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A B S T R A C T

Effective sperm sex-sorting techniques could be beneficial for managing ex-situ rhinoceros populations. 
Fluorescence-activated cell sorting (FACS) technology has shown promise but is limited by high cost, long sorting 
times, and poor compatibility with frozen sperm. This study evaluated two alternative methods for sex-sorting 
sperm from white (Ceratotherium simum; n = 5) and greater one-horned (Rhinoceros unicornis; n = 5) rhinocer
oses. Thirteen ejaculates (five fresh and eight cryopreserved) were used to assess Toll-like receptor (TLR) acti
vation and magnetic-activated cell sorting (MACS). The TLR method selectively reduces X-bearing sperm motility 
via a TLR agonist, whereas MACS separates sperm based on Y-bearing sperm having a more positive surface 
charge than X-bearing sperm. The TLRs were confirmed to be present in rhinoceros sperm, with TLR7 primarily 
localized to the head region (90–95 %) and TLR8 to the flagellum (~50 %). Activation with a TLR8 ligand 
reduced velocity (P = 0.001) but did not alter the distribution of X- and Y-bearing sperm in the upper and lower 
swim-up layers (P = 0.259). Negatively charged magnetic nanoparticles associated and pulled a portion of sperm 
to the tube wall when magnetic force was applied, leaving 35–80 % of sperm free in suspension, depending on 
the treatment conditions. However, no enrichment for X-bearing sperm was observed in the unbound fraction 
(P > 0.27). These results indicate that neither method physically separated X- from Y-bearing rhinoceros sperm 
under the tested conditions. Nonetheless, the findings provide important foundational data for refining alter
native methods for sex-sorting in this species and highlight both the potential and the challenges of applying such 
methods.

1. Introduction

Building sustainable ex situ rhinoceros (hereafter referred to as 
rhino) populations is a critical conservation goal and effective sex ratio 
management plays an important role. Maintaining an appropriate bal
ance between males and females helps to create stable social groupings 
and enhances breeding opportunities, ultimately contributing to popu
lation health and growth [1,2]. While population sex ratios vary across 
species and over time in North America [3–5], the recent birth trends of 
black rhinos (Diceros bicornis michaeli) suggest a possible return to a 
male-biased population [3]. Because adult black rhino bulls are typically 
housed individually, a predominance of males can strain the capacity of 
managed facilities [6]. In contrast, white (Ceratotherium simum) and 
greater one-horned (Rhinoceros unicornis) rhinos have historically 

exhibited female-skewed populations, and a current management pri
ority for both species is maximizing the number of breeding bulls [4,5]. 
Achieving the appropriate sex ratio can be difficult for ex-situ facilities 
that face significant space limitations and must optimize the reproduc
tive output of each rhino without exceeding available resources [6–8].

Artificial insemination with sex-sorted sperm could potentially allow 
rhino managers to strategically produce imbalanced sex ratios that favor 
population management goals [9–11]. Over the past 16 years, encour
aging progress has been made using a flow cytometry-based technology, 
fluorescence-activated cell sorting (FACS), to sex-sort rhino sperm [9,10, 
12]. FACS takes advantage of the DNA content difference between 
X-bearing (female-producing) and Y-bearing (male-producing) sperm, 
using a fluorescent DNA stain and flow cytometry to physically separate 
the two populations (Fig. 1A; [13]). Unfortunately, FACS has several 
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drawbacks, including high equipment costs (>$100 K), specialized 
expertise requirements, and long sorting times [9,13]. Additionally, 
FACS does not work well on frozen sperm samples [14] and results in 
considerable sperm loss and reduced viability during the separation 
process [13,14]. These limitations hinder the widespread adoption of 
FACS for sex sorting in rhinoceros conservation efforts, particularly in 
facilities with constrained funding, equipment, and technical 
capabilities.

To address these challenges, effective sex ratio management in ex- 
situ conservation requires sorting alternatives that maintain sperm 
quality, are affordable, and adaptable to the space and resource limi
tations of many rhino-holding facilities. Two promising techniques for 
sex-sorting sperm were investigated in this study. One method is the 
activation of Toll-like receptors 7 and 8 (TLR7, TLR8) to selectively 
reduce sperm motility. These membrane receptors play a role in immune 
signaling and are expressed in the sperm of several species [15]. Pre
vious studies with sperm from mice, cattle, goats, and sheep have 
demonstrated that activating these receptors can differentially affect 
sperm motility, causing X-bearing sperm to swim more slowly, thereby 
allowing X- or Y-bearing sperm to be preferentially collected after TLR 
activation (Fig. 1B; [16–20]). Compared to FACS, TLR activation offers a 
more cost-effective and straightforward method for sex-sorting sperm 
without requiring specialized equipment. In addition to TLR activation, 

we evaluated the magnetic-activated cell sorting (MACS) of rhino sperm 
based on differential surface charge. Negatively charged magnetic 
nanoparticles (MNPs) will associate with Y-bearing sperm, which can 
have a more positive surface charge than X-bearing counterparts 
[21–23]. When a magnetic field is applied, the MNP-bound Y-bearing 
sperm are pulled to the tube wall, while the unbound X-bearing sperm 
remain in suspension and can be collected (Fig. 1C). The MACS meth
odology is more sperm-friendly than FACS, as it requires less processing 
time and fewer buffer changes, which may help to maintain sperm 
viability longer. Studies in domestic species, such as horses, donkeys, 
and rams, have demonstrated that differences in surface charge (i.e., 
zeta potential) between X- and Y-bearing sperm can be exploited to 
preselect the sex of the offspring [24–26].

Therefore, the objectives of this study were to determine the 
expression and localization of TLR7 and TLR8 in rhino sperm, to assess 
the impact of TLR activation on sperm motility and its potential to alter 
sex ratio distribution, and to evaluate if incubating rhino sperm with 
negatively charged MNPs can selectively enrich for X-bearing sperm. We 
aimed to identify cost-effective and sperm-friendly alternatives to FACS 
for managing sex ratios in ex-situ rhino populations. TLR activation and 
MACS were chosen for their promising results in other species and their 
potential application to banked frozen sperm [19,22] from genetically 
valuable males that are no longer available (e.g., deceased), which can 

Fig. 1. Schematic representation of sex-sorting methods. In the figure, X-bearing sperm (female-producing) are shown in red and Y-bearing sperm (male-producing) 
in blue for clarity; grey indicates sperm that cannot be classified. A). Fluorescence-activated cell sorting (FACS) utilizes flow cytometry and a fluorescent DNA stain to 
differentiate X-bearing sperm (which contain 3–5 % more DNA) from Y-bearing sperm. Droplets containing unclassified or aggregates are discarded. B). Toll-like 
receptor (TLR) activation occurs after incubating sperm with a TLR ligand, which reduces the motility of X-bearing sperm only, allowing for the preferential 
collection of Y-bearing sperm that remain motile in the upper layer after the incubation. C). Magnetic-activated cell sorting (MACS) depicted here exploits the 
difference in zeta potential between Y-bearing sperm (-16 mV) and X-bearing sperm (-20 mV), with Y-bearing sperm more readily associating with the negatively 
charged magnetic nanoparticles. When a magnetic force is applied, the sperm-MNP complexes are pulled to and anchored against the inner wall of the test tube, while 
X-bearing sperm remain suspended and can be transferred to a new tube.
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be crucial for maintaining genetic diversity in managed rhino pop
ulations [27].

2. Materials and methods

2.1. Chemicals and reagents

Unless otherwise noted, chemicals were obtained from Milli
poreSigma (St. Louis, MO, USA). Polyclonal antibodies against TLR7 
(ab113524, lot GR123749), TLR8 (ab24185, lot GR3368660), and anti- 
rabbit IgG-AlexaFluor555 conjugate (ab150082) were purchased from 
Abcam (Cambridge, MA, USA). Synthetic TLR8 ligand (Motolimod, aka 
VTX-378) was obtained from MedChemExpress LLC (Monmouth Junc
tion, NJ, USA). We sourced charged magnetic nanoparticles (MNPs) in 
two sizes (50 nm and 100 nm), each coated with a thin diphosphate 
layer that provided a negative surface charge of − 50 mV ± 7 mV (as per 
personal communication from the company), from Chemicell GmBH 
(Berlin, Germany). Buffers were prepared according to references and 
included the following: a modified equine extender (mEQ, pH 7.0–7.2; 
[10,28]), tris-citrate glucose buffer (TCG, unadjusted pH 7.6; [22,29]), 
conducting medium (CM, unadjusted pH 5.4; [22,29]), low-conductivity 
human tubal fluid (LHTF, unadjusted pH 7.2; [29,30]), chamber buffer 
(CB, pH 7.2; [23]), and modified human tubal fluid (mHTF, pH 7.2–7.4; 
[26]). Further details on buffer compositions can be found in Supple
mental M&M.

2.2. Source of sperm

Sperm samples were originally collected for other purposes under 
protocols approved by the Cincinnati Zoo and Botanical Garden’s 
Institutional Animal Care and Use Committee (#17–139, #20–163, 
#22–173, and #22–175) and by each participating zoological institu
tion. The samples were included in this study only after obtaining 
permission from each owning institution. Sperm from both white 
(n = 5) and greater one-horned (GOH; n = 5) rhinos were used and 
included both freshly collected ejaculates (n = 5) and cryopreserved 
samples (n = 8). Cryopreserved samples had been extended in either an 
egg yolk-based extender or OptiXcell (IMV Technologies U.S.A., Maple 
Grove, MN, USA) and stored in liquid nitrogen for 2 months to 20 years. 
All samples were frozen using a dry shipper-based method [31,32], with 
differences limited to extender composition and the methodology used 
to extend the semen. Further protocol details are provided in the sup
plemental materials (Supplemental M&M and Supplemental Tables). In 
several cases, sperm from the same rhino collected on different days (at 
least one year apart) were used in experiments. The same procedure was 
utilized for thawing all semen: straws were removed from liquid nitro
gen using forceps equilibrated to cryogenic temperature, wafted in air 
for 8–10 s, and then immersed in 37◦C water for 20 s.

2.3. Sex-sorting experiments

2.3.1. Toll-like receptor activation

2.3.1.1. Immunofluorescence. To determine if TLR7 and TLR8 are 
expressed in rhino sperm, we performed immunofluorescence staining 
on frozen-thawed samples. Sperm were thawed, washed twice with 
phosphate-buffered saline (PBS), and resuspended in PBS containing 
Zombie Violet™ fixable dye (1:100; BioLegend, San Diego, CA, USA). 
After incubating sperm for 30 min at room temperature, an equal vol
ume of PBS with 1 % bovine serum albumin (BSA-PBS) was added to 
stop the staining reaction. Samples were then centrifuged (600 g, 
3 min), resuspended in PBS, and smeared onto uncoated glass micro
scope slides. Slides were fixed for 10 min in − 20◦C methanol (ACS 
grade, 100 %), air-dried, and stored at 4◦C until further use.

For immunofluorescence staining, slides were blocked with BSA- 

PBST (0.1 % Tween 20; 1 h; RT) and then incubated overnight at 4◦C 
with either 10 μg/mL of anti-TLR7 or 2 μg/mL anti-TLR8 in BSA-PBST 
(optimal antibody concentrations for specific signal relative to back
ground noise were determined during initial experiments). Protein 
sequence alignment confirmed that the regions targeted by the anti
bodies for TLR7 and TLR8 shared ≥ 88 % sequence identity with the 
corresponding rhino TLR7 and TLR8 sequences available in GenBank 
(Supp Figs 1 & 2, respectively) [33]. For negative controls, additional 
slides were covered with BSA-PBST only. Slides were washed three times 
with PBS before incubating them with a 1:200 dilution of anti-rabbit 
IgG-AlexaFluor555 conjugate for 1 h at ambient temperature. For 
slides exposed to anti-TLR7, 20 μg/mL peanut agglutinin (PNA)-FITC 
conjugate was included with the detection antibody. After washing the 
slides three times with PBS, we mounted glass coverslips using Fluo
romount™ aqueous medium. A 40X objective was used to evaluate the 
slides on a Zeiss Axioskop Fluorescent microscope equipped with an 
AxioCam 202 mono camera (Carl Zeiss Microscopy GmbH, Germany) 
and fluorescent filters for DAPI (excitation [ex.] 330–380 nm/emission 
[em.] 435–485 nm), GFP (ex. 465–495 nm/em. 515–555 nm) and 
TRITC (ex. 330–380 nm/em. 577–633 nm). We acquired images from 
the negative control and antibody-labeled slides at identical exposure 
settings and processed them using the same display adjustments within 
Zen 3.1 software (blue edition; Zeiss). For each slide, 3 – 10 fields of 
view were acquired to estimate the percentage of sperm staining positive 
for TLR7 and TLR8 and to assess localization. Immunofluorescence for 
TLR7 and TLR8 was performed on ten separate occasions using different 
straws of cryopreserved sperm from 4 different bulls (white, n = 2; 
GOH, n = 2).

2.3.1.2. TLR ligand treatment. Extended semen was washed with mEQ 
supplemented with 0.1 % poly(vinyl alcohol) [PVA; mol wt 10 K] and 
resuspended to a final concentration of 5–10 million sperm per milliliter 
(M/mL). Preliminary buffer testing revealed that frozen-thawed rhino 
sperm agglutinated when washed with modified Tyrode’s medium 
(Sperm-TALP; [34])) or synthetic oviductal fluid, making these buffers 
unsuitable for use in this experiment (data not shown). We incubated 
sperm for 1 h at ambient temperature with various concentrations of a 
TLR8 ligand (0 – 30 µM Motolimod) in a 1 mL volume, then carefully 
pipetted the upper 0.5 mL (top) to separate it from the lower layer 
(bottom 0.5 mL; Fig. 1B). Each layer was evaluated on the iSperm device 
(Aidmics Biotechnology, Taipei City, Taiwan) for concentration, 
average path velocity, and total motility using the rhinoceros-specific 
software (beta ver. 5.3.50; [24]). Concentration values were used to 
calculate the proportion of total sperm present in the upper layer. 
Treated sperm were centrifuged (3000 g, 5 min), the supernatant dis
carded, and resulting pellets stored at − 20◦C until sex ratio determi
nation. This experiment was repeated five times using sperm from two 
white (n = 3 cryopreserved) and two GOH (n = 1 fresh and n = 1 
cryopreserved) rhinos.

2.3.2. Charged magnetic nanoparticles

2.3.2.1. Zeta potential measurement. Frozen-thawed semen from two 
different bulls (one each white and GOH rhino) was diluted 1:10 with 
one of six different media: two media known to be rhino sperm-friendly 
(mEQ, OptiXCell [23,24,26]) and four other media (CB, CM, TGC, and 
LHTF) used for sex-sorting sperm based on surface charge in other 
species [16,17,25], which differ in ionic composition (Supplemental 
M&M) and conductivity (Supp Table 3). We centrifuged the diluted 
sperm samples (600 g, 5 min) and resuspended the resulting sperm 
pellet in the corresponding diluting buffer to a final concentration of 
5–15 M/mL. Sperm samples were loaded into a folded capillary zeta cell 
(DTS1070; prepared according to the manufacturer’s instructions) and 
inserted into a Zetasizer Nano ZSP instrument (Malvern Panalytical Inc., 
GmbH, Kassel, Germany). We conducted four measurement runs at 
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ambient temperature for each cell (each sample was analyzed in 
duplicate) to derive the zeta potential (mV) of the sperm and the con
ductivity (mS/cm) of the buffer (Zetasizer Software, ver. 8.301.4906). 
We also assessed the surface charge of the 50 nm MNPs from Chemicell 
GmBH in various buffers (water, mHTF, mEQ, and OptiXcell extender) 
to determine if the MNPs would remain negatively charged when placed 
in different media.

2.3.2.2. MNP procedure. To optimize sperm-MNP interactions, different 
concentrations of MNPs were tested to identify conditions in which more 
than 30 % of sperm were associated with the nanoparticles (data not 
shown). Prior to incubation with sperm, the MNPs were diluted in 1 mL 
of either mEQ or mHTF, equilibrated for 30 min at ambient temperature 
with rocking, and then placed on a magnetic rack (DynaMag™-2; 
Thermo Fisher Scientific, Waltham, MA, USA). A tube without MNPs 
was included as a control to assess sperm under identical handling 
conditions without exposure to nanoparticles.

Meanwhile, sperm samples from both freshly collected (n = 5) and 
cryopreserved (n = 4) sources were washed with either mEQ or mHTF 
and resuspended to a final concentration of 80–100 M/mL. While the 
MNP-containing tubes remained on the magnetic rack, the supernatant 
was carefully removed to avoid disruption of the magnetically anchored 
nanoparticles. Sperm (0.5 mL) suspended in the matching medium was 
then added to each tube. Tubes were briefly removed from the rack and 
incubated for 5 min at ambient temperature with occasional gentle 
inversion to facilitate sperm-MNP interaction. The tubes were returned 
to the magnetic rack for 20 min to allow the sperm-MNP complexes to be 
pulled to the tube wall. The supernatant was carefully transferred to a 
new tube, i.e., the unbound fraction (Fig. 1C). To recover the presumed 
MNP-bound sperm, fresh buffer (0.5 mL) was added to the tubes and the 
contents were gently resuspended (Fig. 1C).

The concentration of sperm in the unbound fractions was assessed 
using the iSperm device and compared to the control samples (no MNP 
addition) to calculate the percentage of sperm that remained unbound 
after MNP incubation. The MNP-bound fractions were not evaluated 
because the presence of MNPs interfered with sperm concentration 
measurements. After iSperm assessment, all samples were centrifuged 
(3000 g, 5 min), the supernatant discarded, and the resulting pellets 
stored at − 20◦C for subsequent sex ratio determination. Preliminary 
testing indicated that approximately 5–10 % of the sperm remained in 
the control tubes after removal of the unbound fraction (data not 
shown). Both fractions of control samples were processed alongside the 
experimental groups for sex ratio analysis. The mEQ buffer experiment 
was repeated five times using sperm from three white rhinos (n = 4 fresh 
and n = 1 cryopreserved), whereas the mHTF experiment was repeated 
nine times using sperm from three white rhinos (n = 2 fresh and n = 3 
cryopreserved) and two GOH rhinos (n = 1 fresh and n = 1 
cryopreserved).

2.4. Determination of sex ratio in sorted samples

Total DNA was extracted from sperm using the GeneJET Genomic 
DNA Purification kit (Thermo Fisher) following the manufacturer’s 
protocols for cultured mammalian cells, with modifications as described 
by Roth et al. [35]. A negative control (PBS buffer only) was used to 
check for extraneous DNA contamination during each extraction pro
cess. Nucleic acid concentration was measured using a Nanodrop-One 
(Thermo Fisher), and samples were diluted to 3 ng/µL using TE buffer 
(10 mM Tris-HCl, 0.1 mM EDTA, pH 8.0). For quality control, DNA was 
extracted from the tissues of male and female rhinos using the same DNA 
Purification kit [35].

To determine the sperm sex ratio, gene products for proteolipid 
protein 1 (PLP1, X chromosome) and sex-determining region on the Y 
chromosome (SRY) were amplified utilizing previously validated oli
gonucleotides (Table 1; [35]). All samples were run in duplicate, while 

controls and standards were run in triplicate. The ratio of X to Y chro
mosomes in each experimental sample was calculated using the 
following equations [20,36]: Percent X (%X) = X / (X + Y), Percent Y (% 
Y) = Y / (X + Y), and X:Y ratio = %X / %Y.

For the TLR ligand samples, gene targets were amplified in separate 
reactions from a defined amount of sample, standard, or control. Stan
dards consisted of purified X and Y amplification products that were 
mixed and serially diluted (10-fold) to five concentrations, ranging from 
102 to 107 copies. Each 25 µL reaction contained 200 nM of each primer 
(forward and reverse), 1X PowerTrack+ ™ SYBR™ Green Master Mix 
(Applied Biosystems [ABI], Thermo Fisher), and 8 µL of sample, stan
dard, or control. Thermal cycling was performed on a QuantStudio 3 
real-time PCR system (ABI) using the following conditions: 50◦C for 
2 min, 95◦C for 10 min, followed by 40 cycles of 95◦C for 15 s and 58◦C 
for 60 s (acquired fluorescence). Melt curve analysis was performed to 
confirm the specificity of the amplified products and the absence of 
primer dimers.

For the MNP samples, PLP1 and SRY targets were amplified together 
in a single reaction using TaqMan probes. The PCR reaction used the 
same component concentrations as those described by Roth et al. [35]; 
however, the thermocycling conditions were modified to accommodate 
quantitative analysis. Standards were prepared by mixing synthetic DNA 
for PLP1 and SRY (gBlocks® Gene Fragment synthesized by Integrated 
DNA Technologies, Coralville, IA, USA; Supp Figs 3 & 4) and serially 
diluting the mixture to seven concentrations, ranging from 103 to 107 

copies. The thermocycling conditions were as follows: 95◦C for 10 min, 
followed by 40 cycles at 95◦C for 15 s, 58◦C for 30 s (acquired fluores
cence), and 72◦C for 60 s.

2.5. Statistical analyses

Statistical modeling was performed using SAS 9.4 software (SAS 
Institute, Inc., Cary, NC, USA). Differences were designated significant 
for P ≤ 0.05 and a tendency towards significance for 0.05 < P ≤ 0.1. 
Data were analyzed using a randomized block design with generalized 
linear mixed models (PROC GLIMMIX) with effects determined using an 
F-protected least significant difference test. The normality of data was 
evaluated using the Shapiro-Wilk test before assessing the statistical 
model results. No severe outliers or influential points were detected, and 
normality was deemed satisfactory for analyses (W > 0.9; Supp Table 1). 
Data are reported as least squares means ± SEM obtained using the in
verse link option in SAS.

Differences in extender type and sperm origin (i.e., fresh versus 
frozen-thawed) were not included in the statistical analyses due to 
limited and unbalanced sample sizes across categories. The statistical 
model for the TLR experiment included fixed effects of TLR8 ligand 

Table 1 
Sequence of oligonucleotides used for sex ratio determination.

Gene Descriptor Sequence

PLP1 Forward 
primer

5’-GCTGCCACTTACAACTTTGC− 3’

Reverse 
primer

5’-AGGTTAGAGCCTCGCTATTAGA− 3’

Internal 
probea

5’-Sun-CGTCCTTAA(ZEN™)ACTCATGGGCCGAGG- 
IowaBlack®FQ− 3′

SRY Forward 
primer

5’-ACCTTGGACTAGTAAGATAAGTTTCC− 3’

Reverse 
primer

3’-GTAATCATCGCTGCTAGATACCC− 3’

Internal 
probeb

5’-FAM-ACGGTGCCA(ZEN™)TCTTATGCTTCTGCT- 
IowaBlack®FQ− 3’

Abbreviations: PLP1, proteolipid protein 1; SRY, sex-determining region for Y
a Probe modifications indicated in bold include a 5’ fluorescent tag (SUN) and 

two dye-quenchers (internal ZEN™ tag and 3’ Iowa Black tag)
b Probe modified to have a 5’ fluorescent tag (6-FAM) and two dye-quenchers 

(internal ZEN™ tag and 3’ Iowa Black tag)
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concentration (0 – 30 µM), layer (upper vs. lower), and their interaction 
with random effects of the date of the experiment and individual rhino 
as blocking factors. The main effect of ligand concentration was not 
reported for sperm concentration due to the interdependence of upper 
and lower fractions (values sum to 100 %). The statistical model for the 
MNP experiment varied based on the response variable. For sperm 
concentration analysis, only the unbound fractions from MNP-exposed 
groups were examined, as the control values were used to calculate 
the percentages. The model included treatment as a fixed effect (each 
combination of bead size and concentration assigned a unique treatment 
ID), with the date of the experiment and individual rhino as random 
blocking effects. For the sex ratio analysis, the model included fraction 
(unbound vs. MNP-bound) and its interaction with treatment (Bead 
Size*Conc) as fixed effects, with date of experiment and individual rhino 
included as random blocking factors. Analyses were conducted sepa
rately for each buffer type (mEQ and mHTF). The main effect of treat
ment was not interpreted independently, as its biological relevance is 
contingent upon differences between the paired fractions.

3. Results and discussion

3.1. Toll-like receptor activation

3.1.1. Localization of TLR7 and TLR8
Immunofluorescence staining confirmed the presence of TLR7 and 

TLR8 in rhino sperm (Fig. 2). Negative controls (sperm exposed only to 
the detection antibody) exhibited no detectable AlexaFluor555 staining 
(Fig. 2A). A consistent expression pattern was observed across samples, 
with TLR7 primarily localized to the sperm head (90–95 %; Fig. 2B) and 
TLR8 predominantly found on the flagellum (~50 %; Fig. 2C). TLR7 
staining appeared to be associated with the acrosomal cap, as staining 
was absent in the upper head region of sperm lacking an intact acro
somal membrane. However, TLR7 staining in the lower area of the head 
persisted in all sperm, regardless of plasma membrane integrity 
(Fig. 2B). These findings align with those of Pan et al. [37], who reported 
that TLR7 was expressed in all observed canine sperm (head and tail 
regions). In contrast, others have reported TLR7 expression in only half 
of the population of bovine [38], caprine [17], and murine sperm [20].

Staining for TLR8 was localized to the flagellum and in the equatorial 
head region of rhino sperm. Notably, TLR8 expression on the flagellum 
was observed, regardless of plasma membrane integrity (Fig. 2C). 
Although the expression pattern varied slightly, previous studies have 
reported TLR8 localization to the flagella of approximately half of the 
sperm population (bovine: [19]; caprine: [17]). The disparities in the 
observed expression patterns for both TLRs may be species-specific, 
although technical differences in immunofluorescence protocols (e.g., 
antibody targets) or sperm processing (e.g., fresh versus frozen, washed 
versus swim-up, etc.) could also underlie the different findings across 
studies. Variability in the staining patterns within the same species has 
also been reported. Zhao et al. [39] observed that 100 % of murine and 
bovine sperm were positive for TLR7 expression, whereas others have 
described TLR7 to be present in only 50 % of the population [19,20,38]. 
These inconsistencies highlight the potential influence of methodolog
ical differences on receptor detection, localization, and activation.

3.1.2. Sex-sorting with TLR8 ligand
Given that TLR7 was predominantly localized to the sperm head and 

that nearly all rhino sperm expressed this receptor, a ligand specific for 
TLR8 (motolimod) was selected to test the sex-sorting procedure 
described by Umehara et al. [20]. This method relies on TLR7/8 acti
vation to reduce the motility of X-bearing sperm, stimulating the more 
motile Y-bearing cells to be in the upper layer and the less motile 
X-bearing sperm in the lower layer (Fig. 1B). Exposure to the TLR8 
ligand had no significant impact on the distribution of sperm between 
the upper and lower swim-up fractions (TLR8 x Layer interaction, 
Concentration P = 0.6942; Table 2). Sperm velocity (i.e., swimming 

speed) trended differently between layers depending on TLR8 agonist 
concentration (TLR8 x Layer interaction, VAP P = 0.0719; Table 2). This 
trend arose from two findings: first, the highest ligand concentration 
reduced the overall swimming speed (TLR8 Ligand, VAP P = 0.0010), 
and second, sperm in the upper layer swam slower than their lower-layer 
counterparts (Layer Location, VAP P < 0.0001; Table 2). The observed 
reduction in sperm velocity following TLR8 ligand treatment was 
consistent with previous findings that TLR activation affects sperm 
motility. Whether the same mechanisms observed in other species, 
particularly the suppression of mitochondrial ATP generation via 
hexokinase signaling pathways [17,20,38,40], were also affected in 
rhino sperm remains to be determined.

Although TLR8 ligand exposure reduced sperm velocity, it did not 
significantly affect the proportion of motile sperm in either layer (TLR8 
x Layer interaction and TLR8 Ligand, Motile P > 0.05; Table 2). 
Regardless of treatment, the lower layer consistently contained a higher 
proportion of motile sperm than the upper layer (Layer Location, Motile 
P < 0.0001; Table 2). These results contrast with previous reports in 
which TLR activation caused a shift of the slower swimming sperm to the 

Fig. 2. Immunofluorescent localiztion of toll-like receptors 7 and 8 on rhi
noceros sperm.Rhinoceros sperm were pre-stained with Zombie Violet (viability 
stain; depicted in blue) before mounting and methanol fixation. Afterward, 
samples were incubated with toll-like receptor (TLR) antibodies (shown in red). 
In some instances, the acrosomal membranes were stained with peanut agglu
tinin (green staining). Co-localization of TLR staining with Zombie violet ap
pears violet, whereas the overlap of TLR7 with acrosomal staining appears 
yellow. Representative images include A) Negative control (no primary anti
body), B) TLR7 localization, and C) TLR8 localization. Boxes indicate the area 
shown in the inset, which is a magnified view showing only the TLR stain
ing pattern.
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lower layer [17,19,20,37,38]. Similarly, we did not observe a selective 
effect on X-bearing sperm; the ratio of X- to Y-bearing sperm remained 
approximately 50:50 in both layers, regardless of treatment (P > 0.05; 
Fig. 3). Our findings align with those of Pan et al. [37], who reported 
slower swimming velocity but no sex-ratio differences in canine sperm 
following activation with resiquimod (R848), a ligand that activates 
both TLR7 and TLR8.

Several factors may explain why the sex-sorting effect was not 
observed with the rhino sperm. It is possible that motolimod does not 
activate rhino TLR8 in the same manner as resiquimod, which selec
tively affects X-bearing sperm motility in other species [17,19,37,41]. 
Although the TLR8 protein is highly conserved across mammalian spe
cies, variations in the ligand binding sites may lead to species-specific 
functional responses. For instance, the human TLR7-specific agonist 
imiquimod (R837) has been shown to activate both porcine TLR7 and 

TLR8 [42]. To date, the effects of motolimod on TLRs have only been 
examined in human and mouse cells [43], and its ability to activate 
rhino TLR8 may differ. The metabolic substrate within the buffer also 
may have influenced our results. The TLR-mediated sorting mechanism 
relies on selectively disrupting ATP production via the hexokinase 
pathway (i.e., glycolysis) and requires an optimal glucose concentration 
to function effectively. Umehara and others (2020; [19]) demonstrated 
that for mouse sperm, a glucose concentration of 2 mM promoted X-Y 
sperm separation, whereas media containing either 0 mM or 10 mM 
glucose resulted in less than 10 % of the total sperm in the upper layer 
under control conditions. While the absolute concentrations differ, our 
preliminary buffer testing revealed a similar pattern for rhino sperm: 
media containing 0 and 1.67 mM glucose resulted in little to no sperm 
within the upper layer, whereas the buffer used for the experiments 
(mEQ) – containing 76 mM glucose – resulted in ~43 % of the total 
sperm in the upper layer. Concentrations higher than 76 mM were not 
tested; therefore, the upper limit of glucose required to support optimal 
motility for the separation of rhino sperm remains unknown.

Although the preferred metabolic pathways in rhino sperm remain 
uncharacterized, metabolic differences between species may partly 
explain why higher glucose concentrations were required to support 
sperm remaining in the upper layer. In stallion sperm, motility can be 
sustained by glucose alone, but mitochondrial function may be impaired 
in the absence of other substrates such as lactate or pyruvate [44,45]. 
Additional research is needed to determine whether modifying energy 
substrate composition or selecting an alternative ligand could improve 
the effectiveness of TLR-mediated sorting in rhino sperm.

3.2. Charged magnetic nanoparticles

3.2.1. Zeta potential
The zeta potential (ZP; aka surface charge) of rhino sperm measured 

in six different buffers varied with the average ZP ranging from − 26.7 to 
− 10.6 mV (Supp Table 3). This fluctuation was expected, as zeta po
tential is strongly influenced by salt concentration, ionic strength, and 
the pH of the suspension medium. The range of ZP values observed was 
largely consistent with those reported for other species. For example, the 
ZP values of rhino sperm in the chamber buffer ranged from − 31 to 
− 12 mV, which aligns with the reported values for human sperm in the 
same buffer (-22 to − 14 mV; [23]). However, unlike human sperm, 
which display two distinct ZP peaks [23], rhino sperm exhibited a 
continuous distribution of values (Supp Fig 5), a pattern more consistent 
with previous findings in bovine sperm [46]. The absence of two distinct 
peaks in our study is not necessarily problematic, as bovine sperm have 
been successfully sorted by surface charge using electrophoretic tech
niques [22,29].

We also assessed the surface charge of magnetic nanoparticles under 
various buffer conditions as MACS relies on negatively charged nano
particles to selectively associate (i.e., bind) with the presumed more 
positively charged Y-bearing sperm, thereby enriching the unbound 
fraction with X-bearing sperm (Fig. 1C). Magnetic nanoparticles 
retained their negative charge when placed in mEQ (mean ZP =
− 25.2 mV) and mHTF (mean ZP = − 26.1 mV; Supp Table 4). However, 
in OptiXcell extender, they exhibited a shift toward a more positive 
charge (mean ZP = − 2.9 mV; Supp Table 4), which would likely inter
fere with their ability to selectively associate with Y-bearing sperm. This 
finding suggests that OptiXcell would be unsuitable for the enrichment 
of X-bearing sperm via the MACS method.

3.2.2. Sex-sorting with charged MNPs
These experiments were conducted as proof of concept to evaluate if 

MNPs could be used to selectively enrich for X-bearing sperm. The pri
mary focus was on assessing sperm distribution and sex ratio outcomes 
rather than evaluating the potential effects of MNP exposure on sperm 
quality. The percentage of sperm remaining in the unbound fraction 
significantly varied based on bead size and concentration across both 

Table 2 
Effect of toll-like receptor 8 (TLR8) ligand concentration on distribution and 
mobility characteristics of rhinoceros sperm in upper and lower layers after 1 h 
incubation.

Concentrationa

(%)
VAP2 

(µm/s)
Motile3 

(%)

TLR8 ligand ​ P = 0.0010 P = 0.1827
0 µM n.a. 27.22 ± 6.1 A 30.84 ± 15.5
0.03 µM n.a. 24.89 ± 6.2 A 33.22 ± 15.5
0.3 µM n.a. 26.56 ± 6.2 A 31.75 ± 15.5
3 µM n.a. 27.50 ± 6.2 A 32.79 ± 15.5
30 µM n.a. 18.44 ± 6.2B 26.22 ± 15.6
​ ​ ​ ​
Layer Location P < 0.0001 P < 0.0001 P < 0.0001
Upper 41.74 ± 1.5B 20.50 ± 6.1B 23.88 ± 15.5B

Lower 58.26 ± 1.5 A 29.34 ± 6.1 A 38.05 ± 15.5 A

​ ​ ​ ​
TLR8 ligand x Layer P = 0.6942 P = 0.0719 P = 0.1427
0 µM Upper 40.66 ± 2.4 21.19 ± 6.2 21.55 ± 15.5
​ Lower 59.34 ± 2.4 33.25 ± 6.2 40.13 ± 15.5
0.03 µM Upper 40.41 ± 3.4 21.22 ± 6.3 24.60 ± 15.6
​ Lower 59.59 ± 3.4 28.57 ± 6.3 41.84 ± 15.6
0.3 µM Upper 40.59 ± 3.4 23.65 ± 6.3 22.83 ± 15.6
​ Lower 59.41 ± 3.4 29.46 ± 6.3 40.67 ± 15.6
3 µM Upper 42.24 ± 3.4 20.01 ± 6.3 27.26 ± 15.6
​ Lower 57.76 ± 3.4 34.90 ± 6.3 38.32 ± 15.6
30 µM Upper 44.80 ± 3.8 16.36 ± 6.4 23.14 ± 15.7
​ Lower 55.20 ± 3.8 20.53 ± 6.4 29.31 ± 15.7

Data associated with this table can be found in supplemental tables file.
n.a. = not applicable; see statistical analysis section for explanation

a Percent of total sperm recovered; 2Average path velocity (µm/s); 3Percent of 
sperm with a VAP > 5 μm/s. A-BFor each effect where P ≤ 0.05, the means within 
the same column that do not share a superscript letter differ significantly.

Fig. 3. Effect of toll-like receptor 8 (TLR8) ligand on distribution of X-bearing 
sperm. The ratio of X to Y-bearing sperm in each layer (upper layer, lower 
layer) after incubating rhinoceros sperm for 1 h with varying concentrations of 
motolimod (VTX-378), a ligand specific for TLR8. Data associated with this 
figure can be found in the supplemental tables file.
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buffer types. In mEQ buffer, the percentage of sperm remaining in the 
unbound fraction ranged from 55.28 % to 79.5 % (Bead Size*Conc, 
P = 0.0154; Supp Table 5), whereas in mHTF buffer, approximately half 
of the sperm remained unbound following incubation with the MNPs 
(range 36–56 %; Bead Size*Conc, P = 0.0361; Supp Table 6). These 
differences were expected, as the MNP concentrations were selected to 
result in at least 30 % of the sperm associating with the MNPs, consistent 
with previous studies utilizing negatively charged nanoparticles for sex- 
sorting [24–26].

For the sex ratio analysis, no significant differences were observed 
across treatment conditions in either fraction when using either mEQ or 
mHTF media (Bead x Fraction interaction, P > 0.05; Fig. 4). Therefore, 
the effects of the fraction were evaluated independently. In mEQ, there 
was a tendency for the unbound fraction to contain more Y-bearing 
sperm (X:Y ratio = 0.978 ± 0.01) compared to the MNP-bound fraction 
(X:Y ratio = 1.016 ± 0.01), regardless of treatment conditions (Fraction, 
P = 0.0667; Fig. 4A). However, the observed differences in sex ratio 
were minimal, less than a 1 % shift in the amount of X-bearing sperm, 
and are unlikely to have biological relevance. In mHTF, no significant 
differences in sex ratio were detected between fractions (Fraction, 
P = 0.9301; Fig. 4B). With both media, a small number of sperm were 
recovered from the ’MNP-bound’ fraction in control tubes lacking 
MNPs, likely due to water tension or non-specific adherence to the tube 
surface. Such nonspecific retention may also account for a portion of the 
sperm recovered in the MNP-bound fractions from treated samples. 
However, the consistency of low skewing across treatments within each 
fraction and the minimal overall shift in sex ratio suggest that this 
contribution was negligible.

Despite achieving sperm association with MNPs, the expected 
enrichment of X-bearing sperm in the unbound fraction was not 
observed. This result contrasts with a previous study on donkey sperm, 
which reported enriching for X-bearing sperm with a 90 % efficiency 
[24]. The discrepancy could be due to the difference in how the sex ratio 
of the sorted population was assessed; Dominguez et al. [24] relied on a 
shift in the average fluorescent intensity in the sperm population as 
detected by flow cytometry, whereas we quantified the number of X and 
Y chromosomes. Although we did not observe that MNP exposure 
physically separated sperm based on sex chromosome content, it is 
possible that it could have selectively affected the fertilization potential 
of the Y-bearing sperm, as suggested by Naar-Esfahani et al. [47]. 
Human sperm subjected to selection based on zeta potential using a 
charged tube instead of MNPs resulted in more female babies compared 
to the non-sorted sperm (63.6 % vs. 38.5 %, respectively) without a 
significant change in the ratio of X to Y-bearing sperm [47]. This finding 
could explain why horse sperm sorted using charge MNPs and then used 
for AI resulted in 95 % of the pregnancies being female, as confirmed by 
ultrasound [25]. In vitro fertilization with MNP-sorted rhino sperm 
would be necessary to determine whether a similar effect occurs, but this 
is not currently feasible due to the significant financial and biological 
resource investment required [48].

4. Conclusions

Although we conclusively demonstrated the presence of TLR7 and 
TLR8 in rhino sperm and recorded similar surface charges for rhino 
sperm as reported for other species, we were not successful in using 
these characteristics to sort X- from Y-bearing cells. However, there are 
numerous potentially confounding factors, as discussed, and the impacts 
of methodologies should not yet be ruled out. Further research to better 
understand the fundamental physiology of rhino sperm could be valu
able in designing protocol modifications more conducive to effectively 
sorting their sperm via these innovative methodologies. This study 
highlights both the potential and the challenges associated with alter
native sperm sex-sorting techniques and provides valuable insights into 
the physiological and methodological factors that must be considered 
when optimizing sex-sorting strategies.
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