REVIEW

ADVANCED
NANOBIOMED
RESEARCH

www.advnanobiomedres.com

Sex-Based Differences in the Biodistribution of
Nanoparticles and Their Effect on Hormonal, Immune,

and Metabolic Function

Maria Poley, Gal Chen, Noga Sharf-Pauker, Aviram Avital, Maya Kaduri, Mor Sela,
Patricia Mora Raimundo, Lilach Koren, Sivan Arber, Egor Egorov, Janna Shainsky,

Jeny Shklover, and Avi Schroeder*

Males and females respond differently to medications due to physiologic, met-
abolic, and genetic factors. At times, sex-related differences cannot be mitigated
by dose adjustment to body mass, and are evident from the tissue level to the
single cell. The rising number of clinically approved nanotechnologies calls for
assessing how their activity is affected by the patient’s sex. Herein, sex differ-
ences in nanotechnology are scoped, with emphasis on molecular considera-

have added another level of complexity
in assessing how sex affects nanoscale
drugs in the body. Despite the increased
awareness for including sex as a biological
variable, the influence of sex on nanotech-
nologies’ fate in the body is not well
understood.”) From a historical perspec-
tive, only in 1993 the US Food and Drug

tions. Sex-specific pharmacokinetics of nanocarriers is influenced by the
nanoparticle’s composition, its size, and architecture. The biodistribution and
immune response to nanoparticles in males and females, and the influence
nanoparticles have on hormones, fertility, and toxicity, are discussed. Despite its
importance, the effect of sex on the design and implementation of nanomedi-
cines is underresearched. Herein, it is aimed to raise awareness of sex differences

in the preclinical and clinical evaluation of nanotechnologies.

1. Introduction

Sex-related response to some medications is associated with
genetic, anatomical, and molecular differences between females
and males.'! New nanotechnology applications in medicine!

M. Poley, G. Chen, M. Kaduri, M. Sela, P. M. Raimundo, L. Koren, S. Arber,
E. Egorov, . Shainsky, J. Shklover, A. Schroeder

Laboratory for Targeted Drug Delivery and Personalized Medicine
Technologies

Department of Chemical Engineering

Technion — Israel Institute of Technology

Haifa 32000, Israel

E-mail: avids@technion.ac.il

N. Sharf-Pauker, A. Avital

The Norman Seiden Multidisciplinary Program for Nanoscience and
Nanotechnology

Technion — Israel Institute of Technology

Haifa 32000, Israel

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/anbr.202200089.

© 2022 The Authors. Advanced NanoBiomed Research published by
Wiley-VCH GmbH. This is an open access article under the terms of
the Creative Commons Attribution License, which permits use,
distribution and reproduction in any medium, provided the original
work is properly cited.

DOI: 10.1002/anbr.202200089

Adv. NanoBiomed Res. 2022, 2, 2200089 2200089 (1 of 13)

Administration (FDA) lifted restrictions
that excluded females from participating
in most clinical trials.*] As a result, it
was found that some drugs affect females
differently than males, at times, resulting
in severe adverse effects seen primarily
in females.® This was followed by chang-
ing the dosing regimens, or even with-
drawal, of drugs, which imposed risks to
females’” health.!! For example, the antihis-
tamine terfenadine and the drug cisapride
monohydrate, which increases gastrointestinal contractions,
were both found to cause potentially fatal arrhythmias in
females.”’ This prompted the study of how physiological differ-
ences between males and females impact pharmacological
responses.®! In 2013, the doses of zolpidem-based products were
lowered for females, but not for males, following unexplained car
accidents involving female drivers that fell asleep at the wheel.”)
Although sex-related differences encouraged a change in drug
dosing between sexes, they were mainly addressed by merely
adjusting the dose according to the patient’s body mass or body
surface area.'” However, not all sex differences can be addressed
in this manner. More specifically, hormonal, genetic, immuno-
logical, and other molecular differences also govern sex-specific
responses and pharmacokinetics (PK) profiles.!'!]

Sex differences also affect the biodistribution and clearance of
nanoparticle drugs (Figure 1, Table 1). Generally, drug delivery
using nanocarriers can alter the PK profile,? lower drug
toxicities,**) protect delicate biological cargos, and prolong
circulation time, thereby expanding the therapeutic window.™*!
The biodistribution and PK of nanoparticles in the body are pri-
marily affected by the nanoparticle’s properties (composition,
size, charge, surface modifications, and stability), rather than
the loaded drug.***®! Nonetheless, sex plays an essential physi-
ological role in influencing nanoparticles’ fate in the body as well.
A recent article published by our group reveals that the
ovulation cycle affects nanoparticles’ accumulation in the female
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Figure 1. Sex differences affecting PK of nanocarriers.

reproductive  system.*®!  Furthermore, there are several
indications for sex differences in the literature, for example,
liposomes loaded with topoisomerase-1 inhibitor (CKD602), or
topotecan, for cancer treatment of neuroblastoma and carci-
noma, had slower clearance rates in female rats compared to
male rats, postintravenous (i.v.) administration.’”! Similarly,
the administration of liposomal doxorubicin resulted in slower
blood clearance rates in female rats and in humans compared
to males.!'®

Alternatively, nanotechnology can help mitigate sex differen-
ces associated with the PK of free drugs. For example,
cannabidiol (CBD), delivered orally in its free form, had higher
bioavailability in females compared to males.*>) However, when
CBD was delivered using 40-50 nm micelles, composed of veg-
etable oils and fatty acids, the sex differences were less evident. [46]
Contrarily, although the PK of lipid nanoparticles containing
siRNA targeting both vascular endothelial growth factor
(VEGF) and kinesin spindle protein (a motor protein involved
in the mitosis process) showed similar PK in both sexes, the
intravenous administration resulted in higher liver toxicity in
male rats compared to female rats.*”! In this case, sex-related
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metabolic differences induced difference in toxicity after the
siRNA was released from the nanoparticles regardless of the
similar PK profile.*”! The most up-to-date example is the lipid
nanomedicine-based COVID19 vaccine. It was reported that
females have a stronger immune response which leads to
increased vaccine efficacy and that there are sex differences in
several adverse reactions.””) A proof-of-concept study showed
that the sex-dependent response to the vaccine is related to differ-
ences in the uptake of the nanoparticles by female and male nat-
ural killer (NK) cells.*®!

Previous reviews in the field have shed some light on how bio-
logical sex is considered in clinical trials of nanomedicine and
their design,!*! and provide a detailed comparison between male
and female differences at a molecular level.*® Here, we address
the main findings that are reported in the literature regarding sex
differences in nanomedicine and derive conclusions based on
pooling all the available data together. We discuss how sex affects
the PK and toxicity of nanoparticles (Figure 1, Table 1), key
sex-related proteins (Table 2), and hormonal differences
(Figure 2, Table 3) and main sex-related considerations regarding
nanoparticles” design (Figure 3, Table 4).
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Table 1. Sex-related PK and toxicity differences by nanoparticle type.

www.advnanobiomedres.com

Nanoparticle type Average size Model Administration Sex-related PK Sex-related toxicity Ref.
[nm] route
Metallic nanoparticles
Silver nanoparticles 54.5 Zebrafish Oral Male gut microbiome showed decrease in N/A [19]
(AgNPs) richness and diversity while the female’s
remained unchanged
60 Rats Oral Higher accumulation in female kidneys, N/A [20]
urinary bladder, and adrenal glands
compared to males
5-150 Rats Inhalation Higher accumulation in female kidneys. N/A [21]
Gene expression in the kidney was sex-
specific
21.8 Mice v Slower clearance in females. Higher N/A [22]
accumulation in lungs and kidneys of
female mice compared to males
AgNPs coated with 14.9 and 37.7 Rats v Higher accumulation in male liver Female liver showed higher [23]
albumin oxidative stress reaction
AgNPs coated with 8.6 N/A Female liver showed oxidative
polyvinylpyrrolidone stress reaction that was not seen in
males
AgNPs coated with 50 Smallmouth In vitro NPs gained sex-specific protein corona - [24]
polyvinylpyrrolidone bass fish plasma
PEGylated gold 4.4,225, 293, Mice IP Female had higher kidney clearance Male mice suffered from increased  [25]
nanoparticles AuNPs and 36.1 liver damaged compared to
females, while females suffered
from increased kidney damage.
Immune response only in male
mice.
PEGylated AuNPs (with 14 Male mice only v Amine-modified NPs induced increase in N/A [26]
and without amine testosterone levels
modification)
AuNPs 1.4, 18, 80 Female tats only v Higher accumulation in the reproductive N/A [27]
system of pregnant rats compared to
nonpregnant rats
Titanium dioxide <25 Rats Oral Significant hormonal changes in males  Inflammatory reaction reported in  [28]
nanoparticles and females female rats
6 Female mice Oral Imbalance in progesterone and estrogen Ovarian damage [29]
only production
N/A Female mice, N/A N/A Disrupt female follicles causing  [30]
male rats reproductive dysfunction; reduce
sperm motility in males
Aluminum oxide 40 Mice Inhalation Sex-specific gene expression N/A [31]
nanoparticles
Copper nanoparticles 23.5 Mice Oral N/A Greater liver, kidneys, spleen, and  [32]
gastric toxicity in males than
females
Nickel nanoparticles 90 Rats Oral Male rats had lower levels of FSH and Decreased fertility for both males  [33]
testosterone and, and females showed and females; males damaged
from lowered estrogen levels and high sperm motility
levels of FSH and LH
Cerium dioxide 2-5 Male mice only Oral Elevation in testosterone and LH levels N/A [34]
nanoparticles
Semiconductor nanoparticles
Carbon black 14, 56, 95 Male mice only Intratracheal Elevated serum testosterone levels only N/A [35]

nanoparticles

Adv. NanoBiomed Res. 2022, 2, 2200089
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after exposure to NPs under 95 nm
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Table 1. Continued.
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Nanoparticle type Average size Model Administration Sex-related PK Sex-related toxicity Ref.
[nm] route
Carbon nanotubes Diameter - Male mice only \% Carbon nanotubes accumulated in the ~ Accumulation of carbon nanotubes  [36]
20-30 Length - testes without affecting sex hormone in the testes results in oxidative
500-2000 levels, sperm health and male mice stress and reduced the thickness of
fertility. seminiferous epithelium in the
testes; damage was reversible.
Quantum dots 2-3 Human In vitro Uptake is cell-origin (XX or XY) - [37]

amniotic stem
cells and salivary
gland primary

fibroblasts
Silicon oxide 46, 432, Mice v
nanoparticles mesoporous

466
70 Zebrafish blood Incubation
plasma

Lipid nanoparticles
ALN-VSP (siRNA in 80 Rats I\
liposomes)
S-CKD602 (PEGylated 100 Rats I\
liposomal formulation of
CKD-602)
TLI (liposomal 100 Rats \%
topotecan)
IHL-305 (liposomal 100 Humans \Y
irinotecan)
Polymeric nanoparticles
PEG-b-PLA 50 Neonatal female IP
(polylacticacid) rats only
nanoparticles
Doxorubicin-loaded 94 Mice, rats, and [\
poly(lactic-co-glycolic) rabbits
(PLGA) nanoparticles
Protein-based nanoparticles
Abraxane nanoparticle 130 Rats and \%
albumin-bound humans

paclitaxel (ABI-007)

dependent. Female human amniotic stem
cells (hAMSC) displayed higher Qdot
uptake compared to male cells. The
opposite was found for primary
fibroblasts derived from salivary gland.

N/A Porosity of silica NPs altered the  [38]
maximum tolerated dose (MTD),
and higher values of MTD were
observed in female mice versus
male mice for all sizes of silica NPs.

NPs gained sex-specific protein corona. - [39]
Leukocytes preferentially accumulated on
female-specific protein corona covered

NPs.

No differences in PK More severe liver toxicity for male  [40]

rats
1.2-fold slower clearance in female rats N/A 7
compared to male rats
1.4-fold slower clearance in female rats N/A 7

compared to male rats

1.5-fold higher distribution volume of the N/A [41]
drug in males compared to females

Increased progesterone levels Disruption in ovulation cycle [42]

N/A Decreased leukocytes count and  [43]
faster weight loss for females
compared to males

Significantly higher renal extraction in N/A [44]
female rats compared to male rats. These
finding were not observed in humans.

2. Factors Affecting Sex-Specific Nanoparticle
Biodistribution

The biodistribution of nanoparticles greatly depends on their
physicochemical properties and stability after encountering the
biological environment."** Therefore, differences in biological
parameters between males and females, such as biochemical
and physiological differences including immune differences,
sex-specific protein coronas, polyethylene glycol (PEG) antibod-
ies, and even cell-origin (XX or XY), can all impact nanoparticle
biodistribution.

Adv. NanoBiomed Res. 2022, 2, 2200089 2200089 (4 of 13)

2.1. Sex-Dependent Immune Cell Activation

The mononuclear phagocytic system (MPS), composed of phago-
cytic cells such as blood monocytes and Kupffer cells of the liver,
encounters nanoparticles in the body following intravenous or
other administration routes. The MPS cells engulf nanoparticles
by recognizing complement activating proteins (opsonins) and
other adherent proteins on the nanoparticles’ surface after enter-
ing the systemic circulation.””) Females have been shown to have
lower MPS function than males, resulting in slower clearance
rates of liposomes in females after i.v. administration.['84%>*
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Table 2. Sex-specific proteins that affect nanoparticles’ PK.
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Type Function F/M Effect of nanoparticles’ PK Ref.

Metallothionein Metal-binding protein, Higher in F Silver nanoparticles had higher accumulation in female [20,51]
transport protein rat kidneys compared to male rat.

Apolipoprotein E (e2/e3 genotype) Lipid metabolism Higher in M Lipid carriers can be trafficked by Apolipoprotein E [52]

and hepatic lipase and metabolized by lipases

Myeloperoxidase Peroxidase enzyme in neutrophils Higher in F Degradation of carbon nanotubes [53]

Vitellogenin Egg yolk precursor protein in vertebrates - Female-specific protein corona on SiO, nanoparticles [24,39]

and silver nanoparticles

Zona pellucid Egg-related protein - Female-specific protein corona silver nanoparticles [24]
Fetuin Binding and transport protein - Male-specific protein corona silver nanoparticles [24]
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Figure 2. Influence of sex hormones in nanotherapeutics. A) Sex hormones route in males and females. LH and FSH are released from the pituitary
gland in the brain resulting in sequential release of estrogen and progesterone in females and testosterone in males. B) The mutual influence between sex
hormones and nanoparticle administration. C) Representative sex-specific conditions that should be taken into consideration with nanotechnologies.

In accordance, testosterone levels, which are high in males,
positively correlated with MPS levels and enhanced clearance
rates of PEGylated liposomal doxorubicin from the blood.*®
Furthermore, female sex hormones, such as estrogen, were
found to reduce transcription of central activating receptors in
monocytes, thus suppressing their activity invitro.®” On the

Adv. NanoBiomed Res. 2022, 2, 2200089 2200089 (5 of 13)

other hand, the phagocytosis and macrophage activation is
higher in females,'** possibly sequestering the nanoparticles
for prolonged periods in an inactivated form./®”!

In addition to MPS function, other immune differences occur
between sexes. For example, neutrophil levels in females were
increased after i.v. administration of silver nanoparticles while
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Table 3. Sex-specific hormones affected by nanoparticles.

Hormone  Ref.
level

Nanoparticle type

FSH Titanium dioxide nanoparticles Fl [29]
Nickel nanoparticles F1 M| [33]

Testosterone Nickel nanoparticles M| [33]
Cerium dioxide nanoparticles M1 [34]

Titanium dioxide nanoparticles Fl M7 [28]

Carbon black nanoparticles (below 95 nm) M1 [35]

PEGylated amine-modified gold nanoparticles M1 [26]

Estrogen Nickel nanoparticles Fl [33]
Titanium dioxide nanoparticles F1 [29]

LH Nickel nanoparticles F1 [33]
Titanium dioxide nanoparticles Fl [29]

Cerium dioxide nanoparticles M7 [34]

Progesterone Titanium dioxide nanoparticles Fl [29]
polymeric PEG-b-PLA (polylacticacid) F1 [42]

nanoparticles

Hepatic function
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distribution to the liver
compared to Females

Renal function

Females have higher
nanoparticles distribution to
the kidenys compared to males

Clerance Rate
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Figure 3. Main considerations of sex-differences in in nanotechnology
implementation and design.

neutrophil counts in males decreased.®" Intravenously adminis-
tered mesoporous silica nanoparticles instigated sex-specific
immune response in the form of helper-T-cell activation, which
was influenced by sex hormones, leading to a higher maximal
tolerated dose in male mice.*® PEGylated gold nanoparticles
(sized 4-36 nm) induced inflammatory reactions in male mice
only, leading to increased white blood cell count.” In contrast,
25 nm titanium dioxide nanoparticles increased white blood cell
counts exclusively in females.[?®

Adv. NanoBiomed Res. 2022, 2, 2200089 2200089 (6 of 13)
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2.2. Sex-Specific Protein Corona

Once a nanoparticle enters the bloodstream, it encounters
proteins that form aggregates on its surface, coined “protein
corona,” affecting Dbiodistribution, PK, trafficking, and
nanotoxicity.*? Sex-specific protein coronas arise due to differ-
ences in the composition of serum proteins between males and
females. Proteome profiling of healthy individuals reveals abun-
dant sex-specific serum proteins such as estrogen regulators and
breast cancer-related proteins in females, and male sex hormone
regulators in males.®*! The protein corona can promote the type
of interaction a nanocarrier will have with different cells in the
body®? For example, a study performed on zebrafish showed
that SiO, nanoparticles had different protein coronas after
incubation with female versus male plasma.?®! Female protein
coronas included vitellogenin—an egg yolk precursor protein,
while the male protein corona included fetuin, which is a binding
protein.**) These biological tags triggered leukocytes to preferen-
tially accumulate on female specific protein coronas.*! Similarly,
when silver nanoparticles were introduced into female plasma,
aggregation of zona pellucid and vitellogenin (egg-related
proteins) occurred on the nanoparticles’ surface. It was sug-
gested that this led to nanoparticle accumulation in the reproduc-
tive system, resulting in higher toxicity to female fish.”**.
Interestingly, proteomic analysis of silver nanoparticles incu-
bated in human plasma demonstrates that 70% of the proteins
comprising the corona were shared between sexes compared to
only 40% of shared proteins after incubation with fish plasma.*

Sex-specific protein coronas slowed the blood clearance rate
of silver nanoparticles in female mice compared to males.*”!
Furthermore, a higher accumulation of silver nanoparticles
was recorded in the lungs and kidneys of female mice compared
to the male mice.”” Another study demonstrated that albumin-
coated silver nanoparticles accumulated in higher amounts in
male rats’ livers than female rats.[?®! A different approach exploits
nanoparticle—protein corona interactions to serve as a diagnostic
tool.°*) Liu and co-workers leveraged these unique interactions
combining mass spectrometry and deep proteome profiling to
distinguish between healthy and diseased blood samples.®®
As sex alters specific protein coronas such as sex hormone
regulators, detection should consider sex differences when pro-
posing a disease-associated protein corona profile. For example,
distinguish interactions will apparently be detected in males and
females when diagnosing sex-dependent disease expression.”!
These studies demonstrate that sex-specific and nanoparticle-
specific protein coronas affect nanoparticles’” PK in the body
and should be accounted for in medicinal nanoparticles’
engineering.

2.3. Anti-PEG Antibodies

PEG is used in many nanoformulations to extend circulation
time and improve nanoparticle stability. Anti-PEG antibodies
can be found in healthy individuals after exposure to PEG in
beauty products, medicines, and personal care. Anti-PEG
antibodies will bind to PEGylated-moieties introduced into the
bloodstream and alter their biodistribution and PK, leading to
accelerated blood clearance.®® Many modern nanocarriers are
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Table 4. Main considerations of sex differences in nanotechnology.
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Consideration Evidence Possible outcome Ref.
Females have slower overall General slower clearance Higher chance of toxicity for females, [17,18]
clearance of nanoparticles Lower MPS function greater efficacy for females [18a,41,54]
Female-specific protein corona [22]
Females have higher Higher accumulation at the kidneys Nanoparticles’ metabolism and [20-22]
nanoparticles’ distribution to Greater kidneys toxicity and damage elimination in females are mainly by [25]
the kidneys compared to the renal route
Dominant renal excretion [44a]
males
Higher levels of metal-binding proteins (metallothionein) [20,51]
Males have higher Higher accumulation at the liver Nanoparticles’ metabolism and [23,25]
nanoparticles’ distribution to Greater liver toxicity and damage elimination in males are mainly by the [23,25,40]
the liver compared to hepatic route. In addition, the lower
Testosterone stimulates renal function . . . [20]
females accumulation at the kidneys is due to
Higher glomerular filtration higher activity of renal function. [53]
Higher levels of ApoE [52a,56]

functionalized with PEG to increase circulation time and hence
increase therapeutic efficacy.'**! Recently, it was discovered
that anti-PEG antibodies are generated after the administration
of PEGylated nanoparticles.”” Repeated exposure to PEGylated
drugs resulted in faster clearance through the MPS and prema-
ture drug release, therefore suppressing the benefits of nanother-
apeutics.”!! Anti-PEG antibodies may also be the reason behind
adverse infusion reactions seen in a small fraction of patients
after administering PEGylated nanotherapeutics.”® In one
study that looked at 20 human serum donors, more than 50%
of samples were positive to anti-PEG2000 IgM and 20% to IgG.
The overall prevalence of anti-PEG antibodies was higher in
females as serum antibodies reacted against PEG alone and
PEGylated liposomes. Surprisingly, when serum samples were
incubated with only PEGylated liposomes, antibody reaction
was obtained only in female samples.”® A separate study that
evaluated preexisting IgG and IgM antibodies against PEG in
1504 patients corroborated these results.”? Sex differences in
anti-PEG antibodies should be further evaluated to better under-
stand how they affect nanomedicine’s efficacy and fate in the
body.”*!

2.4. Cell XX, XY Chromosomes Affect Nanoparticle Uptake

The influence of cell-origin (XX or XY) on nanoparticle uptake is
considered one of the predominant overlooked features in the
bio—nano interface.”* Cell-origin has an impact on the molecular
function and cytoskeletal organization of the cell.”” A recent
study showed that quantum dot (Qdot, 2-3 nm) uptake is cell-
origin (XX or XY) and type dependent.*” Female human amni-
otic stem cells (hAMSC) displayed higher Qdot uptake compared
to male cells.*”! The opposite was recorded in primary fibroblasts
derived from the salivary gland, favoring male cells. Variations in
the secretion of cytokines, cytoskeleton, and mitochondrial
changes have all been suggested to affect sex differences in nano-
particle uptake.®”? An additional theory for these differences may
be related to autophagy, the natural process of protein and
organelle turnover inside the cell, which is impacted by sex.”®!
Under similar stress conditions, female cells tend to survive
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longer due to increased activation of autophagic response, com-
pared to male cells, where an increase in apoptotic signals results
in cell death.”®) Nanoparticles’ internalization by cells can lead to
altered trafficking pathways, which manifest differently in female
and male cells.’””! Therefore, the development of sex-specific
formulations to address differences at the cellular level may
improve the therapeutic activity.

2.5. Physiological Sex Differences

Physiological differences between sexes also affect the distribu-
tion and PK of drugs. The blood volume, cardiac output (the
blood volume pumped by the heart to the organs), and average
blood flow to organs are higher in males, affecting both drug
distribution and clearance." For example, silver nanoparticles
had higher accumulation in female rat kidneys when compared
to male rat kidneys.”” Renal clearance is dependent on the
glomerular filtration rate, which is higher in males than in non-
pregnant females.""™ However, Sparreboom et al.l***) observed
that Abraxane elimination via renal excretion was significantly
higher in female rats than in male rats. Interestingly, when
implementing the same treatment in humans, no differences
were recorded.**! Liposomal irinotecan administered intrave-
nously to patients with solid ovarian, breast, and lung tumors
showed 1.5-fold higher V4 in males compared to females due
to greater blood volume in males.*"! On average, females have
a higher body fat content (16.5 kg) relative to males (13.5kg),
which increases the volume of distribution (Vy) of lipid-soluble
drugs."™® Contrarily, males have higher average body-water
content that results in increased Vj of water-soluble drugs or
nanocarriers. For example, liposomes, lipid-based vesicles, were
shown to favor fat tissue uptake, relative to muscle.”®! Another
key difference is the reproductive system in males and females.
One of the main examples is the mucosal layer in the female
reproductive system which is often targeted as a promising
delivery route.”?) There are currently several nanotechnology
applications that deal specifically with reproductive health and
are designed by targeting either male or female reproductive
tract.’®%
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3. Sex-Specific Metabolism and Excretion of
Nanoparticles

Hepatic metabolism depends on enzyme activity, which differs
between females and males.''“#! Cytochrome CYP3A4, a liver
enzyme involved in the metabolism of 30% of clinically used
drugs, is more active in females.®? In contrast, CYP2D6, which
is involved in the metabolism of 20% of drugs, is more active in
males.""*3183] Injections of PEGylated liposomes induced the
expression of CYP450 enzymes, resulting in faster nanoparticle
clearance from the system circulation.®* This, along with sex-
specific CYP450 enzyme activity, may be a factor in a sex-related
variance of nanoparticle PK. Moreover, it was shown that
Apolipoprotein E-dependent hepatic lipase activity is increased
by 30% in males compared to females.® As lipid carriers are
often trafficked by ApoE and metabolized by lipases;**" this
may cause metabolic variations in lipid nanoparticle clearance
between males and females.”® Another example of proteins
affecting nanoparticles’ traffic in the body is specific metal-
binding proteins, such as metallothionein. These proteins are
found in higher concentrations in females than males?®>"!
and were suggested to cause higher accumulation of silver
nanoparticles in female rat kidneys when compared to male
rat kidneys.*”!

The metabolism of nanoparticles depends on their composi-
tion and properties. Inorganic nanoparticles, such as metallic
nanoparticles, quantum dots, and silica, may remain in the body
for prolonged periods of time.®®! Organic nanoparticles such as
liposomes and polymeric nanoparticles are biodegradable and
subject to additional sex-dependent excretion pathways.!'!>
For example, carbon nanotubes are degraded by the enzyme
myeloperoxidase inside neutrophils.’** Females present a
higher intracellular concentration of myeloperoxidase, thereby
possibly favoring the degradation of carbon nanotubes in a
sex-specific manner.®”)

4. Sex Differences in Oral and Inhaled
Administration of Nanoparticles

Females have a longer mean transit time in the gastrointestinal
tract (91.7 h) than males (44.8 h),®® which can lead to increased
nanoparticle absorption and subsequent exposure to higher drug
concentrations.®” Orally delivered nanotherapeutics are subject
to gastric degradation and clearance through the feces.®®
Nanoparticles that evade secretion are absorbed into the systemic
circulation and lymphatic systems through Peyer’s patches and
other regions in the intestine wall (size range of 50-200 pm).*”
Intestine motility and transit times change during the female
menstrual cycle, being longer after the ovulatory phase.*"
This also differs between fertile and postreproductive (meno-
pausal) females, where longer transit times were recorded in
the former.”" Furthermore, gastric fluid in the stomach is more
acidic in males (pH = 1.92) than in females (pH = 2.59).°" This
may be critical when pH-responsive nanoparticles are used for
gastric delivery,®® or when nanocarrier stability has to be
maintained within the harsh gastric environment.®*

The gut microbiome also plays a role in differences in
nanoparticle absorption. The levels of fecal bifidobacteria, a
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gut microbiota, are higher in females. At the same time,
Bacteroides and Prevotella are higher in males.” Another essen-
tial consideration is sex-related differences in gastric enzymes
such as alcohol dehydrogenase, whose activity is lower in females
than in males, or glutathione- S-transferase, which is more active
in females than in males.'" Gastric enzymes and the gut
microbiome are responsible for gut-protein corona formation
on the nanoparticles’ surface, affecting their colloidal stability
and absorption.!”® For example, in zebrafish orally administered
silver nanoparticles showed that the male gut microbiome was
affected while the females’ remained unchanged. The interaction
of nanoparticles with the gut microbiome is currently the
subject of multiple studies, promising to shed light on these
interactions.?”!

Generally, metabolomics analysis implied sex-dependent gene
expression after respiratory inhalation of aluminum oxide
nanoparticles.*" Similarly, a different publication showed sex-
dependent gene expression patterns in rat kidney cells after
prolonged exposure to silver nanoparticles.*'! A total of 163
genes showed sex-related differences, where male-predominant
gene expression was related to metabolic enzymes, while female-
predominant genes were related to extracellular signaling.[?"]

5. Sex Hormones and Fertility

Sex hormones have distinct expression patterns in males and
females.”®! The hypothalamic—pituitary—gonadal axis regulates
sex-hormone production (Figure 2A), impacting multiple
pathways, such as fertility, the immune system, and drug
metabolism.”

Nanoparticle administration may affect the levels of sex
hormones and alter hormonal activity®® (Figure 2B, Table 3).
For example, exposure to nickel nanoparticles resulted in
decreased levels of follicle-stimulating hormone (FSH) and tes-
tosterone in male rats. In contrast, female rats exposed to nickel
nanoparticles exhibited lowered estrogen levels and higher FSH
levels and luteinizing hormone (LH).?*! On the other hand, male
rats injected cerium dioxide nanoparticles had an increase in
testosterone and LH levels, resulting in the renewal of sperm
production.’ Elevation in testosterone levels in male rats
was also observed after administration of titanium dioxide
nanoparticles.”®! In this case, the opposite effect was observed
in female rats. Changes in testosterone levels are explained by
a targeted accumulation of titanium oxide nanoparticles in the
reproductive organs.[*®! In several studies on adult female mice,
it was found that prolonged exposure to TiO, resulted in an
imbalance in progesterone and estrogen production, resulting
in ovarian damage due to alterations in gene expression.”
Similarly, polymeric PEG-b-PLA (polylactic acid) nanoparticles
increased progesterone levels in female rats and disrupted their
ovulation cycle due to changes in insulin signaling.*?

Nanoparticle properties, such as size and charge, play an
essential role in affecting sex-related hormonal activity. For
example, testosterone levels increased in male mice only after
injecting carbon black nanoparticles smaller than 95nm."
On the contrary, carbon nanotubes and nanoscale graphene
oxide were not reported to affect hormone levels in male mice,
suggesting that nanoparticles’ effect on sex hormones involves
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both size and composition of nanoparticles. Moreover, modifica-
tions on the surface of nanoparticles are also an important
parameter. PEGylated amine-modified gold nanoparticles led
to increased testosterone levels in male mice without harming
fertility, while nanoparticles without the amine modification
did not affect hormone levels.

Hormones can also influence the biodistribution of nanopar-
ticles (Figure 2B). It was suggested that female hormones
prevent aggregation of PEGylated gold nanoparticles in blood
plasma, thus resulting in renal clearance, instead of the hepatic
clearance seen in males.*®! Furthermore, female rats had a
higher accumulation of silver nanoparticles in the kidneys com-
pared to male rats. The suggested explanation for this difference
is that testosterone is known to stimulate renal function; thus,
elimination is faster in males.”” Another example is a signifi-
cantly higher nanoparticle accumulation in female brains follow-
ing traumatic brain injury (TBI).'%” The blood-brain barrier
(BBB) permeability is suggested to be related to sex-hormone
levels, thus resulting in sex-dependent accumulation of
nanoparticles.['%%

Hormonal profiles change during the menstrual cycle, thereby
affecting the PK of nanoparticles (Figure 2C). During the female
menstrual cycle, estrogen and progesterone levels alter hepatic
enzyme activity, thereby affecting drug accumulation.™"
As CYP3A4 metabolizes estrogen, the competition between
estrogen and other CYP3A4 substrates during the luteal phase
of the menstrual cycle or hormonal replacement therapy has
been studied."'®" In later adulthood, females enter menopause,
which spans over more than one-third of their lifetime. During
this period, females may be prescribed hormone replacement
therapy. It has been shown that premenopausal females had
higher activity of CYP3A4 than postmenopausal females, but
the effect of menopause on CYP3A4 was not reversed with hor-
mone replacement.'®” On the other hand, other studies showed
no significant differences in small molecule drug clearance
between young females or menopausal females treated with hor-
mone replacement therapy, arguing that menopause or hormone
replacement therapy does not affect CYP3A4 activity.'®¥! As
female sex hormones affect nanoparticle distribution and
vice versa, it is possible that hormonal profile changes during
the female lifetime will also influence nanoparticles’ fate in
the body. Hormonal contraceptives!'® and cross-sex hormonal
therapy,['® which affect the female hormonal cycle, can alter
hepatic enzyme activity, affecting PK parameters; however, their
effect on nanoparticles’ biodistribution and activity needs further
investigation.**®!

During pregnancy, the body undergoes multiple changes
accompanied by an increased plasma volume that result in dif-
ferent drug concentrations in pregnant females compared to
nonpregnant females.!''? One study has shown that gold
nanoparticles (1.4, 18, and 80 nm) accumulated preferentially
in pregnant rats’ reproductive systems compared to nonpregnant
rats following i.v. administration.””! Furthermore, during ovula-
tion there is an increase in blood vessel density in the female
reproductive system. This resulted in a twofold increase in
nanoparticles’ accumulation in mice ovaries and a 2.5-fold
increase in the uterus.'

For males, changes in the hormonal profile such as lowered
testosterone levels during later life may lead to erectile
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dysfunction and infertility.**”) Males that suffer from this con-
dition are treated with hormonal therapies or medications, such
as sildenafil,"® which may affect nanoparticle distribution;!*°®!
however, this aspect has not been studied yet.

6. Sex-Related Nanotoxicity

Sex may also affect nanoparticle toxicity and adverse effects.
Doxorubicin-loaded polylactic-co-glycolic (PLGA) nanoparticles,
administered intravenously, caused increased gastrointestinal
toxicity and weight loss in female rabbits compared to males.!*’!
On the other hand, oral exposure to copper nanoparticles
resulted in more significant hepatic, renal, splenic, and gastric
toxicity in male mice compared to female mice.*? One of the
adverse reactions to copper nanoparticles was acute ulcers
among males, attributed to excessive gastric acid secretion.!''%)
Another study found that the porosity level of silica nanoparticles
affects their sex-related toxicity.*®! Dose-dependent toxicity of
mesoporous spherical silica nanoparticles was found in both
sexes; however, the maximum tolerated dose (MTD) was approx-
imately twofold lower in male mice (95 mgkg™") compared to
female mice (40 mgkg™").*® This difference was explained by
the sex-related immunologic response of T-helper cells (Thl
and Th2 cells) that play a major role in immune activation.!"'"!
Chen et al. showed increased levels of hepatic enzymes aspartate
transaminase (AST) and alanine transaminase (ALT) in male
mice versus female mice following an injection of PEGylated
gold nanoparticles, suggesting greater liver toxicity.*”’
Contrarily, a sharp decrease in serum creatinine was found in
ferale mice, which may indicate renal damage.” In the repro-
ductive system, TiO, nanoparticles disrupted female follicles
causing reproductive dysfunction and reduced sperm motility
in males.’ Gold nanoparticles were found to decrease sperm
motility in male rats, while in the female reproductive system,
they tended to accumulate in the uterus without any significant
toxic effects.''?! Several studies conducted on male mice suggest
that the accumulation of 20-30 nm carbon nanotubes in the tes-
tes results in reversible damage by reducing the seminiferous
epithelium’s thickness. However, there is no indication as to
whether they affect sperm health or fertility.*® Alternatively,
in female mice, 10 nm carbon nanotubes affect pregnancy by
delaying litter delivery.!'™*!

7. Conclusion and Outlook

Here, we review how sex differences affect the fate and activity of
nanotechnologies in the body. While we sourced the literature, it
was evident that the field of “sex nanotechnology” is underre-
searched. For example, the term “sex” or “gender” appeared
in less than 0.1% of publications containing the term “nanopar-
ticle” in the PubMed search engine. This comes with no surprise
because females were previously excluded from clinical trials to
preserve their fertility. While this logic is reasonable, it was
already proven wrong for small molecule drugs as females were
reincluded in clinical trials to reveal crucial sex-related drug dif-
ferences.!

As nanotechnologies’ use is relatively new, it is possible that only
at this point there is enough evidence to state that we should
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be aware of sex difference in this field as well. Nonetheless, cus-
tom-designed personalized nanotechnology systems are being
implemented to overcome complex physiological parameters
such as local tissue microenvironment!'**! and personalized pro-
tein corona.'*! Thus, the nature of precision nanomedicine can
also answer the needs raised by sex-dependent differences in
nanotechnology. As we show herein, sex differences may have
a great importance to the outcome of preclinical and clinical stud-
ies of nanotechnologies. The sex differences in small molecule
drug disposition that were uncovered until now are also true for
nanotechnologies; however, there are several factors we discuss
here that are specific for nanoparticles such as protein corona,
anti-PEG antibodies, and immune cell activation. These factors,
affecting sex-specific nanoparticle biodistribution, metabolism,
and excretion, should be accounted for in nanoparticle design
and implementation. Although considering these factors may
not always minimize sex differences, the awareness for
nanotechnology-derived differences in response between sexes
can improve patient care on its own. In accordance, the global
effort to fight COVID-19 pandemic using nanotechnology!"'®
assured the importance of sex differences when comparing
males and females throughout the vaccine development.®
While no significant differences are shown in clinical trials,
pooled meta-analysis reports increased efficacy and adverse
events in male and female, respectively."'”) Cumulative data
are incomplete, thus making it difficult to draw a comprehensive
conclusion, yet this correlation should be referred to when
designing a national vaccination strategy.

From the data gathered in this review, three main sex-specific
considerations arise regarding nanoparticles’ PK (Figure 3,
Table 4). Females present an overall slower clearance rate of
nanoparticles; this can possibly lead to higher toxicities albeit
greater efficacy. As for clearance route, females have higher
nanoparticles’ distribution to the kidneys, hence dominant renal
clearance. On the other hand, males have higher nanoparticles’
distribution to the liver, leading to dominant hepatic clearance.
These points can help improve dose adjustment according to sex
in order to maximize drug efficacy and minimize nanotoxicity.

The consideration of sex as a nanotechnological biological
parameter should take place at the early stages of nanomedicines
development—at the cellular level where nanoparticles’ uptake
can be evaluated and in animal studies that provide a platform
for PK and biodistribution assessment of sex differences.
Unraveling the governing mechanisms that affect sex-related
nanotechnology differences will encourage discoveries leading
to improved medical nanotechnologies and more effective clini-
cal implementation.
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