologies, are 165 

prone to influence assisted reproduction outcomes in animals. Here we examined a clinically 166 

relevant liposome vesicle nanoparticle as a potentially powerful, non-invasive diagnostic and 167 

therapeutic agent for future assessment and treatment of ovarian follicles prior to oocyte 168 

recovery. Monovular (mare) and polyovular (pig) species were used to demonstrate the likely 169 

application of our proposed technological approach for in situ follicle investigation and 170 

improvement of female fertility. 171 

Herein, the sizes of the synthesized liposomes were comparable to those in previous reports 172 

[20, 30, 31], while the injected volumes (5 µl in pigs and 200 µl in mares) and incubation time 173 

(24 h) were lesser or equal to those reported in previous studies [4, 32]. Hence, the absence of 174 
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morphological changes in both equine and porcine ovarian follicles’ structures following 175 

intrafollicular injections was highly important, with the prospect of performing local deliveries 176 

(i.e., intrauterine or intrafollicular) of molecules at minimal effective doses to reach the targeted 177 

cells during ovarian follicle treatments [33]. These minimal effective doses following local 178 

injections (vs. systemic treatments) were demonstrated in mares [34] and cows [13] using PGF2α 179 

(≤ 0.1 mg vs. up to 50-fold greater) and hCG (1.0 IU vs. up to 1000-fold greater), respectively. 180 

The ability to by-pass the systemic route (i.e., intramuscular or intravenous) and avoid the 181 

dilution with the blood-stream through local injections of growing antral follicles permits the 182 

study of the direct effects of biocompounds (insulin-like growth factor 1, eCG, and PGF2α) 183 

during folliculogenesis [4, 34, 35]. These studies highlight the promising interest in 184 

intrafollicular treatments in animal production and veterinary medicine; however, most related 185 

studies use “naked” (devoid of additional carriers) biomolecules whose ability to cross cell 186 

membranes and short lifespan may be jeopardized during long incubations or journeys. 187 

Interestingly, the current progress in nanotechnology is increasing the popularity of 188 

nanoparticles in biomedicine. These nanoparticles possess specific properties (e.g., size-189 

dependent synthesis, bright and broad-spectrum fluorescence, biocompatibility and 190 

bioconjugation capability) that can be exploited for further investigation and improvement of 191 

reproductive outcomes [22, 32, 36]. In the present study, we used liposomes shaped like 192 

extracellular membrane microvesicles (EVs), which are nano- and micro-size vesicles naturally 193 

released from cells to mediate a new type of cell-to-cell communication through passive 194 

interactions [17, 18, 37]. Likewise, liposomes can interact and fuse with somatic cells (e.g., 195 

MCF-7 breast cancer cells) within approximately five minutes post-incubation [38]. In the 196 
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present study, the pig model allowed the (IVIS) imaging of the full and intact follicle, indicating 197 

the possibility for in situ non-invasive monitoring of folliculogenesis through molecular imaging 198 

of key biological processes. With the existing fluorescence spectrum of hydrophobic dyes, it is 199 

reasonable to anticipate the formulation of specific labeled liposomes for multiplex molecular 200 

imaging for real-time examinations of various follicular phenomena related to aging, ovarian 201 

cyclicity (cycling vs. anestrous phase), structural variations (antral follicles vs. corpus luteum), 202 

reproductive phases (estrous vs. diestrous), and health (follicle diseases). Understanding of them 203 

may have beneficial implications for women, who are known to share many reproductive 204 

similarities with mares [39]. 205 

The present study highlights the advantage of combining nanotechnology with granulosa cell 206 

aspiration and in vivo FWB techniques to provide more insights into the intrafollicular 207 

microenvironment. Recently, the FWB technique was validated for simultaneous collections of 208 

follicle wall fragments and FF samples from the same living mare [28, 29]. Here, we first 209 

observed that the expected unidirectionality of liposome binding, from the follicular antrum to 210 

the theca externa, leading to lower fluorescence intensity of in situ labeled biopsies contrasted 211 

with the likely multidirectional binding during ex situ labeling; consequently, all follicle cell 212 

types simultaneously interacted with the liposomes ex situ to generate stronger fluorescence 213 

signals. Second, the higher fluorescence of FFs in small follicles was indicative of the low 214 

abundance of cells capable of uptaking liposomes. And third, the high abundance of cells in large 215 

follicles permitted the binding of more liposomes, leading to reduced unbound fluorescent 216 

liposomes in the corresponding FFs. Nonetheless, fluorescence intensity variations between 217 
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samples certainly corresponded to the possible losses of liposomes during injections, while the 218 

higher fluorescence of large follicles’ granulosa cells was attributed to their greater density. 219 

The random and passive characteristics of injected liposomes to fuse with follicular cells’ 220 

membranes makes them suitable for intracellular deliveries. Indeed, liposomes are among the 221 

numerous carriers with efficient intracellular delivery of cargo of molecules such as proteins, 222 

nucleic acids, metabolites, and even drugs [14, 17, 18, 36, 38]. Our findings revealed the 223 

effective internalization of doxorubicin with its binding to the cell nucleus of all follicle cell 224 

types, demonstrating the far-reaching capacity of the proposed injection route. 225 

 226 

Conclusions 227 

The current study demonstrates 1) the combination of FWB technique and nanotechnology tools 228 

as a promising approach for potential local treatments of ovarian follicle diseases and 229 

enhancement of reproductive performance; 2) the possibility for deep-tissue (plain or targeted) 230 

imaging using fluorescent-labeled liposomes for in situ tracking of molecular and/or cellular 231 

processes throughout the antral follicle growth; and 3) the possible use of a formulated liposome 232 

carrier in both mono- and polyovulator animals as well as in living large animals. We believe the 233 

proposed methodology is likely to support future intrafollicular attempts to promote follicle 234 

and/or oocyte growth and to develop treatments to address follicle diseases such as luteinized 235 

unruptured follicle in mares and, potentially, in women as well [5, 40]. 236 

 237 

Methods 238 

Chemical and reagents 239 
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Phospholipid, DPPC (1, 2-dipalmitoyl-sn-glycero-3-phosphocholine) was purchased from Avanti 240 

Polar Lipids, Inc. (Alabaster, Alabama, USA). Ultrapure grade cholesterol was obtained from 241 

Amresco, Inc. (Solon, Ohio, USA). Lipophilic probes, 1, 1'-dioctadecyl-3, 3, 3', 3'-242 

tetramethylindocarbocyanine perchlorate (DiIC18(3) or DiI) and 3,3'-243 

dioctadecyloxacarbocyanine perchlorate (DiOC18(3) or DiO), were acquired from Biotium, Inc. 244 

(Hayward, California, USA). Any additional reagents, chemicals, or solvents of necessary 245 

molecular biology or analytical grade were obtained through commercial sources. 246 

 247 

Liposome nanoparticle preparation and characterization 248 

Fluorescence liposome formulation. Pegylated liposomes were prepared as previously described 249 

[41, 42]. Briefly, formulations were generated according to a ratio of 10 µmol DPPC, 5 µmol 250 

cholesterol, and 100 nmol of the fluorescent lipophilic probe, DiI (~1 mol % of lipid membrane), 251 

per milliliter of dispersant. The lipids and probe, dissolved in chloroform, were mixed and then 252 

dried under a rotary vacuum via a Buchi Rotavapor r-200 (Postlfach, Switzerland) to create a 253 

thin film. Subsequently, films were hydrated in an isotonic solution of either 10% (w/v) sucrose 254 

or phosphate-buffered saline to yield 10 µmol phospholipid/mL. Liposomes underwent seven 255 

freeze/thaw cycles via liquid nitrogen and a 60oC water-bath above lipid phase transition 256 

temperature as a means to eliminate additional membrane layers. Formulations were then 257 

extruded using a Lipex extruder (Northern Lipids Inc., Burnaby, British Columbia, Canada) 258 

under high pressure through double-stacked laser etched polycarbonate 80 nm filters (GE 259 

Osmonics, Trevose, Pennsylvania, USA) at heated conditions again above DPPC’s phase 260 

transition temperature (Tc = 41oC) for seven times before stabilizing the lipid membranes using 261 
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an ice-bath for 10 min. Afterward, the liposome dispersions were dialyzed with a 12−14 kDa 262 

SpectraPor Dialysis membranes against fresh isotonic solution as used in hydration for a period 263 

of 1, 4, and 16 hours at 4oC to remove any non-membrane associated probe. Liposomes were 264 

sterilized by terminal filtration (0.22 µm filter) and stored in a sterile glass container under 265 

nitrogen atmosphere at 4oC, protected from light, and used within 3 weeks of preparation. Lipid 266 

concentration was determined for all formulations using an inorganic phosphate assay [43]. 267 

Thereafter, the dispersion was diluted to 10 µmol/ml (10 mM), and average stock solutions of 268 

liposome nanoparticles (9.24 ± 0.72 µmol/ml or 9.24 mM) were constituted and stored at 4oC for 269 

experiments. The DiI lipophilic probe fluoresced at 570 nm following a 480 nm wavelength 270 

excitation. 271 

 272 

Doxorubicin-loaded liposome formulation. A nonfluorescent pegylated liposomal was 273 

formulated by Avanti Polar Lipids, Inc. (Alabaster, Alabama, USA) and used to encapsulate the 274 

naturally fluorescing doxorubicin (Dox-NP; referenced maxima Ex/Em of 480nm/590nm). All 275 

samples were stored at 4oC for experiments. 276 

 277 

High-Resolution Transmission Electron Microscopy and Fluorescence imaging. A subset of 278 

synthesized liposomes was visualized under a high-resolution transmission electron microscope 279 

(HR-TEM-2100, 200 kV) with Gatan Orius 832 camera (JEOL; Peabody, Massachusetts, USA), 280 

while another subset was subjected to non-invasive and real-time fluorescence imaging using the 281 

In Vivo Imaging System 200, Lumina XRMS Series III system (IVIS; PerkinElmer; Waltham, 282 

Massachusetts, USA). 283 
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 284 

Experiment 1. Porcine antral follicle culture and intrafollicular liposome injection 285 

Porcine ovaries were harvested in a pre-warmed 0.9% NaCl solution at a local slaughterhouse 286 

and transported immediately to the laboratory. Visible and morphologically normal antral 287 

follicles (4–8 mm in diameter) were dissected and randomly distributed in a set of 24-well tissue 288 

culture plates (3–4 follicles/well); subsequently, the tissue culture plates were placed in a 5% 289 

CO2 incubator as previously reported [32]. After 24 h of culture at 37oC in a humidified 290 

environment, follicles were microinjected using FemtoJet microinjection system (Eppendorf; 291 

Hauppauge, New York, USA) with 5 μl of Phosphate-Buffered Saline solution (PBS) or 46 nmol 292 

of fluorescent liposomes. Thereafter, injected follicles were returned to their respective culture 293 

wells with half of the medium renewed (1.5 ml of NCSU-23 based medium) and re-incubated for 294 

an additional day of culture. A subset of non-injected follicles was kept in culture to serve as 295 

controls for auto-fluorescence. Following culture, follicles were carefully removed from culture 296 

wells and washed twice in PBS solution prior to non-invasive IVIS fluorescence imaging. 297 

Thereafter, follicles were processed for standard histology and fluorescence microscopic 298 

imaging. 299 

 300 

Experiment 2. In vivo liposome binding tests in living mares 301 

Animals, ultrasonography examination, and intrafollicular fluorescent liposome injection. 302 

Nine nonlactating and cycling Quarter Horse breed mares, 8−14 years old, and weighing 303 

400−600 Kg were used during the ovulatory season. Mares were kept under natural light in 304 

pasture and were maintained with free access to water and trace-mineralized salt. Ovarian follicle 305 



15 

 

15 

 

tracking was performed daily starting on day 10 of the estrous cycle (day 0 = ovulation) until 306 

follicles reached the designated diameter. Ultrasonographic follicle tracking was carried out 307 

using a duplex color Doppler ultrasound machine (Aloka SSD-3500; Hitachi Aloka Medical 308 

America, Inc., Wallingford, CT, USA) equipped with a finger-mounted 3.5−10 MHz convex-309 

array transducer (UST-995-7.5). After identification and mapping of small (15−23 mm; n = 12) 310 

and large (24−30 mm; n = 10) follicles that showed continuous growth for a minimum of three 311 

consecutive days, fluorescent liposome nanoparticles (130 µl; 23.1 µM or 1.2 nmol) were 312 

injected into each growing follicle using a double-channel injection system as previously 313 

described [4, 44]. All mares (n = 9) were used for the injection of 22 follicles (12 small and 10 314 

large), corresponding to 2−3 follicles per mare. One small and one large noninjected follicle 315 

served as experimental controls. After follicle injections, all mares were released to the pasture 316 

for 24 h. Thereafter, all samples (FWB, FF, and isolated granulosa cells) were collected for 317 

analyses. 318 

 319 

Mare antral follicle wall biopsy and follicular fluid collection. A novel FWB technique recently 320 

developed in our lab [29] was used to simultaneously harvest FWB and FF from PBS- and 321 

liposome-injected follicles (7 small and 7 large) and one non-injected (control) follicle. This 322 

technique uses an endoscopic biopsy forceps (5 FR gauge, 60 cm, Karl Storz, Berlin, Germany) 323 

located inside a 12 G needle/cannula and mounted on a 5−10 MHz transvaginal ultrasound-324 

guided convex array transducer (Aloka UST-987-7.5). The FWB samples measured 325 

approximately 3.5 ± 0.3 mm2 in area, as previously reported [29]. Immediately after FWB 326 

harvesting, FF was collected while the needle was still inside the follicle. Intrafollicular fluid 327 
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samples were centrifuged at 4oC (1,500 g for 10 min), and the supernatant of each FF sample 328 

was stored in light safe black Eppendorf tubes at 4ºC. 329 

 330 

In situ collection of equine granulosa cells. The remaining injected (6 small and 5 large) and 331 

non-injected (1) follicles were flushed with 120−150 ml of pre-warmed (38ºC) Vigro complete 332 

embryo flush with BSA solution (Bioniche; Pullman, WA, USA) containing 2 IU/ml heparin 333 

(H3149, Sigma-Aldrich; Saint-Louis, MO, USA), and granulosa cells were retrieved. Thereafter, 334 

flushing fluid was filtered through a 70-μm cell strainer, and concentrated granulosa cells were 335 

washed out from the strainer with PBS into a petri dish and transferred into light safe black 336 

Eppendorf tubes. After centrifugation (800 g for 10 min) at 4oC, the supernatant was discarded, 337 

and the pelleted granulosa cells were kept at 4ºC until fluorescence imaging. 338 

 339 

Fluorescence microscopic imaging 340 

All samples were imaged within a week post-collection. 341 

 342 

IVIS imaging. Equine FF, granulosa cells, and FWB samples, as well as cultured porcine 343 

follicles, were collected and subjected to non-invasive and real-time fluorescence imaging using 344 

the IVIS imaging system (PerkinElmer; Waltham, Massachusetts, USA). 345 

 346 

Fluorescence imaging. Following IVIS imaging, porcine follicles and equine FWB samples 347 

were fixed in 10% formalin solution for standard histology processing, generating 4−6 μm 348 

sample sections per slide. Fixed equine granulosa cells were spread on histology slides, air-dried, 349 
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immersed with a DAPI-contained mounting medium, and covered by a cover-slip. Slides were 350 

imaged with an epifluorescence microscope (EVOS FL-Auto Cell Imaging System, Thermo 351 

Fisher Scientific Inc., Waltham, MA, USA) or a confocal laser scanning with an Inverted 352 

microscope (Axiovert 200M) coupled with Zeiss ZEN digital imaging software (Carl Zeiss AG; 353 

Oberkochen, Germany). 354 

 355 

Statistical analyses 356 

All statistical analyses were performed using SPSS v22 software. The Student’s t-test and One-357 

way Analysis of Variance (ANOVA) were used, wherever appropriate, to compare the difference 358 

between groups (control, small and large follicles). The threshold of significance was set for p-359 

values less or equal to 0.05. All data are expressed as mean ± SEM. 360 

 361 

List of abbreviations 362 

PBS: Phosphate-buffered saline; FWB: Follicle Wall Biopsy; DAPI: 4′,6-diamidino-2-363 

phenylindole; GC: Granulosa Cells; FF: Follicular Fluid; IVIS: In Vivo Imaging System; DiI: 364 

1,1'-Dioctadecyl-3,3,3',3'-Tetramethylindocarbocyanine Perchlorate; SPSS: Statistical Product 365 

and Service Solutions. 366 
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Figure legends 526 

 527 

Figure 1. Liposome characterization through Malvern Zetasizer Nano ZS. 528 

The Z-average diameter (A) and Zeta potential (B) parameters were measured in 3 replicates 529 

(dilutions 1, 2, and 3). The insert is a TEM micrograph of liposome nanoparticles in monomer 530 

(arrows) and aggregate formations. 531 

 532 

Figure 2. Fluorescence imaging of liposome formulations using In Vivo Imaging System (IVIS). 533 

Fluorescence imaging (480 nm excitation/570 nm emission) of 3 stock solutions (an average of 534 

1.9x1011 ± 8.x109 radiance efficiency; A) and the working solution (B) are shown. The blue box 535 

surrounding the right panel (B) has a Phosphate-Buffered Saline solution (PBS) solution and 536 

diluted liposome solution (23.1 µM; an average of 6.5x1010 ± 8.x109 radiance). 537 

 538 

Figure 3. Fluorescence imaging of in vitro culture porcine follicles. 539 

The micrograph (A) corresponds to fluorescence detected with In Vivo Imaging System (IVIS) 540 

of pig follicles microinjected with 5 μl of Phosphate-Buffered Saline solution (PBS; upper 541 

series), fluorescence liposomes (4.6 nmoles/follicle; middle series), and liposomal encapsulated 542 

doxorubicin (10 μg/follicle; lower series) and cultured 24 h before imaging. All fluorescence 543 

quantifications are shown in (B). 544 

 545 

Figure 4. In situ fluorescence imaging of microinjected porcine follicles. 546 

Following microinjection and 24 h culture of porcine follicles, follicles were fixed and subjected 547 

to standard histology processing. Representative micrographs with sections of antral follicle 548 

walls/layers injected with PBS (A, autofluorescence) or fluorescent liposomes (B, green color) 549 

are shown. The green fluorescence is mainly located on the cell plasma membrane. 550 

Representative micrographs with sections of antral follicles injected with non-fluorescent 551 

liposomes loaded with doxorubicin are mainly located in the nuclei of follicle wall cells (C, D), 552 

which colocalization with DAPI (blue) is highlighted with the insert in Micrograph D, 553 

corresponding to fluorescence overlaid with visible light. Granulosa cells (GC), Theca interna 554 

(TI), and Theca externa (TE) constitute the cell layers of the ovarian follicle wall. 555 

 556 

Figure 5. Representative fluorescence imaging of equine follicle wall biopsies (FWB). 557 

Biopsies were obtained from in vivo microinjected small (SF: n = 6) and large (LF: n = 5) 558 

follicles. In parallel, FWB samples were harvested from Phosphate-Buffered Saline solution 559 

(PBS)-injected follicles to serve as Control with a subset being in vitro labeled with comparable 560 

fluorescence liposome concentrations. All FWB samples were imaged with the In Vivo Imaging 561 

System (IVIS) and data (Radiant Efficiency) were quantified (mean ± sem). Letters indicate 562 

significant differences (a, b, c; P < 10–4). N = total number of samples analyzed. 563 
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 564 

Figure 6. Representative fluorescence imaging of equine follicular fluid (FF) following in vivo 565 

labeling with fluorescence liposome nanoparticles. 566 

The In Vivo Imaging System (IVIS) of FF collected from small and large follicles microinjected 567 

with fluorescent liposomes is shown in A and B, respectively. The quantification of collected 568 

fluorescence signals is plotted minus the values of FF originated from Phosphate-Buffered Saline 569 

solution (PBS)-microinjected follicles that were considered as the background noise. 570 

Fluorescence signal (Radiant Efficiency) data are mean (± SEM) and letters indicate a significant 571 

difference (a, b; P < 10–4). N = total number of samples analyzed. 572 

 573 

Figure 7. Representative fluorescence imaging of in vivo labeled equine granulosa cells (GC). 574 

The micrograph (left panel) shows tubes containing GC collected from follicles injected with 575 

Phosphate-Buffered Saline solution (PBS) to serve as Control, and liposome-microinjected 576 

follicles (A). Mean (± SEM) fluorescence data (Radiant Efficiency) of small (SF) and large (LF) 577 

follicles are indicated (B). Letters denote significant differences (a, b, c; P < P<10–5). N = total 578 

number of samples analyzed. 579 

 580 

Figure 8. In vivo fluorescence imaging of liposome binding to equine ovarian antral follicles. 581 

Micrograph A showed a fragment of the follicle wall biopsy (FWB) of an antral follicle injected 582 

with Phosphate-Buffered Saline solution (PBS). A representative sample of FWB harvested from 583 

antral follicles injected with fluorescent liposomes are shown in Micrograph B. Granulosa cells 584 

flushed from liposome injected antral follicles are shown in Micrographs C and D. The green 585 

fluorescence detection of liposome was detected in the mural granulosa cells layers and the 586 

major signal was located in the cells’ plasma membrane (Insert in micrograph B), which is also 587 

confirmed in Micrographs C and D. Nuclei are counterstained in blue with DAPI. 588 

 589 



Figures

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 1.9x1011 ± 8.x109
radiance e�ciency; 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 μM; an
average of 6.5x1010 ± 8.x109 radiance).

Figure 3

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



Figure 4

In situ �uorescence imaging of microinjected porcine follicles. Following microinjection and 24 h culture
of porcine follicles, follicles were �xed and subjected to standard histology processing. Representative
micrographs with sections of antral follicle walls/layers injected with PBS (A, auto�uorescence) or
�uorescent liposomes (B, green color) are shown. The green �uorescence is mainly located on the cell
plasma membrane. Representative micrographs with sections of antral follicles injected with non-
�uorescent 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
�uorescence overlaid with visible light. Granulosa cells (GC), Theca interna (TI), and Theca externa (TE)
constitute the cell layers of the ovarian follicle wall.



Figure 5

Representative �uorescence 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 �uorescence liposome concentrations. All FWB samples
were imaged with the In Vivo Imaging System (IVIS) and data (Radiant E�ciency) were quanti�ed (mean
± sem). Letters indicate signi�cant differences (a, b, c; P < 10–4). N = total number of samples analyzed.

Figure 6



Representative �uorescence imaging of equine follicular �uid (FF) following in vivo labeling with
�uorescence liposome nanoparticles. The In Vivo Imaging System (IVIS) of FF collected from small and
large follicles microinjected with �uorescent liposomes is shown in A and B, respectively. The
quanti�cation of collected �uorescence 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 E�ciency) data are mean (± SEM) and letters indicate a signi�cant
difference (a, b; P < 10–4). N = total number of samples analyzed.

Figure 7

Representative �uorescence 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) �uorescence
data (Radiant E�ciency) of small (SF) and large (LF) follicles are indicated (B). Letters denote signi�cant
differences (a, b, c; P < P<10–5). N = total number of samples analyzed.



Figure 8

In vivo �uorescence 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 �uorescent
liposomes are shown in Micrograph B. Granulosa cells �ushed from liposome injected antral follicles are
shown in Micrographs C and D. The green �uorescence 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 con�rmed in Micrographs C and D. Nuclei are counterstained in blue with
DAPI.


