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Abstract: Sperm quality is declining dramatically during the past decades. Male infertility has been a serious health and social
problem. The sperm cell driven biohybrid nanorobot opens a new era for automated and precise assisted reproduction. Therefore, it is
urgent and necessary to conduct an updated review and perspective from the viewpoints of the researchers and clinicians in the field of
reproductive medicine. In the present review, we first update the current classification, design, control and applications of various
spermbots. Then, by a comprehensive summary of the functional features of sperm cells, the journey of sperms to the oocyte, and
sperm-related dysfunctions, we provide a systematic guidance to further improve the design of spermbots. Focusing on the translation
of spermbots into clinical practice, we point out that the main challenges are biocompatibility, effectiveness, and ethical issues.
Considering the special requirements of assisted reproduction, we also propose the three laws for the clinical usage of spermbots: good
genetics, gentle operation and no contamination. Finally, a three-step roadmap is proposed to achieve the goal of clinical translation.
We believe that spermbot-based treatments can be validated and approved for in vitro clinical usage in the near future. However, multi-
center and multi-disciplinary collaborations are needed to further promote the translation of spermbots into in vivo clinical
applications.

Keywords: assisted reproduction, biohybrid nanorobot, clinical translation, male infertility, spermbot

Introduction
According to the latest WHO report, infertility affects about 1 in 6 reproductive-aged couples, which has been a serious
health and social burden.' Male factors are estimated to be responsible for 50% of infertility cases.” The causes of male
infertility or subfertility are complex, including but not limited to genetic abnormalities, anatomical defects, erectile
dysfunction, hormonal disorders, oxidative stress, and psychoactive drugs.’ However, it is known that up to 90% of male
problems will end up to low sperm count or poor sperm quality. Thus, semen analysis is the most widely used as well as
the most efficient laboratory testing for the diagnosis of male infertility. The reference standard values for the main
semen parameters tend to be lower in each new edition of the WHO manual for human semen analysis.* For example, the
lower limit value of semen volume has changed from 2 mL to 1.4 mL, and the lower limit percentage of progressive
sperm motility has decreased from 60% to 30%. On the other hand, the recent retrospective study and meta-analysis
showed that human sperm quality is decreasing dramatically during the past decades, due to the issues of environmental
exposure and unhealthy lifestyle.>®

The assisted reproductive technologies (ART) offer ultimate solutions for the treatment of infertility. There are
already many options for male factor infertility in clinical practices.” Generally, the cases of sperm-related infertility can
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be classified into two main categories: with or without mature sperms in the seminal fluid. For the first condition, the
in vitro fertilization (IVF) is usually used for oligospermia patients with low sperm count. While the intracytoplasmic
sperm injection (ICSI), which directly injects a single sperm into the oocyte, is effective for asthenospermia patients with
low sperm motility. If mature sperms cannot be detected in the semen, surgical approaches via epididymal or testicular
sperm extraction can be used to obtain sperm cells for obstructive azoospermia patients. Finally, for the cases of non-
obstructive azoospermia or testicular cancer, donor sperms from the sperm bank can be used for the subsequent
procedure of intrauterine insemination (IUI). Although ART has successfully helped the birth of millions of infants to
date, a large portion of cycles still fail.* Besides, ART procedures are usually time-consuming and expensive.’ Hence, it
is still necessary to develop novel technologies in this field to further improve the success rate, reduce the cost, and
shorten the cycle time.

As early as in 2013, the first sperm-based biohybrid micro-robot was developed combing a motile sperm cell with
a rolled-up magnetic microtube, which can be remotely controlled by an external magnetic field.'"” The so-called
“spermbot” opens a new window for us to develop fascinating applications in the area of ART. Over the past decade,
there has been considerable progress in the designing and optimizing of various spermbots or sperm-like nanorobots.
There are two main directions for the potential applications of spermbots: infertility treatment and drug delivery.
However, the translation of these nanorobots into clinical practice is lagging behind, especially in the field of ART.
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Most of the researchers of spermbots are only experts in nanomaterials or nanoengineering. Previous design considera-
tions of spermbots may not properly meet the actual clinical needs to serve ART. Moreover, the safety of nanomaterials
may be the major barrier to bring hybrid spermbots from bench to bedside.'' Hence, multidisciplinary discussion and
collaboration are needed to refine the design of spermbots and to accelerate the translation.

In recent years, several broad reviews have already been published to summarize the design, control mechanism and
potential applications of all types of biohybrid microrobots or sperm-driven microrobots.'*'* However, as mentioned
above, these reviews mostly represent the viewpoints of nanoengineering researchers. The discussion of the applications
is also mainly focused on targeted drug delivery. Thus, it is urgent and necessary to conduct an updated review and
perspective from the viewpoints of the researchers and clinicians in the field of reproductive medicine. In the present
review, we will first update and summarize the structural design and functional control of spermbots. Then, focusing on
the area of ART, we will draw up a comprehensive and constructive blueprint for the applications of spermbots,
considering the corresponding sperm related clinical issues in the real-world. Finally, we will also propose a roadmap
to overcome the challenges and barriers. We believe this perspective will help us to refine the design of spermbots, as
well as to promote the translation of spermbots in clinical practice.

The Design and Control of Spermbots

The Structural Design and Classification of Spermbots

Consistent with previous publications,'*'*

the “spermbot” is defined as sperm cell driven biohybrid microrobot. The
structure of a mature mammalian sperm can be divided into three distinct parts: head, midpiece and tail.'> Specifically,
the head region contains haploid chromosomes, which are the paternal hereditary materials for the formation of a zygote
(Figure 1A). The midpiece region is formed by the tightly wrapping of mitochondrial sheath around the axoneme. Thus,
the midpiece is thought to produce the energy to fuel sperm motility. Finally, the tail or flagella region is a specialized
form of the cilium, which is the basic component for the driving force of sperm movement.

The hybrid design of a spermbot is the combination of a biological sperm cell with specific nano decorations. To date,
five basic types of nano-components have been developed for the production of spermbots, including microtube,
microhelice, tetrapod microtube, rice grain-shaped (or spindle-type) nanoparticle and the complex nanocarrier
(Figure 1B). The first three types of nano components are used for the fabrication of one-to-one paired spermbots.
The conical microtube is fabricated by rolling up functional nanomembranes on photoresist and can trap sperm head into
its hollow cavity.'” Due to the emerging and development of nanoscale three-dimensional (3D) printing techniques, it is
also able to directly construct complex nano components. For example, the microhelical polymer can be produced by 3D
direct laser writing (also known as 3D lithography) and can be coupled to the midpiece or tail region of a sperm.'® The
dedicatedly designed tetrapod (with four flexible arched arms in a microtube) can be directly printed by two-photon 3D
nanolithography and be coupled to a sperm head.'” In addition to these one-to-one nano widgets, one single sperm cell
can also be coupled with multiple nanoparticles. For example, the head or tail part of a sperm can be coated with rice
grain-shaped nanoparticles (fabricated by chemical aging) via electrostatic self-assembly, which is known as the
IRONSperm.'® Compared to those one-to-one targeted widgets, the self-assembly process of many-to-one nanoparticles
is more efficient than the capturing or trapping process with highly randomness. Moreover, a recent study also developed
a many-to-many sperm cluster based on the IRONSperms via magnetically assembly, which enables wireless rolling
locomotion and noninvasive localization simultaneously.' Finally, a recently designed complex magnetic microcarrier,
which can also be fabricated by two-photon lithography, is capable of carrying multiple sperms.?® This type of one-to-
many nano components could be used to control the dose of delivered cargos (such as targeted drugs).

Besides the above-mentioned biohybrid spermbot, there are many types of sperm mimics, which are also helpful for
us to understand the regulation of sperm motility, as well as to develop functional nanobots. Here, we define these sperm
mimics as sperm-like nanobots, and classify them into two subcatalogs: flagellate microorganisms and biomimetic
sperms (Figure 1C). First, inspired by the feature of self-propelled swimming, several types of flagellated bacteria (such
as salmonella typhimurium or Escherichia coli) can act as the motor part of a hybrid microrobot for targeting therapy.
The flagellated bacteria can be attached to the targeted nanoparticles via antibody or hydrophobic binding.?'** Similar to
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Figure | Summary of the classification and design of spermbots. (A) The main structure of mature sperm cell. (B) The structural design of sperm cell based spermbots. (C)
The structural design of sperm-like nanorobots. Note that the cyborg sperm based on piezoelectric system is still in the conceptual design stage. (D) Summary of the current
designed applications of spermbots.

Sperm-like
nanorobots

spermbots, the motility of bacteriobot can also be enhanced by the decoration of magnetic particles.”> Moreover,
compared to the canonical flagellated bacteria, the flagellated magnetotactic bacteria (such as MO-1) contains self-
produced magnetosome chain with magnetoresponsive capability.>* The dual functions of magnetotactic bacteria make it
become a hotspot to develop microrobots for cell screening, drug delivery and disease detection.”> Second, several
types of artificial sperms have been developed to mimic sperm movement. The simplest structure of a biomimetic sperm
is fabricated by combining a head (iron-oxide nanoparticle) and a tail (polystyrene).” The length and swimming speed of
this soft microrobotic sperm are over 300 pm and 100 pm/s, respectively. A recent study also produced a flexible sperm-
like nanorobot, by the self-assembling of a superparamagnetic head (biotin-coated Fe304 nanoparticles) and a flexible
flagellum (a nanowire with the Au end modified with streptavidin).28 This type of sperm-like nanorobot is relatively
smaller with a length of 15 um, and swims at a speed of 3—4 pm/s. The average length and velocity of human sperm are
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approximately 50 um and 80 pm/s, respectively.”*>° Although these sperm-like nanowires do not fully mimic the size
and movement of real sperm cells, they provide valuable insights for the design and control of spermbots. Finally,
a recent simulation study proposed a novel design of autonomous sperm based on piezoelectric technique, which aims to
fully emulate sperm structure and functionalities.’’ This conceptual design of a cyborg sperm is difficult to be
implemented in the near future because of the size limitation of the microcontroller and battery, which cannot be
produced at the nanoscale. However, piezoelectric nanowires have been fabricated and can be controlled by the magnetic
field for drug delivery.*?

Currently, the designed applications of spermbot are also fast-evolving and can be divided into three stages
(Figure 1D). First, the early studies only focused on the remote control of sperm movement.'®'® Then, the following
studies proved the drug loading abilities of spermbots.'”2® At the meantime, the biocompatibility and treatment effect
are also confirmed in 3D ovarian cancer cells. The recent study successfully constructed the multifunctional spermbot
based on 4D printed microcarrier.>® This revolutionary microcarrier can not only deliver multiple sperms, but can also
control sperm capacitation and sperm-dependent degradation of cumulus cells.

The Control and Functionality Design of Spermbots

The initial motivation for designing hybrid spermbots is to remotely control the direction of motile sperms. For those
sperms with motion deficiencies, nano components can also be served as micromotors to indirectly transport sperm cells.
Hence, almost all types of nano components for spermbots are magnetically or paramagnetically processed, which
enables the control of the movements of spermbots by using an external magnetic field (Figure 2A). The magnetical
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Figure 2 The control and functional design of spermbots. (A) The controlling methods for the sperm and nano component parts of spermbots. (B) The functional features
of sperm cells. The red star labels indicate potential new considerations of sperm features for designing spermbots in the future.
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nanomaterials also make it possible to monitor the real-time localization of spermbots in vivo via various imaging
methods such as magnetic resonance imaging and X-ray computed tomography.>* Another remote technology that could
be used for both driving the movement and monitoring the localization of nanorobots is the ultrasound.**-** Moreover,
the remote control can also be used to help assemble and disassemble hybrid spermbots. For example, the magnetic
microhelix can be removed from the sperm cell by inverting the original magnetic field.'® Another method to remotely
control the release of sperm cells from spermbots is by using external temperature stimulus. For example, when the
temperature increases to 38 °C, the thermoresponsive microtubes are unfolding to release the captured sperm cells.®” In
addition to the dynamic control of nano components, the cell part of spermbots could also be regulated via chemical
stimulation. For example, to ensure that the sperm cells can escape from the bended tetrapod, progesterone is added into
the medium to obtain sperms with hyperactivated motility.'” Additionally, in a recently developed multifunctional sperm
microcarrier, temperature change is used to control the release of heparin for sperm hyperactivation, and pH change is
used to control the action of hyaluronidase for the removal of cumulus cells.** Finally, the above mentioned sperm-like
soft microbots also offer instructions and inspirations for the design of novel types of hybrid spermbots that can be
controlled and actuated by chemical, electric or light.***°

To obtain an overview of the functionality design and control of spermbot, we comprehensively summarized the
functional features of a biological sperm. These features can be classified into four main categories: motility, movement
tendency, competition/cooperation, and fertilization (Figure 2B). First, it is well known that sperms are swimming cells
based on the self-propelled flagella. However, sperm motility can further be divided into four different grades, including
immotile (unable to move), non-progressive movement (slightly moving but not progressing forward), progressive
movement (swimming linearly or in a large circle), and hyperactivated motility (flagella beat asymmetrically with
increased bend amplitude).*' Second, the moving direction of sperm cells can be guided by many attractive factors,
which can be classified into two main classes (the active and the passive processes). The active processes contain two
phenomena: chemotaxis (attracted by a higher concentration of chemical, such as progesterone)** and thermotaxis
(attracted by a relative higher temperature, from 31 to 37°C).*> A previous study showed that chemotaxis is the basic
mechanism for different females to consistently and differentially selects sperms from specific males.** The passive
processes include rheotaxis (swimming against fluid flows)** and thigmotaxis (swimming along surfaces).*® Third, sperm
competition is a common phenomenon for many species to shape sperm phenotypes (sperm number, sperm size and egg—
sperm interactions) evolutionary.*” A recent study based on genetic mouse models showed that some sperms may win the
competition by poisoning the surrounding competitors.*® On the other hands, competition between different individuals
or species may also drive the actions of sperm cooperation. For example, it was found that the sperms of deer mice tend
to aggregate more often within conspecific sperms than heterospecific sperms, based on the apical hook structure in the
head.*® Although human sperm lacks such a hook structure, it has also been reported that human sperms can be clustered
into groups by hydrodynamic force in viscoelastic fluids.’® Finally, the ultimate goal of a sperm is to fertilize an oocyte.
The key functional steps of sperm—egg interaction includes: sperm binds to the zona pellucida via the recognition of
surface receptors, sperm digests the zona pellucida by releasing the enzymes stored in the acrosome, and sperm fuses to
the egg plasma membrane via the surface proteins located at the side of sperm head.” Conclusively, the above mentioned
functions provided a full reference list to reconsider the design and control of spermbots. Some of the features, such as
sperm motility and chemotaxis, have been adopted in the current design of spermbots. However, an integrated reviewing
of these characteristics could provide new directions to improve the automated selection, clustering delivery, targeted
binding and enzymatic digestion of hybrid spermbots.

The Blueprint and Roadmap for Translating Spermbots into Clinical
Practice

The Blueprint for the Applications of Spermbots

The potential applications of all types of nanobots are broad, including but not limited to disease diagnosis, assisted

surgeries, drug delivery, target therapeutics, and biological imaging.’*>> Although spermbot can also be applied in many
fields like other types of nanobots, the cell part of spermbot determines its fundamental and promising applications in the

5100 s International Journal of Nanomedicine 2024:19
Dove!


https://www.dovepress.com
https://www.dovepress.com

Dove Zhang et al

field of assisted reproduction. To maximally explore the potential applications of spermbots, we comprehensively
summarized the journey of human sperms (from their production to fertilization), and the corresponding dysfunctions
associated with infertility (Figure 3). First, the sperm cells are periodically produced in the seminiferous tubules of testis
via the complex process of spermatogenesis, which involves sequential division and differentiation of spermatogonial
stem cells, spermatocytes, round spermatids and elongated sperms.>* Then, testicular sperms acquire the forward motility
during the maturation process in the epididymis.”> When the sperms are ejaculated into the female reproductive tract,
they need to travel through the vagina, cervix and uterus to reach the fallopian tube.’® During this challenging journey,
only a small portion of sperms can pass the natural selection environments, such as the acidic vaginal fluid, the
immunological defenses, prematurely capacitating factors and the narrowness of the uterotubal junction (the isthmus).
The remaining sperms are deposited in the ampulla of the fallopian tube and can only survive for up to a few days.
Finally, only capacitated sperms with acrosomal responsiveness and hyperactivity are capable of penetrating the cumulus
cells, digesting the zona pellucida and fertilizing an oocyte.

Correspondingly, sperm-related abnormal conditions may occur at any stage and lead to male infertility or subfertility.
First, nonobstructive azoospermia is the most serious condition that cannot produce any mature sperm cells.”’ Another
serious condition of completely losing fertility is the testicular cancer, which is usually occurring in young males.’® The
currently developed technologies are able to generate in vitro differentiated sperm cells from stem cells or spermatocytes,
offering potential solutions to restore male fertility.””®® More importantly, the recent developed genome editing
technologies based on CRISPR-Cas9 also make it possible to correct genetic diseases in the germ cells.®'**> However,
these regenerated “sperm cells” are actually presumptive spermatids or sperm-like cells without specialized head and
flagellum structures. Thus, these immature sperms could be equipped with artificial micromotors to help their move-
ments. In addition, these cells are also lack of function to digest the zona pellucida. Hence, the design of the
corresponding nanocomponents should also be able to implement the function of acrosome, which could be achieved
by the stimuli-responsible microcarrier.*®> Second, as mentioned in the above, human sperm quality is dramatically
declining over the past decades and results in the increase of oligospermia (low sperm count), asthenospermia (low sperm
motility), and teratozoospermia (abnormal sperm morphology).®> It is obvious that the current design of spermbots
mainly aims to solve the problem of low sperm motility by the hybrid of nano propeller. However, the microcarrier or
self-assembled nanoparticles could also be used to enrich and transport sperm clusters to improve the possibility of
fertilization. Additionally, the complex environments of the female reproductive tract may also reduce the survival and
motility of sperms, due to inflammation, oxidative damage and antisperm antibodies.** ®® Thus, the nanocomponent parts
of spermbots can be coupled with drugs and designed to be responsively released to treat these conditions. Besides the
immunological barriers, female reproductive tract may also preferentially select sperms from specific males based on
chemotaxis.** Hence, the designs of anti-immune or impartially selected spermbots are fascinating new directions in the
future, which could be implemented by combining drug-loaded nanocomponents or coupling into multifunctional
microcarrier. Finally, as a biocompatible transporter, spermbot can also be used for targeted drug delivery to treat
gynecologic diseases (such as infection and inflammation) and tumors (such as cervical cancer, endometrial cancer or
ovarian cancer) in the female genital tract. For example, a sperm-based drug-delivery system has been established and

was shown to successfully treat patient-representative ovarian cancer cell cultures in vitro.?°

The Roadmap for Translating Spermbots into Clinical Practice

The technologies of fabricating various spermbots are fast evolving, mainly due to the emerging of nanoscale three-
dimensional (3D) printing platforms.®” However, as mentioned above (Figure 1D), the applicational development of
spermbots is still staying at a preliminary stage (Figure 4A). All of the functional studies are based on in vitro
experiments. Most of the germ cells (including sperms, cumulus and oocytes) are from bovine origin. Only one study
fabricated human spermbots and verified their therapeutic effects on patient-representative 3D ovarian cancer cells.?”
Although these studies have shown that spermbots have promising applications in the field of assisted reproduction, there
is still a long way to go before they are ready for clinical usage. For the translating of new ARTs, the European Society of
Human Reproduction and Embryology (ESHRE) has raised a four-step research chain: animal studies, preclinical embryo
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research, clinical trials and follow-up studies.®® Thus, the future studies of spermbots are also recommended to follow
this guidance.

Before going on to the stage of clinical trials, there are many challenges and risks to be solved for translating the
design of spermbots into clinical practice. First, the nano components of spermbots contain complex nanomaterials that
may cause the problems of biocompatibility. Some of the designs are capable of controlled removal of the nano
components (such as the magnetic microhelix) via the magnetic force.'® However, this process only disassembles the
spermbots but not completely clear the nano components, which may hinder the in vivo applications of spermbots.
Hence, the development of biodegradable nano components could offer potential solutions to provide a contamination-
free environment.®® Besides, the possible existence of bacteria contaminations and anti-sperm antibodies should also be
noticed and solved before preparing sperm cells to avoid infection or immune response.’®’" Second, it is relatively easy
to build in vitro controlling and imaging system for spermbots. However, the safety and effectiveness of remote control
and image monitor should be evaluated and validated before translating into in vivo applications. Finally, it well known
that the use of assisted reproductive technologies has been accompanied by a wide range of complex ethical and legal
problems.”” For example, it is still debating whether to fully embrace the genome edited germ cells in human
reproduction.”® Spermbots also face similar problems, as they may skip the steps of natural selection in the female
reproductive tract or be combined with the genome edited sperm cells. Thus, even when the technologies of spermbots
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are ready and applicable for clinical practice, it cannot be overemphasized that ethical and legal issues should always be
considered before technical promotion.

Considering the above issues, we thus proposed the “three laws” for the clinical applications of spermbots in assisted
reproduction: good genetics, gentle operation and no contamination. First, although spermbots can be used to drive all
types of abnormal sperms technically, it should be noted that only sperms with good genetics can be used for fertilizing
an oocyte. Many cases of poor sperm quality are actually caused by various factors such as unhealthy lifestyle and
inflammation.” Most of them can and should be cured to obtain normal sperm cells. Then, spermbots based solutions can
be considered for other complex cases of idiopathic male infertility or azoospermia. Before the production of spermbots,
we suggest to perform genetic diagnosis for the sperm donors to avoid adverse outcomes and hereditary diseases. Semen
analysis must be performed to double-check the DNA integrity and morphology of sperm cells. The above processes can
also be replaced by directly using the technology of preimplantation genetic diagnosis after fertilization. However, this
law is not applicable to therapeutical spermbots. Second, the whole procedure of handling spermbots should be
noninvasive or minimally invasive. This requires the controlling and imaging platforms to be more comfortable with
the human body. Finally, since fertilization is only the beginning of a new life, more caution is needed for assisted
reproduction to avoid long-term effects on the embryo. The nano components of spermbots should be completely
removed or degraded to offer a safe environment for the subsequent embryo development. For the treatment of
reproductive tract diseases, it is also important to avoid introducing additional nano contaminants.

To prospectively evaluate the application values of spermbots, we further compare the procedures of spermbots based
technologies with the traditional assisted reproductive technologies for treating male subfertility (Figure 4B), including
intrauterine insemination (IUI), in vitro fertilization (IVF), and intracytoplasmic sperm injection (ICSI). Specifically, the
IUI is performed by directly injecting the sperm cells into the uterus of female recipient, which is applicable for poor

sperm quality or survival.”*

The IVF is achieved by the mixture of the sperms and the targeted oocyte in a culture dish. It
is mainly prepared for the following embryo development and transfer, which is also applicable for mild cases of sperm
quality and some female issues such as blocked fallopian tubes. In ICSI, the sperm cell is directly injected into the oocyte
in vitro, which is mostly used for immotile sperm or immature sperm. It is clearly that these traditional technologies are
simple and efficient, without bringing exogenous materials. By contrast, the fabricating of spermbots may be more time-
consuming and more expensive. The major disadvantage of spermbots is that it brings the nano components, which may
be an unknown risk to the health of both the female recipient and the embryo. Thus, it will be a long-term journey to
translate spermbots into in vivo applications for assisted fertilization. Nevertheless, there are also many advantages for
spermbots. First, it can be remotely controlled and tracked via magnetic force and ultrasound. Second, the currently
available techniques offer multiple options to design various types of spermbots with singular or multiple functionalities,
providing comprehensive solutions to solve sperm associated male infertility. Finally, spermbots can also be used to treat
gynecologic diseases and tumors in the female reproductive tract.

Correspondingly, we propose a three-step roadmap to translate spermbots into clinical practice (Figure 4C). First, it is
foreseeable that in the near future, spermbots could be validated and approved for in vitro clinical usage. Specifically,
spermbots can serve as auxiliary or enhanced tools for the current in vitro technologies for assisted fertilization
(including IVF and ICSI). For example, the process of sperm cryopreservation will cause a significant decrease of the
sperm motility.”> The removable nano motor can be equipped to help the movement and guidance of sperm cells for IVF.
However, the technologies of IVF and ICSI may be associated with an increased risk of adverse outcomes such as
abortion and preterm birth.”® Thus, we emphasize the first law again: not all sperms are worthy to be rescued by
spermbots. Besides genetic diagnosis, the key solutions are to develop advanced and strict sperm selection strategies
considering the structural and physicochemical features.”””’® Moreover, the recently emerging artificial intelligence (AI)
based tools can also improve the outcomes of assisted fertilization.”” Hence, the combination of in vitro technologies,
spermbots, and Al tools will further open a new era for automated, intelligent and precise ART. The second step is to
develop drug-loaded spermbots for in vivo treating gynecologic diseases or tumors that occurred in the female
reproductive tract. For the preparing of these spermbots, the sperm parts should be edited to lose the ability of fertilizing,
or can be fabricated by sperm-like microbots. These spermbots should also be programmed to be site-specific for drug
delivery.*® During this stage, the safety and removal of nano components should be carefully evaluated and validated.
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The final step is to achieve the goal of translating spermbots into in vivo assisted fertilization. Considering the currently
available designs of spermbots, the most promising strategy is the recently developed multifunctional spermbots based on
4D-printed microcarriers, which is well designed to be stimuli-responsive to the environment of female reproductive
tract.>® However, the safety of the microcarriers and the corresponding controlling and imaging systems should also be
validated in vivo in this stage.

Conclusions

The hybrid spermbot is a specialized type of nanobots, which is fabricated by the combination of biological sperm cell
and artificial nano component. Previous studies have briefly discussed the possible applications of spermbot in assisted
reproduction, which are mostly limited to actuating immotile sperms and targeted drug delivery. Due to the emerging and
developing of nanoscale 3D printing technologies, the design and fabrication of spermbots are rapidly evolving in recent
years. However, the current development of spermbots is mainly directed by the researchers in the field of nanomaterials.
Hence, it is in urgent need to revisit the desired applications in assisted reproduction, from the viewpoints of the
researchers and clinicians in the field of reproductive medicine. In the present review, we first summarized and updated
the current classification, design, control and application of various spermbots or sperm-like nanobots. Then, we
comprehensively summarized the functional features of sperm cells, the journey of sperms to the oocyte, and sperm-
related dysfunctions, providing a systematic guidance to further improve the design of spermbots. Although spermbot
shows promising applications, it is still staying at the stage of in vitro experiments. We thus pointed out the main
challenges of bringing spermbots into clinical practice: biocompatibility, effectiveness of controlling system, and the
ethical issues. Considering the special requirements of assisted reproduction, we also proposed the three laws for the
clinical applications of spermbots: good genetics, gentle operation and no contamination. Finally, a three-step roadmap
was proposed to set up goal-orientated plans for translating spermbots into clinical practice. Although the currently
available assisted reproductive technologies, such as IUI, IVF and ICSI, are already simple and efficient, spermbots can
further open a new era of automation, intelligence, and precision. Thus, we believe that spermbot-based treatments can be
firstly validated and approved for in vitro clinical usage in the near future. However, multi-center and multi-disciplinary
cooperation is required to further promote the translation of spermbots into in vivo clinical applications.
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