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In the dynamic realm of translational nanorobotics, the endeavor to develop nanorobots carrying
therapeutics in rational in vivo applications necessitates a profound understanding of the biological
landscape of the human body and its complexity. Within this landscape, biological membranes stand as
critical barriers to the successful delivery of therapeutic cargo to the target site. Their crossing is not
only a challenge for nanorobotics but also a pivotal criterion for the clinical success of therapeutic-
carrying nanorobots. Nevertheless, despite their urgency, strategies for membrane crossing in
translational nanorobotics remain relatively underrepresented in the scientific literature, signaling an
opportunity for further research and innovation. This review focuses on nanorobots with various
propulsion mechanisms from chemical and physical to hybrid mechanisms, and it identifies and
describes four essential biological membranes that represent the barriers needed to be crossed in the
therapeutic journey of nanorobots in in vivo applications. First is the entry point into the blood stream,
which is the skin or mucosa or intravenous injection; next is the exit from the bloodstream across the
endothelium to the target site; further is the entry to the cell through the plasma membrane and, finally, the
escape from the lysosome, which otherwise destroys the cargo. The review also discusses design challenges
Received 4th June 2024 inherent in translating nanorobot technologies to real-world applications and provides a critical overview of
DOI: 10.1039/d4cs00483¢ documented membrane crossings. The aim is to underscore the need for further interdisciplinary
collaborations between chemists, materials scientists and chemical biologists in this vital domain of
rsc.li/chem-soc-rev translational nanorobotics that has the potential to revolutionize the field of precision medicine.
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. materials, power sources,”® modifications,'® and applica-
Nanorobots and membranes:

interdiscipli dial f tions."” A multitude of sophisticated medical applications, parti-
Intéraisciptinary dialogues for cularly in drug delivery, have emerged, holding the potential to

biOlOg ical breakthrou g hs revolutionize precision medicine.'® ! While developing nano- and
microdevices for cargo delivery within biological systems, substan-
tial focus must be placed on their ability to effectively cross
biological membranes (Box 1). This becomes especially essential

Emerging about 20 years ago, nanorobotics is the youngest off-
spring of the nanotechnology family (Box 1)."™' Over this short
period, nanorobots have seen remarkable advancements in their

Box 1

Membrane: a selective barrier around cells or certain organs, dividing
and protecting the inside from the outside and orchestrating the intricate
interplay necessary for sustaining life’s diverse functions.

Robot: the word “robot” was coined in 1920 by Karel Capek, a Czech
writer who for the first time described robots in his thought-provoking
science fiction play R.U.R." R.U.R. stands for Rossum’s Universal Robots
where “rossum” means “intellect” in the Czech language. Since then,
smart robots have deserted the realm of sci-fi and become part of our
society as helpers to mankind.*™®

Nanorobot: a nanorobot is a tiny autonomous machine capable of active
propulsion. It blends physical, biological, and computational sciences
with the potential to revolutionize healthcare, industry, and everyday life.
The ultimate vision is advanced intelligence of these minuscule marvels,
allowing them to tackle complex problems within the human body or in
any other environment they operate.
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while envisioning their clinical application for delivering thera-
peutics of any type in vivo, requiring these nanorobots to effectively
cross several biological membranes on their journey to deliver a
payload into the target cell. Crossing biological membranes is
among the most crucial aspects in the successful delivery of all
therapeutics intended for use in patients.”>>*

There are four essential biological membranes that nanor-
obots need to pass through to fulfill their mission (Fig. 1).
These intricate barriers exist to shelter the “inside” from the
“outside” and do just that when they are faced with foreign
entities such as nanoconstructs. To enable the clinical
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implementation of nanorobots, they need to be able to fear-
lessly conquer them. Surprisingly, the exploration of strategies
for crossing biological membranes within the realm of
nanorobotics has remained quite underrepresented, despite
its profound importance and potential to advance the
field significantly. The state-of-the-art therapies often come
with unwelcome side effects. The domain of nanoparticle-
based nanomedicine has its undisputable limitations
regarding on-target delivery>®”” and efficient barrier crossing.
These challenges might be elegantly addressed by
motorization,>**

For that to happen, it is necessary that materials scientists
and biologists align their efforts. Today, more than ever are
these two disciplines collaborating in the pursuit of identifying
gaps in the treatment of various diseases that can potentially be
addressed through nanomedicines. The significance of this
interdisciplinary partnership is by all means obvious, yet effec-
tive communication and mutual understanding of scientists
representing these two distinct fields can be troublesome.

Materials scientists working in isolation often lack the
necessary biological or medical expertise needed to evaluate
the potential application of their nanoconstructs. Frequently
they are not fully aware of the biological barriers that need to be
conquered when using these nanoconstructs in biological con-
texts. Conversely, biologists when working in isolation may
overlook the vast potential of the latest developments in
nanoscience, potentially missing opportunities to successfully
tackle biological hurdles through the application of nanotech-
nology. However, it is evident that harnessing the prospects of
nanomaterials for useful biological applications could truly
enhance the well-being of humans.

We should strive to bring researchers from various fields
together transcending the borders of their primary disciplines
and merging the best aspects of their fields in the quest for
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scientific insights. Numerous research advancements have
blossomed from collaborations between scientists in biology
and material sciences. Notable examples include scaffolds
for tissue regeneration,** biosensors for cancer diagnostics,*
nanoparticles for drug delivery®® and the mRNA COVID-19
vaccine.’® It has been shown that an interdisciplinary approach
combining two different fields in the highly cited paper cluster
significantly boosted research impact by 20% as assessed by the
citation-based method.*® Hence, it is vital to cultivate inter-
disciplinary collaborations. This involves understandably com-
municating the perspectives of our own fields while also
listening closely to those from different disciplines. Interdisci-
plinary research broadens the horizons of researchers and
fosters innovative visions on the intersection when two or more
fields merge. This has a notable potential to be a scientific
hotspot from which unique and groundbreaking ideas arise.>”
Nanorobotics is a shining example of this interplay, a field
increasingly intertwined with biology and medicine. This col-
laborative approach creates a dynamic research area that
bridges disciplinary boundaries, resulting in so-called transla-
tional solutions to clinically relevant challenges.

While we set off on this journey together, it is of utmost
importance to clearly communicate biological concepts and
struggles to scientists outside the realm of biology, so we could
come together and work on tackling them. This review aims to
serve exactly as that bridge, offering perspectives important to
biologists clearly communicated to materials scientists. In this
review, we will introduce the topic of biological membranes
and elucidate why it is essential to cross them in the pursuit of
rational in vivo applications. Design challenges in in vivo
membrane crossing will be discussed as well. We will also
provide a comprehensive summary of up-to-date crossings of
these barriers by variously powered nano- and microrobots. In
the quest for nanorobotic excellence, the challenges illumi-
nated in our exploration serve as signposts guiding us toward a
future where unprecedented precision in medical intervention
is the norm.

Membrane as the stumbling block in
nanorobot’s journey

The capacity to cross biological membranes is undeniably
pivotal for the effectiveness of any therapeutic drug carried by
nanorobots, particularly in the context of treating tumors or
diseases located in organs that are hard to access through non-
invasive methods. In such scenarios, the bloodstream emerges
as an attractive route as it provides access to virtually all organs
and cells within the human body. This is among the most
complex applications to research and master, yet the most
appealing one.

The ideal smart nanorobot would navigate in the blood-
stream, delivering therapy to the designated organ, right to the
cells that need it, all while safeguarding the cargo from loss and
minimizing accumulation in non-target tissues. While this goal
has not been fully achieved yet, it is a vision that materials
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scientists collaborating closely with biologists are working
towards fulfilling in the near future.

The human body has several biological barriers, safeguard-
ing it from outside elements and agents (Fig. 1). These very
barriers are what stand in the way of nanorobots delivering a
therapeutic payload of any type. In this chapter, we will delve
into a discussion of the biological barriers nanorobots encoun-
ter and ideally overcome during their journey throughout the
body into target cells.

First barrier: the body’s initial gateway

There are several ways of possible administration of nanoro-
bots as pharmaceutical delivery systems. Some of them act as
more difficult barriers to cross than others. The human body
is equipped with two primary biological barriers shielding it
against external elements: the skin and the mucous membrane
often called mucosa. The first barrier of the human body can be
bypassed by intravenous injection. There has been only limited
research focused on nanorobots crossing the first biological
barrier.

Skin with its impressive 1.5-2 square meter surface area is
one of the largest organs in the human body. It consists of
multiple layers (Fig. 1A) and serves a myriad of functions from
providing protection to facilitating the synthesis of vitamin D.
While technically not classified as a membrane, we include the
skin here because it might serve as an entry point of nano-
robots into the body. Crossing this biological barrier to get into
the bloodstream becomes necessary if this form of administra-
tion is chosen (Fig. 1B(a)). Transdermal drug delivery is viewed
as patient-friendly and non-invasive, making it an ideal method
for patients to self-administer without the need for a healthcare
professional. Notably, dozens of approved drugs are available
on the market utilizing this delivery method.*® The rate-
limiting step in transdermal delivery is the crossing of the
outer layer known as stratum corneum, which is part of epider-
mis (Fig. 1A), a hydrophobic barrier rich in lipids that poses
significant resistance to penetration.>”

The mucosa is further safeguarded by a layer of mucus
(Fig. 1A) that makes it hard for external agents to penetrate.
Mucosa is present at the body’s “‘openings” such as the mouth,
nose, ears, and vagina, and it lines the respiratory, digestive,
and reproductive tract. It serves as a critical protective barrier
against invading pathogens. Additionally, the mucous membrane
houses an integral part of the immune system, contributing
significantly to the body’s immune response to pathogens.*’
Transmucosal drug delivery has been in the view finder due to
its non-invasive nature being pain-free compared to needle-based
injections.*>** Furthermore, the proximity of mucosal surfaces
to the bloodstream makes this administration route attractive
(Fig. 1B(b)). Even though transmucosal and transdermal deliveries
involve the challenge of crossing these barriers, down the line
motorization and thus nanorobots hold the potential to outper-
form passive nanoparticles due to their active movement, and
therefore, active transport of therapeutic agents.

Intravenous injection is the standard administration route
of the majority of therapeutics intended to reach the circulatory

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 Nanorobots crossing biological membranes. (A) Anatomical details of types of barriers that must be crossed. From left to right: the skin, mucosa,
endothelium, blood—-brain barrier and plasma membrane. (B) Graphical representation of membrane crossings by nanorobots. Nanorobots are entering
the body either through the skin (a), mucosa (b) or bypassing the first barrier by being injected intravenously (c). Nanorobots navigating through blood
circulation cross the endothelial membrane to their target site, which is either a tumor (d) or organ (e) or they cross the blood—brain barrier (f).
Nanorobots entering the cell cross the plasma membrane (g). By escaping the endosome into the cytoplasm (h), nanorobots reach their destination.
(a)—(c) Represent the first barrier. (d)—(f) Represent the second barrier. (g) Is the third barrier and (h) is the fourth barrier.

system. Despite being associated with some degree of pain or
discomfort, intravenous delivery circumvents the initial and
significant biological barrier that must be crossed represented
by the skin or mucosa (Fig. 1B(c)). However, this method also
has its disadvantages as it calls for trained hospital staff, sterile
needles, and disinfectant, rendering such administration less
convenient, particularly in developing countries or regions
affected by war conflict, or natural disasters.

There are other possible ways of administration. In many
studies exploring the use of nanorobots for the treatment of
solid tumors, researchers opt for intratumor injection of
nanorobots.’>** This approach allows them to circumvent
not just one but two barriers simultaneously, as nanorobots
are not required to exit the bloodstream to reach the tumor.

This journal is © The Royal Society of Chemistry 2025

This method prevents systemic exposure to the treatment and
potentially reduces side effects while using a lower amount of
the drug.** However, this approach can be burdensome for the
patient as it requires a deep tissue injection, and trained staff
and a clinical setting advanced enough for this approach.
In addition, the versatility of this approach is low and can be
exploited only for limited types of solid tumors.

The administration of nanorobotic therapy through the
skin, mucosa, or even intravenously (Fig. 1B(a—c)) offers distinct
advantages. Such an approach would lessen the burden on
patients. It might not require anesthesia or hospitalization and
potentially expand the pool of healthcare providers who can
administer the treatment, which would make such treat-
ment more accessible. We should endeavor to investigate less

Chem. Soc. Rev., 2025, 54,1924-1956 | 1927
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invasive approaches in the treatment of various diseases. Smart
nanorobots could potentially serve as the cornerstone in achiev-
ing this goal. In this review, we will focus on transdermal,
transmucosal, and intravenous delivery by nanorobots.

Second barrier: voyage through the veins

After entering the bloodstream, the next crossing that nanor-
obot undertakes is the transit from the circulation to the site of
its intended therapeutic action, which can be an organ or a
tumor (Fig. 1B(d and e)). To reach this destination, a nanorobot
must traverse the endothelium, a single layer of cells that lines
the interior of blood vessels (Fig. 1A). Physiologically, the
endothelium mediates the shuttling of elements into and out
of the tissues served by the blood vessel. These elements can be
white blood cells, macromolecules present in the blood such as
antibodies, nutrients, and fluids. The same route awaits any
nanomachine trying to access the target tissue from the blood-
stream. The extent to which the mentioned elements permeate
the endothelium varies, depending on factors such as the
presence and size of gaps between the endothelial cells or lack
of them. Fenestrations are pores in the endothelium through
which larger molecules can penetrate into organs. Conversely,
tight junctions bind cells together without any space in
between them, which makes the crossing much harder. Con-
sequently, the permeability of the endothelium varies across
different organs. It is notably higher in the liver, intestine, or
kidneys, whereas it is significantly decreased in skeletal mus-
cles, lungs, heart, or blood-brain barrier (Fig. 1A).*>*°

Endothelial permeability is also highly influenced by various
disease conditions. The “enhanced permeation and retention
effect” initially described in 1986*” highlights the increased
permeability of solid tumor vessels. It has been observed that
gaps between endothelial cells in solid tumors can reach sizes
up to 2000 nm.*® As a result, the field of cancer nanomedicine
began engineering nanoparticles of specific sizes to pass to a
tumor based on the size of those gaps. However, recent findings
challenge this notion. It has been reported that these gaps are
not primarily responsible for the entry of nanoparticles into
tumors. Instead up to 97% of nanoparticles actively traverse the
endothelial cells.”® Nevertheless, it remains clear that tumor
vasculature is highly permeable and leaky compared to healthy
organ tissues. Inflammation is another factor known to
increase endothelial permeability. This can manifest in the
context of infections, burns, and in chronic inflammation such
as asthma or chronic bronchitis.>*"*

Despite the inherent leakiness of tumors, nanoparticles
often struggle with their delivery and effective penetration into
tumor tissues.>” This is due to the increase in collagen produc-
tion, leading to tumor stiffness.>®> Numerous studies have
pointed to this phenomenon as a contributing factor to the
poor penetration of therapeutic molecules and nanoparticles in
tumors.’>***> A similar barrier for delivery is the elevated
interstitial tumor pressure caused by abnormal growth of
blood vessels and the absence of proper lymphatic drainage,
leading to the accumulation of fluid.”® The lack of pressure
gradient hinders the movement of therapeutic molecules and
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nanoparticles across the endothelial barrier into the tumor.>”*®
Hypoxia, characterized by insufficient oxygen supply is yet
another common feature of solid tumors, which is associated
with an elevated risk of metastasis, aggressiveness, and ulti-
mately poorer prognosis. It acts as an additional hurdle for
therapeutics.”® Nanoparticles struggle to reach these sites and
to penetrate deep enough into hypoxic regions.®® In this con-
text, nanorobots hold a distinct advantage over nanoparticles
due to their motorization, enabling active movement that does
not rely on passive transport through pressure gradients and
diffusion. This active movement also facilitates improved pene-
tration of stiff tumor tissues, ensuring the effective delivery of
therapeutic agents throughout the entire tumor mass.®" Studies
of nanorobots successfully crossing the endothelial membrane
will be covered in a later chapter.

It is important to emphasize that not all types of nanorobots
are required to cross the endothelial membrane. Some nano-
robots are specifically engineered to target entities within the
bloodstream rather than aiming for organs or tumors. Such an
example is a nanorobot designed for the purpose of destructing
blood clots in veins,*” concluding its mission within the con-
fines of the bloodstream.

The blood brain barrier (BBB), an incredibly selective blood-
brain interface is often viewed as the most formidable barrier in
the human body, seemingly almost impenetrable. Rich in tight
junctions and lacking fenestrations (Fig. 1A) this barrier estab-
lishes a meticulously regulated microenvironment that is vital
for the proper functioning of the brain. It acts as a barrier,
blocking pathogens and immune cells from entering the brain,
and even makes it challenging for drugs to enter the organ.®®
The quest to cross the BBB has been the focal point of a vast
amount of drug research, given its pivotal role in the treatment
of central nervous system diseases (Fig. 1B(f)).

Numerous approaches have been explored in the quest to
facilitate the passage of therapeutic agents through the BBB for
the treatment of brain diseases, yet a definitive solution
remains elusive as there has been no silver bullet. Current
strategies for BBB crossing can be broadly categorized into two
main groups: invasive and non-invasive.

Within the non-invasive realm, several noteworthy appro-
aches have been investigated. Focused ultrasound (FUS) creates
microbubbles that transiently disrupt the BBB and make it
more penetrable, allowing for enhanced delivery of systemically
administered drugs.®* However, the FUS transducer can be
bulky, costly, and not always readily available. Additionally,
magnetic resonance imaging is often used in conjunction with
FUS to improve the guidance and evaluation of the BBB open-
ing and closure,® which can make this procedure even more
costly. The safety of FUS-mediated BBB opening has been the
subject of debate,®® as FUS has been reported to induce vessel
damage.®®®” Furthermore, an open BBB may lead to the leakage
of immunoglobulins into the brain, which could contribute to
inflammation.®®

Intranasal delivery through nasal mucosa however avoids
the systemic administration of drugs and completely bypasses
the BBB by utilizing the olfactory nerve for direct drug delivery.*®

This journal is © The Royal Society of Chemistry 2025
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The limitations of this way of BBB crossing are mainly the need
for low volume of the administered drug, which means that only a
small amount of a drug can be administered.”® Such drug must
also be hydrophobic for it to be successfully delivered through the
nasal mucosa into the brain; moreover, the safety of such drug
must be thoroughly evaluated not to disturb the physiological
environment of the brain.*

In addition, drugs can be transported across the BBB using
viral vectors or by targeting specific receptors expressed on the
BBB, or combination of both.”"”> Constructing delivery vehi-
cles with the affinity to receptors expressed on the BBB such as
Transferrin receptor (TfR) or Insulin receptor (IR) has proved to
be a promising strategy for BBB crossing.>*”*’* However, in the
case of using viruses as delivery vehicles regardless of the
targeting strategy, they are known to pose the risk of immuno-
genicity, which can sometimes have fatal consequences, making
them a less ideal delivery system.”>”®

Recently, cell-membrane-coated delivery systems for BBB
crossing started to emerge using cell membranes from various
cells such as red blood cells,”” macrophages’® or other cells of
the immune system.”® They generally possess low immuno-
genicity and recognition by the immune system by masking the
delivery vehicle.”®

The exploration of various types of nanoparticles for BBB
penetration has been ongoing, although none have received
approval for the treatment of brain diseases thus far. Despite
extensive research, overcoming the challenge of BBB penetra-
tion remains a significant hurdle, with only a limited number
of strategies progressing to clinical trials in humans.®® The
quest for an effective and safe method to breach the BBB for
therapeutic purposes continues to be a pressing concern in the
field of medical research. Nanorobots might therefore offer
some innovative solutions in this ongoing endeavor, which will
be discussed later in the text.

When crossing the endothelial membrane from the blood-
stream to the target site, nanorobots must possess the cap-
ability to efficiently deliver their payload to the desired organ
while not distressing the endothelium, thereby avoiding the
complications such as wounding, bleeding, and scarring. The
ideal nanorobot should not only navigate this task of crossing
the endothelial membrane at a location leading to the target
organ, but also avoid entering into other tissues where it serves
no purpose. It is necessary to think of endothelium perme-
ability when designing nanorobots for in vivo applications, as it
provides insights into where the nanomachines will most
probably accumulate. Further insights into the various design
variables related to this aspect will be provided later on.

Third barrier: intracellular access and path inward

In the next part of their mission, nanorobots should be capable
of gently entering the cells of the target organ through the
plasma membrane without causing any damage (Fig. 1B(g)).
This ensures that all components of the cells remain intact and
fully functional while safeguarding the integrity of the precious
cargo. Gentle entry might not be needed as much in the case of
treating solid cancer. Membranes in cells are formed around

This journal is © The Royal Society of Chemistry 2025
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the cell itself (i.e. plasma membrane), but also around certain
cellular compartments such as the mitochondria or nuclei.
However, the role of the plasma membrane extends beyond
merely being a barrier, a wall between the cell interior and the
external environment. It also serves as a vital communication
interface, facilitating essential interactions between the cell
and the outside world.

The plasma membranes of eukaryotic cells, which are the
building blocks of the human body, consist of two molecules
thick phospholipid bilayer possessing numerous functions
(Fig. 1A).3"®> Phospholipids forming the plasma membrane
are mostly glycerophospholipids: phosphatidylcholine, phos-
phatidylethanolamine and phosphatidylserine. These consist
of a glycerol backbone, a phosphate group esterified to choline,
serine or ethanolamine and two fatty acids.**®* Phospholipids
form a bilayer by grouping hydrophobic tails in the center and
hydrophilic heads on the outer side, effectively separating two
aqueous environments from one another. These environments
are cytosol, which is the liquid inside of a cell where a
nanorobot is aiming to end up, and an extracellular space from
which the nanorobot is coming. The plasma membrane also
accommodates a diverse array of other molecules with desig-
nated functions, making it a highly heterogeneous and
dynamic layer. Proteins can find their docking platforms in
the plasma membrane, which facilitates important cell signal-
ing (Fig. 1A). This is a key element of cell communication with
other cells and their surroundings.®>*° It is worth noting that
the plasma membrane of a resting cell tends to have a negative
charge, a factor that holds significance in the design of nano-
robots that will be further discussed later.

Biological membranes exhibit selective permeability, allow-
ing only specific molecules that meet the cell’s requirements to
pass through. While small molecules can traverse the plasma
membrane without the need for a delivery vehicle, this process,
facilitated by diffusion through channel proteins (Fig. 1A)¥,
lacks cell specificity. Doxorubicin (DOX) (see structure in
Fig. 6D) is a chemotherapeutic agent, a member of the anthra-
cycline drug class. It is a 14-hydroxylated derivative of daunor-
ubicin, the precursor of DOX in its biosynthesis, produced by
Streptomyces bacterium. DOX is also known to enter healthy
cells, leading to the notorious side effects associated with
systemic administration. Additional targeting mechanisms of
these small molecules are therefore critical. Numerous targeted
small molecules, designed to spare healthy cells, are being
developed for the treatment of various cancers; however, they
still face substantial challenges.®® Despite small molecule’s
ability to penetrate the plasma membrane independently,
enhancing their delivery to the target site could significantly
improve efficiency and mitigate side effects. This is where the
field of nanorobotics comes into play, offering a promising
avenue for the development of sophisticated delivery vehicles.

Conversely to small molecules, larger molecules can be
shuttled into the cell through specialized transport proteins
(Fig. 1A) or via a process referred to as endocytosis. Antibodies
are known to promote receptor-mediated endocytosis, which
ensures their efficient transport across the plasma membrane.
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Leveraging this mechanism, antibodies have been successfully
conjugated with anti-cancer drugs, effectively serving as delivery
vehicles. This conjugation facilitates the endocytosis of the anti-
body-drug complex by cancer cells, leading to subsequent drug
release within the cell.*>*

However, many large molecules are unable to effectively
cross the plasma membrane without the aid of a delivery or
targeting system. Certain proteins or advanced tools like
CRISPR genome-editing system composed of a protein and a
nucleic acid vitally depend on a delivery vehicle to gain entry
into the target cell and function effectively. In these instances,
the delivery system plays a critical role in crossing the plasma
membrane and releasing its cargo once inside the target cell.
Recent reports suggest that the active motion of nanorobots
significantly aids in the internalization of large molecules into
cells compared to passive delivery systems.>®?**"% This under-
scores the potential of nanorobotics to enhance the delivery of
complex therapeutic agents, ensuring their effective entry into
target cells. However, nanorobots still encounter challenges
similar to those faced by large molecules such as the risk of
being trapped and digested by the cell during endocytosis. The
successful plasma membrane crossings will be explored further
in a subsequent section.

Fourth barrier: the art of escaping cell’s booby trap

After the nanorobot successfully conquers the endothelium and
the plasma membrane, it might seem that the hard part is
done. However, what awaits now is the cell’s booby trap: the
endolysosomal compartment. Before releasing the cargo into
the cytosol where it should do its therapeutic magic, the
nanorobot must perform an endosomal escape to evade being
digested and thus destroyed (Fig. 1B(h)). Endocytosis is the
process that unfolds when a large molecule or entity tries to
pass through the cell’s plasma membrane. A portion of the
membrane forms a vesicle that encapsulates the transported
entity, pulling it off the surface and internalizing it into a so-
called endosome. That is the place where a nanorobot might
get trapped for good if it fails to escape. The composition of the
endosomal membrane mirrors that of the plasma membrane in
terms of the types of phospholipid molecules present; however,
it differs in the proportions of these phospholipids.®®> The
whole process of endocytosis is complex and not yet fully
comprehended, with several possible pathways and mechan-
isms at play.”>°* Nevertheless, once an endosome is formed,
it progresses through various stages. During this process, the
number of protein degradative enzymes increases, and the pH
gradually decreases.”® Subsequently, about just 30 min after the
initial formation of the endosome, it reaches its final destina-
tion - another vesicle called lysosome. These two structures
fuse, forming what is known as endolysosome.’®

The lysosome, characterized by its low pH of 4.5-5, serves
several functions including the degradation, digestion, and
break down of whatever is inside of endosome.’” In the context
of nanorobots, this implies the degradation of both the nano-
robot and its cargo. The only way the nanorobot can avert
this fate is through a process known as endosomal or
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endolysosomal escape (Fig. 1B(h)). Endosomal escape has been
the subject of extensive research, particularly in the context of
nanoparticles. It is often described as the rate-limiting step for
nanoparticle-mediated delivery.>*°%° Understanding the cap-
ability of nanorobots to achieve endosomal escape, as well as
the potential role of active movement in this process, is of
utmost importance. Such knowledge would highly contribute to
the rational design of therapeutically successful nanorobots.
Successful endosomal escapes of nanorobots will be covered
extensively in a later part of this review.

From lab to life: design challenges

The success of nanorobots conquering the mentioned biologi-
cal barriers hinges on their design (Fig. 2). At the beginning of
every nanomaterial used for biological purposes is its testing on
in vitro models such as cell lines. However, in vitro does not
show us all the pitfalls of applications in living organisms and
gives us a slack when the design would actually never be viable
in vivo. There are several questions materials scientists could
ponder when developing nanorobots for future use in vivo that
might help with creating a nanorobot that has a rational
application: is the nanorobot manufactured to be invisible for
the immune system and will it be able to circulate long enough
to find its target? Is the target in blood or in an organ or solid
tumor and how many biological barriers the delivery system
has to cross? Is the cargo a small molecule or macromolecular
therapeutic agent and does it therefore need to be transported
across the plasma membrane with the nanorobot? Is the fuel
biocompatible and is it available at the site of the nanorobot’s
action in the concentration that is needed? How does this
nanorobot or its descendant outperform the state-of-the-art
treatment? The design determines whether a nanorobot will
be the appealing and marketable solution for therapeutics
delivery. Terms such as “biocompatibility”, “biodegradability”
and “prolonged circulation” are recurrent in nanomedicine
discussions and must be considered when evaluating nanor-
obotics clinical prospects (Fig. 2). It is valuable to envision even
if only faintly, the future patient that will benefit from this
advancement or the descendant of such advancement and to
simply bear this in mind when designing sensible translational
nanosystems. This chapter will explore design challenges that
could hinder the ability of nanorobots to effectively traverse
membranes, thereby affecting their clinical translation. We will
discuss the means of movement, and the influence of size, shape,
surface coating, and other properties in the context of potential
biological applications involving membrane crossing (Fig. 2).

The future is in motion

A vigorous debate exists among scientists developing static
nanosystems such as nanoparticles and those dedicated to
dynamic nano and microrobots. The fundamental question
being contemplated is: does the capability of motion, and thus
the active transport of cargo enhance the effectiveness of a
nanosystem within biological environments? Nanorobots are
not always necessary as nanoparticles can provide exquisite
solutions in certain applications, particularly those involving
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short delivery routes such as topical applications or vaccina-
tions. Nanoparticles are shown to be effective in areas such
as transcutaneous'*”'*" or mucosal'®> needle-free vaccination
and in treating antibiotic-resistant bacterial infections in
wounds'® or fungal skin infections.'® In these areas of
research, there is no pressing need to advance nanoparticles
towards motorization or smartness.

Nonetheless, a drawback that persists is that nanoparticles,
despite their long-standing presence, appear to be unable to
jump over their own shadow, struggling to break through their
limitations. A typically cited example is the efficiency of
nanoparticle delivery to tumor tissues. The number 0.7%
which represents the portion of injected nanoparticles that
reach the tumor®® has sparked discussions about the effec-
tiveness of this approach. Even with cell-specific targeting
involving functionalization of a nanoparticle surface for
improved tumor targeting, efficiency increased only margin-
ally to 0.9%.%° This has led to questions about the future
direction and potential of nanoparticle-based therapies.
A recent study has investigated the threshold for nanoparticle
quantities required for improved tumor delivery and reported
that administering 1 trillion of nanoparticles (larger than
10 nm) to a mouse increased the delivery efficiency to
12%.%” This implies, however, that a staggering 88% of the
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injected nanoparticles get lost somewhere during their ven-
ture throughout the body. Nanorobotics, despite being a
relatively new addition to the nanotechnology family, is bring-
ing forward the ideas of how to overcome the longstanding
challenges of nanomedicine. The active transportation of
molecules facilitated by movement, whether directional or
chaotic, may address the issue of low nanoconstruct accumu-
lation in the target tissue.

Nanorobots can be driven by various energy sources. These
locomotion methods are becoming increasingly sophisticated
creating a space for many exciting applications (Fig. 3). While
crossing the biological membranes is a crucial challenge, it is
not the only one. In biological contexts, such as the in vivo
membrane crossing, even the best membrane crossers cannot
be used in future applications if they disrupt the body’s delicate
homeostasis with their presence or their fuel or are not
efficiently eliminated from the body once their task is over
(Fig. 2). Many excellent in-depth reviews have been written on
this topic,">'% hence we will offer only a brief summary,
aiming to highlight issues or achievements relevant to the full
understanding of our topic, focusing on fuel types and their
concentration for rational in vivo applications, nanorobot’s
ability to propel in body fluids and biocompatibility or lack
thereof.
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Fig. 2 Design challenges of nanorobots that need to be addressed for successful in vivo membrane crossing. (A) Fuel availability at the site of
nanorobot's action, (B) ability of movement in biological fluids, (C) degree of non-target organ accumulation, (D) sufficient biocompatibility and
biodegradability, (E) surface coating and charge, (F) material and its properties, (G) loss of nanorobots due to macrophage ingestion, (H) adhesion of
plasma proteins on nanorobot (formation of protein corona) and (l) size requirements for specific in vivo applications.
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Externally powered

Nanorobots powered by external physical forces have an undis-
putable advantage over those propelled chemically. That is
mainly due to their fuel-free locomotion that does not utilize
any toxic fuel that would have to be added. Nevertheless, these
nanorobots face their own set of biocompatibility challenges.
Magnetic guidance using static or dynamic magnetic fields
stands as a prominent and widely researched type of propul-
sion in nanorobotics in vivo for a good reason (Fig. 3A(e)).
Magnetic actuation offers many exciting advantages by providing
highly controllable directional motion, which has been used in
many scenarios involving miniaturized robots.'®**3%1%¢112 The
speed of magnetically actuated nanorobots depends on the source
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of the magnetic field and the robot’s size and shape, typically
decreasing as the robot size increases. In vitro and ex vivo research
proved that magnetically guided micro and nanorobots are cap-
able of propulsion in the fast-paced blood flow."*™"** This has
been validated by several in vivo uses with intravenous adminis-
tration of magnetically guided nanorobots.'*?**%'** Nonetheless,
integrating magnetic materials for guidance poses biocompatibil-
ity challenges as these materials must be present either on the
nanorobot’s surface or in its core. Most commonly used materials
such as superparamagnetic iron oxide,"*® NdFeB,""” nickel'*® or
cobalt'™® are not inherently biocompatible and biodegradable.
Overcoming these issues during the manufacturing process is
vital to ensure that the presence of nanorobots in complex
biological systems will not result in cytotoxicity or immune
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Fig. 3 Types of propulsion mechanisms of nanorobots. (A) Nanorobots journeying through a blood vessel. Externally powered nanorobots utilize
ultrasound propulsion (c), magnetic propulsion (e), and light propulsion (b). Chemically powered nanorobots can use inorganic catalysts such as
hydrogen peroxide (a) or enzymatic propulsion (f). Biohybrid nanorobots utilize cells or microorganisms together with other types of propulsion such as
magnetic propulsion (d). Red elements depict red blood cells. (B) Details of selected propulsion mechanisms. From left to right: light propulsion of
Au Janus-type nanorobots, enzymatic propulsion based on urease () and glucose oxidase (Il), chemical propulsion with inorganic catalysts based on
self-electrophoresis (I) and bubble propulsion (l1).
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response. A review focusing on magnetically actuated nanorobots
can be found elsewhere.'*>

Light-driven nanorobots are on the contrary much easier to
be made biocompatible because their propulsion mechanisms
allow for using soft light-responsive polymers either alone or
in combination with biological materials'*® (Fig. 3A(b)). The
advantage of polymers is their better biodegradability than
metal materials.'*" Other materials such as gold or inorganic
salts can also be used.'” Propulsion is usually achieved
through an asymmetric morphology or shape, such as Janus
type of nanorobots, which respond to light stimuli.">**** Three
main propulsion mechanisms have been described in light-
driven nanomotors that operate without the need for external
fuels: self-diffusiophoresis, self-electrophoresis, and self-thermo-
phoresis. Self-electrophoresis (Fig. 3B) for example, involves the
nanorobot generating its own electric field, which drives its
motion. When a photocatalytically active nanorobot, such as
an Au/TiO, Janus nanorobot, gets irradiated by a suitable light
source, it leads to electron-hole pair generation. The holes
remain in the semiconductor, where water is oxidized to oxygen
and H', while the metal component reduces H' to H,. This
results in a proton gradient and the generation of an electric
field, resulting in self-propulsion,’*'** while magnetically
actuated nanorobots typically achieve a higher speed than that
of light-driven ones."® The limitations of the light source as
optical propulsion are the penetration depth of the light and
the speed of the nanorobot. Near-infra-red light (NIR) can safely
penetrate tissues but its penetration depth is limited to several
millimeters,'*>"*” restricting the use of nanorobots powered
by this light spectrum to near-surface areas. However, NIR-II
provides reduced photon scattering and therefore deeper tissue
penetration.”** "' NIR is oftentimes successfully used for
triggered drug release.”®'**7'** The sole use of NIR for propul-
sion is rare.®® More in vivo research is therefore needed, as
current studies are largely limited to in vitro models or often
rely on alternative propulsion methods. This limitation hinders
the complete assessment of the functionality of solely light
propelled nanorobots in complex biological systems. A compre-
hensive review on light-driven nanorobots has been previously
published elsewhere.***

Ultrasound, routinely used for imaging for decades and
overall considered to be safe,'*® can generate large propulsive
force by creating a pressure gradient along the nanorobot
(Fig. 3A(c)). A remarkable speed of 6.3 m s~ " with deep tissue
penetration of ultrasound propelled microbullets has been
reported.”®” However, it has been shown that the ultrasound
propulsion velocity decreases with the increasing shear vis-
cosity of the fluid."*® This factor needs to be taken into
consideration when propelling nanorobots in the bloodstream.
Numerous exciting in vitro applications of nanorobots utilizing
ultrasonic propulsion have been documented.?****3° However,
there is a pressing need for studies aimed at applying these
forces in translational in vivo approaches. This is because
encouraging in vitro results do not automatically translate to
successful in vivo applications. Ultrasound-driven nanorobots
have been summarized elsewhere."*’

This journal is © The Royal Society of Chemistry 2025
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Chemically powered

Chemical propulsion, also known as self-propulsion, relies on
the conversion of a chemical or biological fuel source to
generate motion. Understanding the environment where the
nanorobot will operate is critical, to know if it naturally con-
tains the fuel source, to avoid introducing foreign substrates
into unrelated biological environments (Fig. 2). Additionally, it
is essential for the nanorobot to have adequate fuel supply to
complete its task without running out of fuel prematurely.

The earliest form of self-propulsion involved the catalytic
decomposition of hydrogen peroxide using noble metals such
as platinum™*"*** or silver'*® (Fig. 3A(a)). The decomposition of
hydrogen peroxide can drive bubble propulsion as the catalytic
layer of the nanorobot converts hydrogen peroxide into water
and oxygen. This process produces bubbles that propel the
nanorobot forward'* (Fig. 3B). However, in the case of bime-
tallic nanorobots, such as those made from gold and platinum,
motion is achieved through self-electrophoresis rather than
bubble generation. In these bimetallic nanorobots, the gold
and platinum ends function as an anode and cathode, respec-
tively, with redox reactions occurring at both ends. At the
platinum end, hydrogen peroxide is oxidized, producing pro-
tons, which are then consumed at the gold end. This process
creates an electric field that propels the nanorobot forward
(Fig. 3B)."** The disadvantage of hydrogen peroxide as fuel is its
obvious toxicity to biological systems and its negligible natural
presence in the human body, making it unsuitable as a fuel
source. Although some studies demonstrated propulsion in
very low peroxide concentrations in vitro,"*>'*® applying this
method in in vivo scenarios is practically impossible. None-
theless, hydrogen peroxide propulsion still has a place in
in vitro environments where it can be valuable, for instance,
in cell transfection.”®

Enzymatic propulsion has recently been in the spotlight due
to its superior biocompatibility, though it also requires a
constant fuel source (Fig. 3A(f)). Unlike other methods, its
substrates are commonly found in the human body eliminating
the need for their artificial addition. Several reviews have been
published on this topic'*” and we will therefore focus only on
two most extensively studied enzymatic substrates.

Glucose (C¢H1,06), used as a fuel to propel nanomachines,
seems an ideal solution for blood-propelled nanorobots.
Glucose oxidase can be utilized to decorate the surface of a
nanorobot, where it catalyzes -p-glucose to p-glucono-d-lactone
(gluconic acid) and hydrogen peroxide in the presence of
molecular oxygen, which creates propulsion (Fig. 3B).'*®

However, its blood concentration, approximately 5 mM, is
often too low for the function of the majority of glucose-
operated nanorobots, which require several times higher glu-
cose concentrations.’**™*? A study using polymeric stomato-
cyte nanomotors containing glucose oxidase and catalase in
their cavity achieved a speed of 11 um s™' and 6 um s ' in
glucose concentrations of 10 and 5 mM, respectively, marking
the first successful use at biologically relevant glucose levels.*?
Glucose conversion is not limited to glucose oxidase. Alterna-
tive methods of glucose conversion can overcome the weak
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propulsion of glucose oxidase and help nanorobots reach a
much higher speed; however, they often need several times higher
glucose concentration than the physiological levels.">"">>

Urea (CO(NH,),) serves as the substrate for urease powered
nanorobots. Urea is being converted by enzyme urease to
ammonia and carbon dioxide, creating propulsion (Fig. 3B)."*®
However, urease propelled nanorobots face similar struggles to
those using glucose oxidase, primarily needing sufficient fuel
concentration to start actively moving. Studies indicated that
50 mM of urea is required to mobilize urease-powered robots.
This concentration does not occur in any tissue except for the
bladder."”” Demonstrating this, urease-powered nanorobots have
shown locomotion in a living mouse’s bladder>*"** and hold
significant potential for bladder cancer treatment."”>**® Such
applications highlight the rational use of a nanorobot in bio-
logically relevant environments, paving the way for translational
research and clinical application.

Biohybrid nanorobots

Biohybrid nanorobots represent the endeavor towards better
biocompatibility and biodegradability, blending the natural
characteristics of cells or microorganisms with advancements
in modern technology (Fig. 3A(d)). This approach aims to
harness the best from both biological and technologi-
cal realms. Detailed reviews on this subject are available
elsewhere.">"’

Biohybrid nanorobots have been constructed using various
body cells including red blood cells,">”'*® platelets,">”'>%*%°
cancer cells,'®'®*> white blood cells such as neutrophils or
macrophages, or even their membranes. Many such endea-
vors led to exciting in vivo applications with the potential for
clinical translation.'®'®6%'%! Neutrophils and macrophages
particularly possess innate chemotactic abilities, which allow
them to migrate in concentration gradients of chemical stimuli
such as pro-inflammatory cytokines towards the source which
can be harnessed for tumor or tissue inflammation
targeting."®'®"*? Such sensing capabilities that would utilize
biocompatible strategies are predominantly found in hybrid
nanorobots. However, enzymatically powered nanorobots that
migrate toward substrate gradients, such as glucose or urea,
also exhibit sensing capabilities. An in-depth review of various
sensing mechanisms in micro- and nanorobots in various
applications not solely focused on in vivo scenarios is available
elsewhere."® Due to the small size of nanorobots, integrating
manufactured sensors can be technologically challenging.
Therefore, it has not been performed to date. For these reasons,
biohybrid nanorobots often excel in sensing capabilities due to
their inherent nature of chemotaxis. Spermbots, created using
sperm cells, leverage their motility for propulsion and chemo-
tactic skills for navigation.*>'®* Their natural capability of
chemotaxis in the female reproductive system suggests a
potential in treating ovarian cancer.'®® Bacteriobots simi-
larly to spermbots use the cell’s ability of movement for
actuation.'"®""'®> Their ability to adhere to epithelial cells in
the urinary and gastrointestinal tract offers prospects for
targeted drug delivery in these systems.'®® Magnetically guided

18,19
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bacteriabots were also utilized for in vivo cancer treatment in a
mouse model with no obvious toxicity."** The improved bio-
compatibility and natural ability to move in biological fluids
make biohybrid nanorobots an attractive option for targeted
drug delivery within the human body.

In summary, the quest for an ideal propulsion mechanism
in nanorobotics often feels like trying to eat our cake and have
it too. The trade-off between biocompatibility/biodegradability
and speed is a common consideration; similarly, speed must be
balanced against size. This raises the question: have we reached
the zenith of our creativity or are there still untapped propul-
sion mechanisms awaiting discovery? Is a groundbreaking
actuation mechanism necessary to open doors toward transla-
tional research and human application or can a “mix and
match” strategy suffice? Thus far, diversification in propulsion
approaches seems to yield better performance, biocompatibil-
ity, and ultimately greater translational potential for real-world
applications. Nature has engineered plenty of nanorobots that
are living within us or around us. These are immune cells,
capable of sensing, independent assessment of the situation,
collaboration with other cells and thread elimination, sperm
cells excelling in chemotaxis and fast locomotion towards the
target, bacterial cells skilled in immune evasion, and many
more. Drawing inspiration from these natural systems seems to
right now guide the development of nanorobotics toward
practical and realistic uses.

Design beyond propulsion

The performance and interaction characteristics of nanorobots
with biological systems are not solely determined by their
propulsion mechanism and material composition. Additional
factors such as size, shape, charge, and surface coating play
crucial roles in shaping their behavior (Fig. 2). The following
chapter delves into design considerations beyond propulsion
that significantly influence membrane crossing. Due to
membrane crossing being a largely unexplored territory of
nanorobotics, there are only handful of studies explaining
how design of a nanorobot beyond propulsion influences its
ability to interact with and cross biological membranes in
in vivo applications. Research on nanorobots that demonstrates
membrane crossing often focuses on a binary assessment of
whether nanorobots can cross membranes, rather than inves-
tigating the underlying mechanisms. Given the nascent nature
of nanorobotics, drawing insights from nanoparticle research is
advantageous, as their interactions with biological systems
have undergone extensive scrutiny for over a decade.'®”*7°
Several in-depth reviews on this topic have been written.
While nanorobots may exhibit distinct behaviors compared to
nanoparticles, there are certain aspects where it is reasonable
to anticipate similar interactions with the biological system.
Specific examples of nanorobots conquering biological mem-
branes will be discussed in detail in the following chapter.

171,172

Design for prolonged circulation

Both nanorobots and nanoparticles have been struggling
with off-target accumulation since their first use in in vivo

This journal is © The Royal Society of Chemistry 2025
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applications (Fig. 2). Only recently have nanorobots been
introduced in in vivo scenarios through intravenous adminis-
tration. Although the initial results are promising, the under-
standing of design aspects remains limited due to the novelty of
this approach. Almost all studies employing intravenous
administration of nanorobots encounter some level of accumu-
lation in non-target tissues. Notably, in some cases, the accu-
mulation in organs such as the liver and spleen surpasses that
in the intended target, such as tumor tissue.”*>"**'”* A thor-
ough understanding of the mechanisms behind off-target
accumulation is crucial for developing nanorobots with better
targeting abilities.

Nanoparticles with a size of 5 nm or less are typically
eliminated through renal clearance.’**”®> Conversely, particles
exceeding 150 nm tend to accumulate in the liver and spleen.
The liver, characterized by fenestrations ranging from 50 to
300 nm, has the highest endothelial permeability."”® A similar
pattern is observed in the spleen where interendothelial slits,
200-500 nm in size, create spaces in between endothelial cells,
which make them easy to cross.”””'”® As the nanoparticle size
increases to several micrometers, the accumulation in lung
capillaries also occurs.'”*

Prolonged circulation appears to be associated with nano-
particles of approximately 100 nm size."”" Nevertheless, adjust-
ing the nanoparticle size might be a potential avenue for
targeting specific organs such as the liver, spleen, or lungs.
Importantly, larger nanoparticles do not solely accumulate in
these organs due to large fenestrations; macrophages also play
a significant role in this process (Fig. 2).

Tissue macrophages, primarily located in the liver, spleen,
and lungs, play a pivotal role in clearing foreign objects from
the bloodstream through ingestion. Particularly, nanoparticles
of sizes 2-3 um are recognized by macrophages the easiest,
possibly due to their similarity in size to bacteria.'”® It was also
found that macrophages exhibit shape preference, favoring
spherical nanoparticles over ellipsoids'®*>'®" or worm-shaped
structures.'®” This preference has been corroborated in vivo in
pigs.'® Nevertheless, this effect might be dependent on the
material and surface coating of nanoparticles and not just on
their shape because contradicting results exist as cetyltrimethyl-
ammonium bromide (CTAB)-coated gold nanorods were reported
to be favored by macrophages 230-times more than CTAB-coated
gold spheres."®*

In terms of nanoparticle charge, both strongly positive and
strongly negative charges have been associated with increased
uptake in the liver, potentially stemming from recognition by
macrophages'®® (Fig. 2). Importantly, neutral nanoparticles
demonstrated lower clearance from the blood compared to
charged nanoparticles, with positively charged nanoparticles
exhibiting the fastest clearance.'®® These studies point out that
a neutral or slightly negative charge is connected with the
optimal prolonged circulation and half-life in vivo.

Macrophage recognition is also closely related to the opso-
nization of a nanoparticle, a process involving the adhesion
of plasma proteins onto the nanoparticle surface, forming a
protein corona'®”'®® (Fig. 2). This protein corona is subsequently
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identified by macrophages. Polymer coatings such as polyethylene
glycol (PEG) have shown the ability to reduce the amount of
plasma proteins adsorbed onto the nanoparticle’s surface'®® as
well as the ingestion by macrophages.’®® However, it is essential
to acknowledge that such coatings also diminish the nanoparti-
cle’s ability to interact with target cells. However, research has
demonstrated that in certain cases, the protein corona can have
various advantageous effects. These include acting as a cell
protectant, shielding cells from possible damage induced by
cationic'®' and anionic'®*> nanoparticles. It has also been shown
that protein corona can help with cell internalization,"**"** in vivo
biodistribution,"® and tissue-specific delivery.'®

It is worth noting that the interaction between nanorobots
and macrophages may differ due to the movement properties of
nanorobots; however, this has not been studied yet. The
opsonization of nanorobots could potentially have adverse
effects on their response to stimuli, whether chemical or
external, leading to the inhibition of their movement. While
this aspect has not been thoroughly investigated, understand-
ing these dynamics is crucial for the successful design of
nanorobots for in vivo applications.

The in vivo studies discussed in the upcoming chapter
predominantly utilize magnetic field or NIR light for actuation
following intravenous injection.'®****¢%111 The prevalence of
these propulsion mechanisms in documented in vivo applica-
tions suggests that they may not be significantly inhibited by
opsonization. Additionally, many in vivo studies use biohybrid
nanorobots which in the case of the body’s own cells should
theoretically avoid opsonization and clearance as invading
agents.'®>° However, even biohybrid nanorobots remain sus-
ceptible to off-target accumulation, probably influenced by
factors other than opsonization.

Design for cell-specific delivery

The ultimate goal in intravenous administration for all delivery
vehicles targeting a particular tissue is to achieve cell-specific
targeting. If delivery platforms could precisely navigate to the
designated organ and release their cargo directly to target cells,
it would significantly reduce side effects and enhance effi-
ciency, minimizing cargo loss in off-target tissues. Such a
scenario would also offer economic advantages, as a lower
quantity of delivery vehicles could be utilized to achieve the
desired therapeutic effect. Cell-specific delivery stands as the
future paradigm for intravenously administered therapies
across various diseases.

For example, the demand for cell-specific technology is
urgent in the realm of CRISPR-based genetic therapy. Current
methods rely on delivery via viruses, which raises safety
concerns,’®” 2% or on ex vivo administration that involves
removing patient cells, editing them with CRISPR, and then
reintroducing them back to patient’s body—a costly and
hospitalization-dependent procedure that is not universally
accessible. Intravenously administered CRISPR, delivered in a
cell-specific manner could democratize CRISPR-based genetic
therapy, making CRISPR-based treatments accessible to a
broader range of patients afflicted by genetic diseases.
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In oncological treatment with chemotherapeutic agents,
cell-specific delivery holds promise for significantly reducing
the well-known side effects associated with this form of treat-
ment. As highlighted earlier, conventional nanoparticle deliv-
ery methods have not provided substantial gains in efficiency
for targeting tumor tissues, with reported increases as modest
as 0.2%.”° However, the emergence of nanorobotics opens up
possibilities for revolutionary strategies that could transform
cell-specific delivery of therapeutics.

Investigations into targeting strategies for the cell-specific
delivery of drugs extend to various organs, such as the brain,
where receptors like TfR or IR are commonly expressed on the
BBB. The binding of these receptors facilitated by targeting
antibodies initiates receptor-mediated transcytosis, triggering
the transport of cargo linked to the antibody across the
BBB.”"?*°! Transferrin which is also known to bind to TfR has
been used for nanorobot functionalization for BBB crossing.***
LRP-1 targeting peptides have also been utilized for the cross-
ing of nanorobots across the BBB leveraging the abundant
expression of LRP-1 receptor on the BBB.>>® These cases will
be fully discussed in the following chapter.

Antibody-based targeting has found particular application in
oncological treatments, with numerous antibodies, basically
FDA-approved, as delivery vehicles for a wide array of anti-
cancer drugs.”** Small molecules, including folic acid, have
also been explored for targeted cargo delivery to cancer and
immune cells by binding to folate receptors and facilitating
receptor-mediated endocytosis.>*’

Additionally, targeting peptides and aptamers, which are
nucleic acid fragments, have been studied for receptor target-
ing in various diseases.?*® Although many of these strategies
have advanced to clinical trials and gained FDA approval, they
primarily involve targeting moiety-drug conjugation scenarios,
not using nanocarriers. Nanomaterials with their advanced
properties could enhance the characteristics of such cell-
targeted therapies. The fusion of the worlds of cell-specific
targeting and nanorobotics has the potential to introduce
cutting-edge strategies for treating various diseases. Despite
these prospects, to our knowledge, there are limited reports of
in vivo scenarios demonstrating cell-specific targeting of
nanorobots.’®® Nanorobot could be also constructed in a way
that targeting of certain cells is ensured without relying on
antibodies or targeting peptides. For instance, the CD44 recep-
tor is expressed on various cell types including stem cells,
hematopoietic cells, and many types of cancer cells.>*” Hya-
luronic acid, a linear anionic polymer naturally present in the
extracellular matrix, is the major binder of CD44.?°® Therefore,
surface coating of nanorobots with hyaluronic acid might not
only enhance their surface and stability, but also serve as a
targeting moiety while offering opportunities for additional
surface modification through conjugation.

Design for cellular internalization

Targeting moieties discussed in the section about cell-specific
delivery also generally aid in cellular internalization oftentimes
by receptor-mediated endocytosis.>*® Cell penetrating peptides
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(CPPs) such as the transactivator of transcription (TAT) derived
from the HIV virus are also known to help with cellular
internalization despite them not being cell-specific moieties.
CPP contains 5 to 30 amino acids and a relatively high number
of positively charged amino acids arginine and lysine, which
makes most CPPs being positively charged.”®® CPPs have been
used with nanorobots for the purpose of cellular internalization
for in vivo delivery.>® However, studies on the specific mechan-
isms of cellular internalization of nanorobots are largely
missing.

The majority of cells maintain a negative plasma membrane
potential, resulting in a faster internalization of positively
charged nanoparticles compared to their neutral or negatively
charged counterparts.'®>*'°>'> However, the paradoxical out-
come arises wherein positively charged nanoparticles are typi-
cally cleared from the bloodstream the fastest of all variants of
charge and also possess higher inherent cytotoxicity (Fig. 2).
In response to this contradiction, there has been an effort to
engineer zwitterionic nanoparticles characterized by a negative
charge profile, thereby promoting prolonged circulation. Upon
reaching the acidic microenvironment of a tumor, these nano-
particles undergo a charge-switch transitioning to a positive
charge state, which facilitates cell uptake.”**?"*

Cellular uptake and endocytosis of nanoparticles are not
solely dependent on charge but are also significantly influenced
by shape and size (Fig. 2). Citrate-stabilized gold nanoparticles
functionalized with DNA through 5’-thiol moiety demonstrated
reduced cellular internalization as the hydrodynamic diameter
increased, with 10 nm nanoparticles exhibiting the most effi-
cient internalization.’”® Paradoxically, it was observed that
endocytosis of gold nanoparticles increased with size progres-
sion from 14 nm, 30 nm to 50 nm, reaching its peak, and
subsequently declined for sizes of 74 nm and 100 nm, which
exhibited the lowest internalization rate. Moreover, the aspect
ratio proved to be also important with spherical nanoparticles
outperforming their rod-shaped counterparts in cellular
internalization.”’® Notably, the former study used nano-
particles functionalized with thiolated DNA that had a negative
charge, while the latter study employed nanoparticles stabilized
with citric acid ligands giving the nanoparticles also negative
charge.

This observation underscores the pivotal role played by the
manufacturing process. A comprehensive examination of the
interplay between size, shape, and charge in nanorobots traver-
sing plasma membranes is essential.

Nevertheless, several studies featured in the subsequent
chapter demonstrate that nanorobots show much faster and
more efficient internalization into cells compared to static
nanoparticles.”®***"* The diversity in their actuation mechan-
isms suggests that the mere presence of motion can signifi-
cantly enhance their ability to cross the plasma membrane.

Design for endosomal escape

Endosomal escape, long recognized as the rate-limiting step in
intracellular cargo delivery within the field of nanomedicine,
has prompted numerous nanoparticle designs that could
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inspire advancements in nanorobotics. Various strategies
have been explored to overcome the acidic environment of
lysosomes, and in-depth reviews have delved into these
approaches.>>*'®*!” various polymers have been utilized for
the purposes of endosomal escape, such as pH-sensitive PEG
that cleaves at low pH>'® or polycationic polymers such as
polyethyleneimine (PEI) that protonate in the endosome, indu-
cing a proton sponge effect leading to high osmotic pressure,
endosome lysis and release of the cargo.>'® Similarly, endoso-
mal escape can be facilitated by ionizable lipids destabilizing
the endosomal membrane in acidic pH.>*° CPPs are also known
to contribute to the endosomal escape.?*"**> Numerous other
polymers, lipids, and peptides have been designed to equip the
delivery vehicle with the ability of endosomal escape.

The nanorobots that were able to escape the endosome and
release their cargo to the intracellular space will be discussed in
the upcoming chapter along with the mechanisms they
employed to possess this ability. Encouragingly it appears that
the ability of movement is often efficient enough to facilitate
endosomal escape,?***** offering promising prospects for the
field of nanorobotic drug delivery. It is crucial to note that
achieving a faster release from endo-lysosomal compartments
is more desirable than release from late lysosomes that reach a
highly acidic pH of 4.5-5. Some studies detailing nanorobots
capable of escaping endo-lysosomes employ designs facilitating
escape in the mildly acidic pH range of 6-6.5,"***** while
others use strategies for escape later at a pH of 5.”°> However,
the design of nanorobots should carefully consider that many
therapeutic payloads are sensitive to highly acidic conditions,
and prolonged exposure to such environments can cause pro-
totropic and pleiotropic structural alterations**®> compromising
the functionality of these molecules,?*® including DOX that is
probably the most used payload in nanorobotic studies.**’
Therefore, an escape from the endosome is greatly preferred
to preserve the functionality of the cargo.

The exploration of nanoparticle behaviors highlights the
intricate nature of biological systems and the myriad variables
that must be considered when crafting nanorobots (Fig. 2).
Assumptions regarding the equivalence of nanorobot beha-
viors, particularly in terms of endocytosis or macrophage
phagocytosis, cannot be made based solely on the behaviors
exhibited by nanoparticles. Despite this, an unchanging factor
for any agents introduced into the bloodstream remains the
necessity to adhere to specific size requirements. It is highly
likely that nanorobots with weaker propelling strength may
be carried along by the bloodstream and deposited in the same
organs as nanoparticles if they do not have the required
dimensions and characteristics.

The heart is a powerful organ pumping about 5 liters of
blood per minute, which is a significant force, nanorobot
development should prioritize achieving prolonged circulation.
Elastic materials that offer flexibility may partially overcome the
size requirements. Moreover, the size of a nanorobot influences
their speed with a general rule, indicating a larger size corre-
lated with a greater speed. However, this must be delicately
balanced against biocompatibility and size requirements for
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the bloodstream (Fig. 2). Understandably, the use of micro-
robots in direct bloodstream injection scenarios may pose
challenges, especially given capillaries’ narrow diameter of
5-10 pm. Red blood cells have to pass one by one in these
capillaries and a swarm of microrobots might cause serious
clotting. However, microrobots still have their place in in vivo
fields such as microsurgery”*®.

While the notion of a single nanorobot performing a multi-
tude of tasks across diverse biological environments may
currently seem ambitious, it represents the ultimate trajectory
of the field. To unlock the full potential of miniaturized
machines for translational applications—ones that are readily
marketable and surpass current state-of-the-art therapies—
confronting these challenges is imperative. Only through this
coordinated effort can nanorobots be deemed prepared for the
final phase of their journey: clinical trials and integration into
treatment protocols for various diseases.

Nanorobotic applications
Entering the body through the first barrier

The first biological barrier that nanorobots encounter and have
to cross is dependent on the administration route. This chapter
delves into nanorobotic types that successfully conquered the
first barrier of the human body, which is the skin or mucosa, or
bypassed it by intravenous injection. The effect on the disease
model will be discussed as well as the biocompatibility of these
nanomachines.

The penetration of stiff spinal metastasis is one of the
examples demonstrating the power of nanorobots in a scenario
with translational potential. Asymmetric nanorobots with
urchin-like head and hollow tail were used for the penetration
of stiff spinal metastasis of difficult-to-treat breast cancer in a
mouse model.*'

These nanorobots with a spikey head were crafted by par-
tially coating Au nanostars with silica. The Janus-like segrega-
tion of the Au nanostar surface was achieved by binding
4-mercaptophenylacetic acid and poly acrylic acid asymmetri-
cally on the surface of the Au nanostar. Added silica reacted
with 4-mercaptophenylacetic acid and formed an asymmetric
SiO, coating on the head of the Au nanostar. Polyacrylic acid
was allowed to react with CTAB, which promoted further
deposition of silica that created a hollow tail. The tail was then
loaded with fatty acids and DOX. It was revealed that upon NIR
irradiation, the nanorobots were propelled by means of ther-
mophoresis due to Au nanostars converting the adsorbed
photons to heat, which created a local thermal gradient
throughout the nanorobot. Mice intravenously injected with
these DOX-loaded nanorobots subjected to NIR irradiation
showed an 80% improvement in survival rate and a substantial
decrease in tumor volume compared to controls. Group with
DOX only demonstrated a 0% survival rate. These nanorobots
were also capable of near eradication of other types of stiff
tumors after intravenous injection, showing that this approach
is feasible for other types of solid tumors with dense stroma.
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Hematological analysis of main organs revealed no damage and
pointed to good biocompatibility of nanorobots.®

Enhanced tumor penetration and DOX delivery was also
achieved using deformable polymeric nanocarriers with a flow-
able polyphosphoester core.*® A TAT-functionalized diblock
copolymer TAT-PeG-b-PHEP where PHEP stands for poly(2-
hexoxy-2-oxo-1,3,2-dioxaphospholane) was synthesized and
used for the manufacturing of the nanocarriers. The used
TAT CPPs were designed to activate in the acidic environment
typical of solid tumors, aiding cell uptake. The formed nano-
carriers were loaded with DOX and ferromagnetic nanocubes
(Fig. 4A). When injected intravenously into mice with tumors,
and with a magnet placed over the tumor, the magnetic field
facilitated the nanocarrier’s penetration into the tumor. This
triggered the CPP’s pH-sensitive activation, leading to cell
internalization, DOX release, and approximately 86% tumor
growth inhibition. The highest DOX tumor accumulation was
observed group of mice that received magnetically actuated
deformable nanocarriers containing pH-responsive CPPs. This
was in comparison to groups receiving deformable nanocar-
riers with non-pH-responsive CPPs and to nanocarriers with
rigid core either with or without magnetic actuation. A remark-
able tenfold enhancement in the accumulation of DOX within
tumor tissue was noted when employing deformable nano-
carriers featuring pH-responsive CPPs navigated by a magnetic
field, as opposed to their counterparts lacking magnetic gui-
dance. Although the biocompatibility of the nanocarriers was
declared to be sufficient, the assessment relied solely on the
stable weight of the experimental animals.*

Switching to the realm of biohybrid micro and nanorobots
in translationally relevant applications, tumor growth inhibi-
tion was observed when using bacteria-hybrid microrobots. The
non-pathogenic bacterium Escherichia coli Nissle1917 (EcN)
with inherent hypoxia sensing abilities served as the founda-
tion for this type of microrobot. The microrobot was con-
structed by loading EcN with citric acid-coated Zn-doped
Fe;O, magnetic nanoparticles by forming amide bonds
between the nanoparticles and the surface of EcN. The created
microrobots were subsequently utilized for targeted cancer
therapy."™ EcN was further modified to incorporate a geneti-
cally encoded magnetothermal bioswitch. This bioswitch acti-
vated by an alternating magnetic field, facilitated the thermally
triggered expression of fluorescent protein mCherry, enabling
the visualization of the microrobot. Additionally, the bioswitch
triggered the expression of NDH-2 enzyme capable of generat-
ing hydrogen peroxide for enhanced anticancer treatment.
Microrobots were injected intravenously into a tumor-bearing
mouse. While being guided by the rotating magnetic field, the
microrobots were visualized through thermal imaging. The
temperature in the tumor tissue increased to 45 °C within
10 min. Microrobots without magnetic guidance were able to
elevate the tumor temperature albeit to a lesser extent. After a
24-hour period, the mCherry fluorescence in the tumor tissue
was detected to be 1.15-fold higher under conditions involving
magnetic guidance than microrobots without magnetic gui-
dance. Furthermore, the microrobots manifested an enhanced
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ability to penetrate tumor stroma through a combination of
hypoxia sensing and magnetic propulsion. In contrast to con-
trol groups, the magnetically guided microrobots facilitated the
most substantial inhibition of tumor growth, attributed to
the synergistic impact of the magnetothermal effect and the
bioswitch-triggered generation of hydrogen peroxide. Immuno-
histochemical analysis of main organs and analysis of blood
biomarkers revealed no signs of toxicity associated with the
bacteria-hybrid microrobots.'**

Another example is the controlled DOX release in a tumor
tissue by cellular microrobots, which further highlights the
potential of biohybrid micro- and nanorobots in cancer treat-
ment. Macrophages were used as the building blocks for
cellular microrobots engineered to execute photothermal and
chemotherapeutic interventions for solid tumors."*® A specific
subset of macrophages known for their tumor-homing cap-
abilities was selected for this purpose. Gold nanorods were
prepared by an in situ reaction with simultaneous growth and
nucleation processes and they were loaded into liposomes
together with DOX. Further, liposomes were ingested by these
macrophages, and subsequently, intravenously administered
into a tumor-bearing mouse. Demonstrating an autonomous
migratory capacity guided by chemotaxis, these cellular micro-
robots precisely homed in on the tumor site. Upon NIR irradia-
tion, the gold nanorods induced a photothermal effect,
converting absorbed light to heat and triggering the controlled
release of DOX, which resulted in significant necrosis of cancer
cells. Remarkably, this approach shielded other organs from
the well-documented toxic effects associated with DOX."** In a
subsequent investigation, the same research group used the
same type of macrophages.?® This time, macrophages engulfed
citric acid-coated superparamagnetic nanoparticles and ther-
mosensitive liposomes carrying DOX (Fig. 4B). Upon intrave-
nous injection into tumor bearing mice, these microrobots not
only employed chemotaxis for navigation but their movement
was further enhanced by magnetic field through the attach-
ment of a magnet to the tumor. Subsequent NIR irradiation
induced a photothermic effect, prompting the release of DOX
and resulting in a substantial inhibition of tumor growth.
Groups lacking magnetic guidance or NIR irradiation exhibited
less significant tumor growth inhibition. Importantly, the pre-
sented cellular microrobots possessed exceptional biocompat-
ibility in vivo.”®

Similarly to macrophages, neutrophils, as phagocytic cells of
the immune system, have also been harnessed for innovative
therapeutic applications, in this case the treatment of brain
tumor. The intrinsic ability of neutrophils to cross the BBB was
leveraged by transforming them into “neutrobots” for this
cause" (Fig. 4C). Hydrophobic Fe;0, nanoparticles were encap-
sulated into gelatin nanogels together with chemotherapeutic
drug paclitaxel (PTX), which is a tetracyclic diterpenoid (see
structure in Fig. 6D), using an emulsion/solvent evaporation
technique. Further, these magnetic nanogels were enveloped
with an E. coli membrane promoting phagocytosis by neutro-
phils and preventing drug leakage into the carrier cell. The
in vivo study used a post-operative glioma model, selected for
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Fig. 4 Various nanorobots for membrane crossing. (A) Nanocarriers with a flowable core are deformable under a magnetic field and possess
pH-responsive transactivator of transcription (TAT) cell penetrating peptides, which aid in tumor penetration and DOX drug delivery after intravenous
injection. Reproduced with permission.*® (B) Macrophage-based cellular microrobots with chemotactic properties and magnetic guidance for NIR-
triggered DOX drug release and photothermal therapy of solid tumors following intravenous administration. Reproduced and modified with permission.2°
(C) Nanorobots created from neutrophils (neutrobots) loaded with magnetic nanogels containing the PTX drug sense inflammatory factors released from
malignant glioma, cross the blood brain barrier (BBB) and guided by the magnetic field deliver PTX drugs after intravenous injection. Reproduced and
modified with permission.’® (D) Orally administered enzymatically powered microcapsules cross the mucosa and switch to macrophage bioengine
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——————— >

nanorobots in Peyer's patch, continuing to inflammation sites, delivering therapy. Reproduced with permission.*®

the common presence of residual tumor cells and inflamma-
tory factors that would attract neutrobots to the tumor site.
Upon intravenous administration, a rotating magnetic field
guided the movement of neutrobots. Their innate chemotaxis
then enabled them to pass through the BBB homing in on
the tumor site where they released PTX. Notably, in this study,
mice treated with neutrobots guided by a magnetic field
demonstrated the highest survival rates when compared to
other treatment groups.’® In a follow-up study, the research
focus shifted to a comprehensive assessment of the pharma-
cology and toxicity associated with intravenously administered
neutrobots. The results were highly encouraging, revealing
negligible immunotoxicity and minimal impact on liver and
kidney functions. The reported minimal toxicity towards
healthy tissues underscores the potential of neutrobots in
further biomedical applications.”*’

Exploring the transdermal and transmucosal applications of
nanorobots unveils futuristic possibilities that carry significant
promise, especially for treatments in developing countries or
challenging conditions where maintaining sufficient sterility
may be a challenge. Despite these highly favorable prospects,
research in the field of transdermal delivery remains limited.
Nanoparticles have been reported to enhance transdermal
delivery and facilitate the penetration of both hydrophilic and
hydrophobic drugs.>*>**' The introduction of nanorobots into
this arena could further augment the transdermal penetration
of these therapeutic molecules, potentially reducing the
required drug dosage driven by increased transport efficiency.

This journal is © The Royal Society of Chemistry 2025

Contrary to the transdermal delivery, transmucosal delivery
utilizing nanorobots has already seen its first translationally
relevant application. Twin-bioengine yeast micro/nanorobot
displaying impressive abilities was able to cross multiple mem-
branes including the mucous membrane'® (Fig. 4D). The
nanorobots were created in an asymmetric Janus manner.
Anti-inflammatory nanoparticles were self-deposited in a hol-
low yeast microcapsule which was subsequently coated with an
asymmetric film, and through imidazole-carbamate linkers,
-NH,-containing glucose oxidase and catalase were immobi-
lized onto its surface. In an in vivo setup, mice were orally
administered this microcapsule. Once ingested, the nanorobots
demonstrated active directional propulsion responding to the
glucose concentration gradient in the small intestine, convert-
ing p-glucose to p-gluconic acid and hydrogen peroxide with
glucose oxidase and further decomposing hydrogen peroxide to
water and oxygen by the action of catalase. This propulsion
was guiding the microcapsules toward the mucosa where the
nanorobots successfully traversed the mucosa barrier and
reached Peyer’s patches. Payer’s patches are follicular struc-
tures with immune function housing macrophages ready to
engulf invading pathogens. Exploiting this natural mechanism,
the nanorobots were ingested by macrophages, initiating a
transformative journey as macrophage bioengines. These
bioengines harnessed the innate chemotaxis ability of macro-
phages, allowing them to travel through the bloodstream over
long distances. Subsequently, they exited the bloodstream,
reaching deep-seated sites of gastrointestinal inflammation,
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where they successfully delivered anti-inflammatory treatment,
which significantly reduced the inflammation. Further testing
proved good biocompatibility of these nanorobots.'®
Investigating biohybrid nanorobots as promising candidates
for membrane crossing in transmucosal transport is a compel-
ling avenue for exploration. The utilization of macrophages
to create bioengines or cellular microrobots carries distinct
advantages, not only due to their innate ability to migrate
towards sites of inflammation or solid tumors through chemo-
taxis but also because of their autonomous and self-sustained
nature, eliminating the necessity for external fuel sources. This
approach ultimately offers a biocompatible way of addressing
the treatment of deep-seated inflammation and solid cancers.

Exiting the bloodstream by crossing the endothelium

In their quest to fulfill designated roles, nanorobots face a
critical hurdle—departing the circulation by crossing the endo-
thelial membrane to access the intended target, whether it be a
tissue, organ, or tumor. This chapter will focus on nanorobots
that have been documented to cross the endothelium or BBB.
Additionally, we will discuss instances of nanorobots crossing
the endothelium to off-target organs.

Urchin-like nanorobots mentioned in the previous chapter
were used for both photothermal therapy and the delivery of
DOX to tumors characterized by rigid stroma. This study also
described the ability of these nanorobots to exit the blood-
stream, an essential step in targeted drug delivery.®’ Initially,
in vitro tests on experimental models were performed to vali-
date the hypothesis that nanorobots could cross the endothelial
membrane into the tumor. Subsequent in vivo compared the
performance of nanorobots to passive nanoparticles possessing
similar properties but lacking active movement. When injected
intravenously, nanorobots successfully extravasated from the
bloodstream and evenly penetrated the entire tumor within
120 min. In contrast, the passive nanoparticles remained
trapped in blood vessels at the 120 min mark and showed only
poor diffusion into the tumor tissue (Fig. 5A). Notably, despite
the absence of an active tumor targeting mechanism, the tumor
had the highest concentration of DOX among all tested
tissues.®’ These results highlight that nanorobots might be
key to successful drug delivery into solid tumors with stiff
stroma, which often present obstacles to conventional thera-
pies and even nanoparticle-based approaches.

The ability to cross the endothelial membrane and penetrate
tumor tissue was also described in the study exploring deform-
able polymeric nanocarriers with flowable core for magnetically
guided delivery of DOX deep into the tumor tissue.*® An in vitro
study was first conducted, centering on a comparative analysis
between nanocarriers possessing a flowable core and their
counterparts characterized by a rigid core, each exhibiting
a diameter of 180 nm. Deformable nanocarriers showed the
capability to traverse a polycarbonate membrane with 80-
100 nm pores, contrary to rigid nanocarriers that were not able
to accomplish that. The knowledge gained from in vitro experi-
ments of nanocarrier’s deformability was instrumental in an
experiment focusing on crossing the endothelial membrane.
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Mouse models bearing tumors received intravenous injections
of either deformable or control nanocarriers, and after two
hours, the mice were sacrificed for tissue analysis. Deformable
nanocarriers that were subjected to a magnetic field were
successfully able to cross the endothelial membrane and pene-
trate the tumor tissue. In the absence of a magnet, nanocar-
riers, both deformable and rigid, remained trapped in blood
vessels. Importantly, even with a magnetic field, rigid nanocar-
riers accumulated in vessels unable to cross to the tumor site.
All nanocarriers tended to accumulate in non-target tissues,
especially the spleen. However, combining deformable nano-
carriers with a magnetic field significantly reduced spleen
accumulation, directing the majority of nanocarriers to the
tumor.>® These findings highlight the advantage of actively
propelled nanocarriers over passive ones in tumor targeting.

Another successful endothelial crossing was achieved by
previously discussed macrophage-based cellular microrobots.
The efficacy in traversing the endothelial membrane was due to
the utilization of the chemotactic properties inherent to macro-
phages. This ability was leveraged for photothermal therapy
and the delivery of DOX into solid tumors.”®'** A subsequent
study underscored the pivotal contribution of supplementary
magnetic guidance, which significantly augmented the effi-
ciency of this infiltration process.>’ Despite this tumor targeted
approach, both studies showed that cellular microrobots exhib-
ited infiltration into non-target tissues, including the lungs,
spleen, and liver, with the lungs receiving a disproportionately
higher dosage of microrobots than the intended tumor site.>*"*?
The incorporation of magnetic guidance, however, decreased
this off-target penetration, concurrently amplifying the tumor
targeting.”® Nevertheless, even with the implementation of
magnetic propulsion, the microrobots remained more predo-
minant in the lungs than in the targeted tumor site, high-
lighting a persistent challenge in achieving optimal targeting
specificity.**33

As previously highlighted, twin bioengine nanorobots were
constructed using yeast microcapsule with an anti-inflam-
matory drug that was propelled in the glucose gradient of the
small intestine. Once ingested by macrophages in Peyer’s
patches, the bioengines had the capability to navigate the
bloodstream and traverse the endothelium, reaching the site
of inflammation within 24 h (Fig. 5B). This ability was attrib-
uted to the innate ability of macrophages in this regard."®

Expanding upon this theme, a biohybrid nanorobot was
used in a study that utilized Magnetococcus marinus bacterium
for bloodstream extravasation and subsequent deep tumor
penetration. M. marinus is a magnetotactic bacterium renowned
for using geomagnetic field lines as a navigational reference
during its swimming endeavors. Notably, this bacterium also
exhibits a natural inclination to migrate toward regions with
low oxygen levels. The study capitalized on this intrinsic cap-
ability by loading M. marinus with nanoliposomes carrying a
therapeutic payload.''® The ~-COOH functionalized liposomes
were conjugated to M. marinus surface by a covalent bond to
-NH, groups naturally present on the bacterial cell membrane.
These nanorobots were then injected in proximity to a tumor

This journal is © The Royal Society of Chemistry 2025
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Fig. 5 Designs of nanorobots for exiting the blood stream. (A) Nanorobots cross the endothelium and penetrate the stiff stroma of a tumor in 120 min
after NIR irradiation compared to passive morphologically similar nanoparticles that are trapped in blood vessels. Reproduced and modified with
permission.®! (B) Twin-bioengine nanorobots (TBY-robot) travel with the blood flow and exit the bloodstream at the site of inflammation. Reproduced
and modified with permission.*® (C) Nanorobots (AlEdots) coated with natural-killer (NK) cell membrane cross the blood—brain barrier (8BB) upon NIR
irradiation inducing photothermal effects in glioblastoma tumors. Nanorobots without NK cell membrane fail to cross the BBB.”®

and guided towards the tumor mass through the application of
a directional magnetic field. Upon sensing the oxygen gradient,
the nanorobots autonomously initiated their journey toward
the core of the tumor, where hypoxia is most prevalent. For that
to happen, they must have exited the bloodstream before
permeating the tumor, even though the study does not expli-
citly detail this step. This approach notably outperformed the
passive diffusion of dead bacteria and nanoparticles used as
controls. Importantly, the employment of a magnetic field
proved instrumental in facilitating profound tumor penetra-
tion, as the bacteria failed to achieve such efficacy without
magnetic guidance. The study did not delve into investigating
off-target effects, potentially due to the localized administra-
tion rather than systemic.*°

BBB safeguards the brain, and it is no surprise that it is
the toughest barrier in the body to cross. Despite this, some
nanorobots have successfully crossed the BBB, showcasing the
potential of active propulsion over passive nanoconstructs in
this context.

The BBB has been crossed by neutrobots that were utilized
for the targeted delivery of PTX to post-resection gliomas.™
Neutrophils were selected for their ability to migrate towards
the concentration gradient of inflammatory factors, often
released from post-resection gliomas. Initial in vitro experi-
ments utilized a BBB model with a chemokine gradient and
glioma cancer cells on the other side of the barrier. Neutrobots

This journal is © The Royal Society of Chemistry 2025

demonstrated the capability to migrate through the model BBB,
reach the cancer cells, and release PTX. This prompted an
in vivo experiment on the mouse model. Upon the intravenous
administration of neutrobots, mice were subjected to imaging
at 1- and 3-hour intervals. Remarkably, the group treated with
neutrobots under magnetic guidance exhibited a significantly
higher accumulation of these nanorobots in the brain com-
pared to the control groups. Further histological analysis
provided evidence of the neutrobots successfully migrating
through the BBB and accumulating in the tumor tissue in mice
receiving neutrobots steered by magnetic guidance. These
findings underscore the potential of neutrophil-based nanor-
obots in the efficient transportation of drugs across the BBB."®
However, the study does not provide insights into the potential
accumulation of these neutrobots in other tissues.
Polymersome swimmers were also reported to successfully
conquer the BBB. These swimmers were assembled by mixing
amphiphilic copolymer poly(ethylene oxide) poly(butylene
oxide) with poly[oligo(ethylene glycol) methyl methacrylate]
and encapsulated glucose oxidase and catalase for self-propulsion
in a glucose concentration gradient converting glucose with glucose
oxidase and the resulting hydrogen peroxide with catalase.”*?
Notably, the high expression of glucose transporters on endothe-
lial cells in the brain suggested the presence of a glucose
gradient towards the blood vessel walls, forming the foundation
for polymersome chemotaxis. The polymersome swimmers were
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further conjugated with a peptide targeting LRP-1 receptor
abundantly expressed on the BBB that facilitates the BBB cross-
ing. This BBB crossing was proved through an in vitro BBB model
and validated in an in vivo experiments on rats. The in situ brain
perfusion technique achieved 20% uptake of swimmers into the
brain tissue in contrast to the 5% uptake observed with passive
polymersomes.>®® In situ brain perfusion is a technique used to
measure whole brain uptake of molecules, in this context,
polymersomes. It involves perfusion of the brain from the
carotid artery with a buffer containing the tested agents. One
hour after the start of the perfusion, the brain is removed and
examined.*** This method however cuts out systemic circulation,
cannot be used to evaluate systemic biocompatibility, and does
not provide insights into the behavior of these agents when
administered intravenously, including the success of brain
targeting, BBB crossing, and potential accumulation in organs
other than the brain.

Nanorobots were also able to target glioblastoma tumors
by crossing the BBB. The capability to transverse BBB was due
to the design of nanorobots that emulated natural-killer (NK)
cells’®. Glioblastoma, the most prevalent adult brain tumor,
renowned for its aggressiveness and difficulty of surgical resec-
tion leading to poor prognoses, presents significant clinical
challenges.>** The nanorobots were constructed from aggregation-
induced emission-active polymeric nanoendoskeletons (AIEdots)
with NIR II fluorescence. The NIR II emission-active polymer
PBPTV was created by utilizing regioregular bispyridal [2,1,3]
thiadiazole and alkyl-substituted (E)-2-(2-(thiophen-2-yl)vinyl)-
thiophene units where the first was the acceptor and the latter
one the donor. AIE dots were then coated with the plasma
membrane of NK cells using biomimicking virus-budding
process. In vitro assessments on BBB model revealed that the
membrane proteins inherent to the NK cell plasma membrane
bind to endothelial cells. This interaction resulted in the
disruption of tight junctions that make BBB so impermeable,
creating openings for the nanorobots to pass through. This
finding was substantiated by in vivo experiments in mouse
models. Following intravenous administration, the NIR II
fluorescence tracking confirmed nanorobot’s ability to cross
BBB and accumulate in the tumor. In contrast, AIEdots lacking
the NK cell membrane failed to accumulate in the tumor,
indicating the membrane’s key role in BBB crossing and tumor
targeting (Fig. 5C). Importantly, upon NIR laser irradiation, the
nanorobots induced a photothermal effect that significantly
inhibited tumor growth of the tumor. It is noteworthy, however,
that both nanorobots and control AIEdots exhibited high
accumulation in non-target tissues, specifically the liver and
spleen.”®

Crossing the plasma membrane

The efficacy of a drug hinges on its ability to permeate the cell’s
plasma membrane. While numerous examples exist of nano-
robots successfully crossing the plasma membrane and gaining
entry into cells in vitro, the translational potential of these
findings requires consideration. In many cases, these studies,
though intriguing, do not use biologically relevant fuel sources,
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optimal fuel concentrations, or biocompatible materials, or
simply in vivo study still needs to be performed to confirm
the functionality in complex biological systems. Nevertheless,
the promising aspect of in vitro studies lies in the comparison
between the performance of propelled nanorobots and static
nanorobots or nanoparticles in delivering cargo into cells.
The dynamic movement of nanorobots often translates into a
substantially faster and more effective cargo delivery process
compared to their static counterparts, highlighting the
potential advantages of propelled nanorobots in therapeutic
applications.

All variations of gene therapy need a solid delivery vehicle to
get into the target cell. Nanorobots have surfaced as a promis-
ing platform for this purpose. Gene therapy has many flavors,
and small interfering RNA (siRNA) capable of silencing genes
is one of them. siRNA is a type of short double-stranded
RNA possessing two-nucleotide-long overhangs, hydroxylated
3’ ends and phosphorylated 5’ ends. In a compelling demon-
stration, ultrasound-powered gold nanowires were used to
silence the green fluorescent protein (GFP) in vitro as a proof
of concept. Gold nanowires were functionalized with cystea-
mine, which was then used for the conjugation of siRNA to the
surface. Nanorobots carrying siRNA were capable of facilitating
up to 94% or 70% GFP silencing in two different cell lines
compared to static nanowires demonstrating only up to 12% or
13% GFP silencing."

CRISPR/Cas9 is a powerful genome-editing tool with trans-
formative potential in the treatment of various genetic diseases.
It consists of a 160 kDa positively charged Cas9 protein, which
acts as the enzyme capable of cutting DNA and a strand
of approx. 20-nucleotide-long RNA guides Cas9 to the target
site. Ultrasound powered gold nanowires were functionalized
with 3-mercaptoptoionic acid, which was further modified with
cysteine. Cas9 was immobilized onto the nanowire using a
disulfide linkage between the cysteine of Cas9 and the thiol-
functionalized nanowire. Such prepared nanowires were able to
penetrate the plasma membrane of GFP expressing cells, which
was followed by the disassociation of the CRISPR complex due
to reduction facilitated by intracellular gluthatione (Fig. 6A).
Using these nanomachines, 80% CRISPR-mediated GFP knock-
out in vitro was achieved, while static nanowires were able to
facilitate only 30% knock-out. While both studies do not expli-
citly elucidate the intracellular fate of these ultrasound-actuated
nanomachines, their superior functionality suggests their ability
to directly permeate the plasma membrane and circumvent
entrapment within the endolysosomal compartment.>®

Apart from the gene therapy tools, proteins have also been
reported to successfully traverse the plasma membrane on
nanorobots. The chemically propelled nanorobots composed
of a gold core and a silver shell were used to transport protein
cargo across the plasma membrane of the prostate cancer cell
line known for being difficult to transfect (Fig. 6B). These virus-
sized AuAg-nanorobots propelled by the decomposition of
hydrogen peroxide on their catalytically active silver shell
carried a 61-amino-acid-long cysteine-rich protein metallothio-
nein (see structure in Fig. 6B) with a 6-fold enhancement in
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Fig. 6 Different propulsion mechanisms and type of cargo of nanorobots for cellular internalization. (A) Ultrasound propelled gold nanowires decorated
with Cas9/sgRNA facilitate successful green fluorescent protein (GFP) knock-out. Reproduced and modified with permission.?® (B) Left: Chemically
powered AuAg nanorobots transfect cancer cells with protein cargo metallothionein. Right: Schematic representation of the metallothionein protein
structure. Reproduced and modified with permission.?® (C) Self-thermophoretically powered cell membrane-coated semi-yolk/spiky-shell nanomotor
delivers the DOX drug under NIR into cancer cells. Reproduced and modified with permission.'®? (D) Schematic representation of the molecular structure

of common nanorobotic cargo doxorubicin and paclitaxel.

efficiency compared to static non-fueled nanorobots, success-
fully crossing the plasma membrane and carrying the protein
cargo into cancer cells. Moreover, the internalization of these
propelled nanorobots occurred within a matter of minutes.>®
Another example of nanorobot-mediated transport of thera-
peutics across the plasma membrane is the DOX delivery by a
semi-yolk/spiky-shell nanomotor composed of carbon/silica
and coated with the cell membrane of the MCF-7 breast cancer
cell line. These nanomotors showed photothermal properties
upon NIR irradiation due to their asymmetric carbon core,
serving as the basis for self-thermophoretic propulsion. Upon
incubation with MCF-7 cells, the self-propelled nanomotors
adhered to MCF-7 cells 2.16-fold more than the same nanomo-
tors without NIR irradiation. The cellular uptake of nanomotors
lacking propulsion was 26.2%. However, upon the introduction
of the NIR laser, the uptake increased to 67.5%"°* (Fig. 6C).
Not only small-molecule cargoes but also macromolecule
cargo deliveries through the plasma membrane have been
achieved by polymersome nanomotors. These nanomotors were
constructed by the self-assembly of poly(ethylene glycol)-b-
poly(p,.-lactide) (PEG-PDLLA) block copolymers, which are bio-
degradable. A pH sensitive benzoic-imine linker between the
blocks ensured cleaving of PEG at low pH values within the cell.
Subsequent gold half-coating enabled photo-thermophoresis
under NIR irradiation, inducing movement.”** Loaded initially

This journal is © The Royal Society of Chemistry 2025

with DOX that represented a small molecular payload (see
structure in Fig. 6D), these nanomotors exhibited rapid plasma
membrane penetration upon NIR irradiation within a brief
3-minute window during incubation with cancer cells. The
absence of NIR irradiation made cellular uptake unsuccessful
within this time frame. Beyond small molecules, the nanomo-
tors manifested their versatility in delivering macromolecular
cargo. When 583-amino-acid-long bovine serum albumin (BSA)
was mixed with nanomotors and incubated with cancer cells,
BSA alone was not able to cross the plasma membrane and
internalize regardless of the use of the NIR laser. The introduc-
tion of nanomotors, however, facilitated the swift internaliza-
tion of BSA into cells. While the study does not elaborate on the
specific binding mechanism between BSA and nanomotors—
given their initial mixture at the beginning of the experimen-
t—it was sufficient to achieve effective BSA delivery. Further,
the enzyme substrate (fluorescein di-B-p-galactopyranoside)
was encapsulated into nanomotors - a substrate that fluoresces
upon hydrolyzation by its corresponding enzyme (B-galacto-
sidase). These enzyme-substrate-loaded nanomotors were
mixed with enzymes and incubated with cancer cells. Under
NIR irradiation, the nanomotors initiated plasma membrane
penetration, simultaneously delivering the enzyme. Within a
12-minute timeframe, intracellular conversion of the enzyme
substrate occurred, resulting in observable cell fluorescence.
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The presence of NIR irradiation was vital for this co-delivery
and subsequent intracellular enzymatic reaction. Importantly,
neither the enzyme nor the enzyme substrate alone revealed
the capacity to cross the plasma membrane, regardless of NIR
irradiation.***

In the realm of in vivo application of nanorobots, an extra
effort has to be made to investigate the uptake of the delivery
vehicle at a cellular level. This is essential to determine whether
the vehicle migrates through the plasma membrane alongside
the cargo, or if the cargo is released and manages to traverse
independently. Small molecules such as DOX or PTX (see
structures in Fig. 6D) are known for this ability. Many studies,
as a result, choose to focus on assessing survival rates or
monitoring tumor size, as these metrics serve as functional
indicators of successful drug uptake. However, when dealing
with larger molecules as payloads, the nanorobot’s ability to
cross the plasma membrane becomes vital.

In vivo delivery of DOX to tumor tissues following intrave-
nous administration has been facilitated by magnetically navi-
gated deformable polymeric nanocarriers.*® The study also
investigated the involvement of pH-responsive CPPs in mediat-
ing cellular uptake at the site of the tumor. Nanocarriers with
two types of CPPs were used: the first type was modified to be
pH responsive, while the second type was pH nonresponsive.
Both nanocarriers were intravenously injected to a tumor
bearing mouse and subsequently magnetically navigated to
the tumor site. Cancer cells were then sorted from the tumor
tissue and evaluated for their intracellular DOX levels, indica-
tive of successful DOX delivery. Cells exhibiting the highest
DOX content were derived from tumors treated with nanocar-
riers featuring pH-responsive CPPs and magnetic actuation.
Without magnetic actuation, the DOX content was markedly
lower but still significantly higher than in tumors treated with
nanocarriers using pH-nonresponsive CPPs. These results high-
light the importance of CPPs that reactivate in the low pH
typical for tumor microenvironment and facilitate cellular
uptake. It is possible that nanocarriers with pH-sensitive CPPs
but also magnetic actuation were more successful in DOX delivery
also due to an even lower pH deeper in the tumor mass™.

Intracellular fate and endosomal escape

When delivering therapeutic agents using nanorobots, ensur-
ing timely intracellular release is vital for their functionality in
order to avoid the digestion of the often sensitive cargo. The
design for endolysosomal escape was discussed in the chapter
“Design for endosomal escape”. This chapter will focus on
various strategies that nanorobots use to overcome the harsh
environment of endolysosomes and deliver their cargo within
the cell. The investigation of intracellular fate and endosomal
escape in in vitro studies precedes their application in follow-up
in vivo experiments. Understanding these processes is essential
for comprehending the mechanisms of cellular uptake and
endosomal escape, which, in turn, aids in troubleshooting
potential issues with low therapeutic efficacy in vivo.
Photothermally propelled polymersome nanomotors presented
in the previous chapter were also inspected for intracellular fate.
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Following the encapsulation of DOX, these nanomotors underwent
4-h incubation with cancer cells. In the absence of NIR, they were
stored in lysosomes after internalization through endocytosis.
However, if the NIR laser was applied for 5 min after the 4-h
incubation, the nanomotors demonstrated the ability to escape the
lysosome. This facilitated the translocation of DOX to the nucleus,
its primary site of action.***

Endolysosomal escape was also investigated for calcium
carbonate Janus micromotors prepared by a one-pot emulsifi-
cation method, loaded with DOX and then partially coated with
gold. These NIR-light-navigated micromotors were able to
permeate the plasma membrane of cancer cells using photo-
thermal propulsion and were subsequently endocytosed. Once
within the lysosome, the acidic pH = 5 initiated the degradation
of the calcium carbonate “body” of the micromotors, resulting
in the generation of CO, bubbles. This triggered a switch to a
second type of propulsion for the micromotors. Micromotors
were able to escape the lysosomes by using CO, gas propulsion
and released DOX, which then journeyed into the nucleus®??
(Fig. 7A).

Another notable example of endolysosomal escape is the
DOX delivery to cells by carbon nanotubes with Fe;O, magnetic
nanoparticles used as caps for openings (Fig. 7B). Nano-
particles were attached to the DOX-loaded nanotube using a
glutathione linker and the EDC coupling method. The vehicles
were further functionalized with transferrin, leveraging the
common overexpression of TfR on various cancer cell types
for targeted delivery.>*?

These nanobots were fueled by Fe;0,-mediated decomposi-
tion of hydrogen peroxide, which can be found in excess in the
microenvironment. The design of nanobots also offered the
possibility of magnetic guidance. In vitro experiments involved
incubating colon cancer cells with the nanobots and control-
free DOX and nanorobots without transferrin. Interestingly, the
rapid diffusion of free DOX into cells within the first hour
outperformed the internalization efficiency of DOX transported
via nanobots. The Nanobots internalized through endocytosis
and direct penetration of the plasma membrane, reaching the
cytoplasm and lysosomes. In lysosomes the low pH of 5
triggered the degradation of amide linkage, which was followed
by the disattachment of Fe;O, nanoparticles from the carbon
nanotube, facilitating the release of DOX into the intracellular
space. At 4 h and 24 h time points, the concentration of DOX in
the nucleus was significantly higher (8-times and 35-times,
respectively), when DOX was delivered by nanorobots. Free
DOX, on the other hand, exhibited strong efflux from the
nucleus, which should be its final destination, back to cyto-
plasm: a common mechanism of drug resistance (Fig. 7B).
Nanobots lacking transferrin showed reduced efficacy in DOX
delivery compared to transferrin-equipped nanobots, which
facilitated receptor-mediated endocytosis of the vehicle.>*>

As highlighted earlier, small molecules may not always
require a vehicle for crossing the plasma membrane. However,
the present study emphasizes the significance of research
into delivery systems, even for small molecules. The nuclear
accumulation of DOX delivered by nanobots proved to be
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Fig. 7 Endosomal escape of drug DOX carried by nanorobots. (A) DOX drug-carrying calcium carbonate Janus micromotors use CO, gas propulsion for

lysosomal escape to the cytoplasm. Reproduced and modified with permission.

223 (B) Fe30,4 magnetic nanoparticles serve as caps for carbon nanotube-

based nanorobots, which get uncapped at the low pH of lysosomes and release drug DOX (left scheme). Free DOX drug is effluxed from the nucleus back
to the cytoplasm while DOX carried by nanorobots is contained in the nucleus. DOX is in red and nuclei are stained blue. Reproduced and modified with
permission.2%? (C) Left: DOX-drug-loaded urease powered nanomotors feature pH-responsive nanovalves that open and release DOX drug in the acidic
pH of lysosome. Reproduced and modified with permission.2** Right: Schematic representation of the structure of benzimidazole.

considerably more efficient and sustained compared to free
DOX, which entered the cell independently. This underscores
the nuanced advantages and potential breakthroughs that
specialized delivery systems can offer, even for small molecules,
in optimizing therapeutic outcomes.

Intracellular fate has been tracked also in DOX delivery by
asymmetric hydrogel nanomotors. These nanomotors were
assembled using particles composed of a Fe;O, magnetic core
and a CueSg shell enclosed within a hydrogel nanodroplet
together with DOX and dopamine using a flow-focusing con-
figured microfluidic chip. Dopamine played a role in anti-
tumor immune activation. These nanomotors were further
coated with a lipid bilayer containing folic acid for cancer
cell-specific targeting and leveraged self-thermophoresis
achieved through NIR II irradiation. The nanomotors exhibited
intracellular uptake under the influence of NIR II light, achiev-
ing a significant degree of internalization within just 25 min-
utes. In contrast, nanomotors without irradiation required 180
minutes to reach the same level of internalization. Intracellular
fate studies revealed that, at the 60-minute mark, nanomotors
primarily resided in lysosomes. However, by the 180-minute
mark, they successfully escaped the lysosome, when their
fluorescence no longer overlapped with fluorescently marked
lysosomes. The intracellular release of DOX was observed at 6-
hour mark when the fluorescent signal of DOX stopped over-
lapping with fluorescently labeled nanomotors. The hydrogel
nanomotors were further applied in in vivo cancer immuno-
chemotherapy of a breast cancer mouse model."**

The last discussed study of this chapter is the case of endo-
lysosomal escape of enzymatic nanomotors with pH-responsive

This journal is © The Royal Society of Chemistry 2025

nanovalves gating the DOX cargo. Mesoporous silica nano-
particles were loaded with either dye or DOX and functionalized
with benzimidazole (see structure in Fig. 7C). Subsequent
conjugation to cyclodextrin-urease through the formation of
inclusion complexes between the cyclodextrin-urease and ben-
zimidazole capped the cargo-loaded pores. The addition of
cyclodextrin urease facilitated enhanced diffusion in urea
solution (Fig. 7C), an enzymatic reaction producing ammonia.
At a neutral pH of 7.5 the nanovalves remained closed. Once in
acidic pH of 5 mimicking the environment of the lysosome, the
benzimidazole groups protonated and the supramolecular unit
unraveled. This triggered the release of the caps and subse-
quent release of the cargo. Incubating nanomotors loaded with
dye with cancer cells revealed significantly more efficient
cellular internalization at all time-points in the presence of
fuel compared to fuel-free conditions. Additionally, 1-h incuba-
tion of cancer cells and nanomotors loaded with DOX showed a
2.4 times larger amount of DOX inside the cells under urea-
fueled conditions than fuel-free conditions. Furthermore, DOX
was mainly present in the nucleus, indicating successful escape
from the acidic lysosomes>** (Fig. 7C).

Future outlook

As we envision the future, the horizon broadens with possibi-
lities. At the forefront of nanorobotics lies the ambitious pur-
suit of developing smart, motorized, and biocompatible
nanoconstructs. These nanoscale entities should be capable
of autonomous movement, navigating the bloodstream, and
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sensing changing pH levels or chemical gradients of various
molecules. Their ability should extend to the seamless crossing
of multiple biological membranes, delivering a diverse range
of therapeutic cargo types to the target tissue with minimal
accumulation in off-target organs and without causing any
damage. Therefore, we should strive for creating innovative
strategies for successful membrane crossing as this aspect is
the key ability of nanorobots that have the potential to be used
for drug delivery in the human body. This transformative
mission calls for synergistic partnership and effective colla-
boration between material scientists and biologists, pooling
their expertise to craft nanorobots for meaningful applications
with profound translational potential, propelling the field
towards a future of exceptional precision in medical nanoro-
botics. As we contemplate “Where to move from here ?” the
journey ahead beckons us to chart the nanorobotic frontier
with innovation and strategic insight.

Experimental and translational challenges

While the existing findings shed light on the immense
potential of nanorobotics, there are still challenges to address.
Many nanorobots are still being crafted from materials unsui-
table for use within the human body or rely on fuel concentra-
tions absent in mammalian organisms. Additionally, some
designs overlook the need for crossing biological barriers
in vivo and therefore conclude their nanorobotic journey
with an in vitro application. Recognizing and addressing these
hurdles is vital for advancing the practicality and effectiveness
of nanorobotic systems in real-world therapeutic scenarios.

In the context of in vivo applications, numerous studies have
used mouse models with subcutaneously induced tumors,
conveniently protruding from the body of the mouse, allowing
for the straightforward placement of stationary magnets to
guide nanorobots. Despite the efficiency of such magnetic
guidance into tumor tissue, it is important to acknowledge that
this approach may have limitations in terms of clinical applic-
ability, with relatively few scenarios beyond skin cancer or
certain types of head and neck cancers readily benefiting from
this technique in its current form. In clinical settings, tumors
are often located deep within tissues. Implementing more
clinically relevant actuation mechanisms such as a rotating
magnetic field becomes crucial for navigating nanorobots effec-
tively in deeper tissue layers. Moreover, the efficiency of com-
monly used NIR irradiation may differ significantly between
subcutaneous tumors and those set deep within other tissues.
The translation of these innovative approaches to more clinically
relevant scenarios requires a careful examination of the animal
models, actuation mechanisms, and the optimization of delivery
systems to ensure their effectiveness in diverse tumor locations.
As advancements continue, it becomes imperative to tailor
these strategies to match the intricacies of real-world clinical
scenarios.

There is an equal need for the exploration of more diverse
therapeutic cargo options to investigate the full powers of
nanorobotic delivery for drugs of various types and charac-
teristics. While initial tests often rely on widely used small
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molecules like DOX, it is essential to recognize that this
represents just one category of therapeutic molecules. DOX,
with its traceability, serves as an excellent starting point for
in vivo testing, yet it only scratches the surface of the potential
therapeutic payloads. To unlock the full capabilities of nano-
robotic drug delivery, efforts should be directed toward inves-
tigating a broader spectrum of therapeutics. This includes delving
into the realms of protein therapeutics, nucleic acids, and geno-
me-editing tools. By embracing this broader perspective, we can
uncover the nuanced possibilities that nanorobotics holds in the
delivery of a wide array of therapeutic agents, paving the way for
more comprehensive and effective drug delivery strategies.

When translating any technology from bench to bedside, a
strict set of rules must be adhered to during the manufacturing
process to ensure efficient scale-up and regulatory approval. An
in-depth review addressing challenges in the translation of
nanomedicine, including practical advice has been published
and is applicable to nanorobots as well.?*> To establish the
safety of the nanoformulation, extensive preclinical studies are
essential, evaluating the biodistribution and pharmacokinetic
properties of the nanocarrier. It is important to note that the
laboratory conditions involved in manufacturing nanoformula-
tions for in vivo experiments on animal models differ signifi-
cantly from the much stricter Good Manufacturing Practice
(GMP) standards required for therapeutics heading toward
clinical use. Ensuring batch-to-batch consistency and high
reproducibility is essential and attention must be also given
to achieving storage stability, which is an integral aspect in the
development of nanoformulations with clinical potential.

Artificial intelligence (AI) and machine learning (ML) have
transformed various aspects of our lives and hold great promise
for advancing numerous fields.?*® In the realm of robotics Al
and ML is enhancing robots’ intelligence, efficiency and
adaptability.” On the microscale, ML can be utilized for motion
control®*” and path planning in complex environments.**®
It also aids in predicting the toxicity of nanomaterials®*°~>4!
and protein corona formation on nanoparticles,>***** poten-
tially advancing material discovery and the design of nanocon-
structs for translational applications.”** Al can be also used for
predicting the interactions between drugs and nanoconstructs
with biological structures, and for instance, predict the perme-
ability of BBB,>****” which could greatly improve the design of
nanorobots for drug delivery.>*® However, integrating Al into
nanorobots to enable autonomous navigation, decision-
making, or complex task execution within the human body
remains a futuristic challenge. Given the dimensions of these
machines, the creation of nanoscale Al components that are
both functional and biocompatible presents a significant tech-
nological hurdle. Nonetheless, AI and ML are undeniably
transforming translational nanomedicine, potentially acceler-
ating the development of drug delivery systems and enhancing
their biocompatibility and functionality.

Ethical concerns regarding the use of nanorobots for trans-
lational purposes must be carefully addressed. The safety of
nanorobots in human applications requires thorough evaluation
before advancing to clinical trials, ensuring compliance with

This journal is © The Royal Society of Chemistry 2025
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legal regulations. If Al and ML are integrated into nanorobots,
collecting health data, the patient privacy must be safeguarded
with legislative measures clearly outlining data protection. If nano-
robot-based treatments prove to be expensive, issues of equitable
access must be tackled to ensure that patients from diverse
social and geographic backgrounds can benefit from these
advancements.>**>°"

Commercial viability challenges

The realm of nanorobotics for drug delivery presents a visionary
yet formidable landscape, where scientific innovations meet
the harsh realities of business. The financial enormity involved
in the research and development of a drug spanning from drug
discovery through preclinical and clinical research to FDA
approval and further safety monitoring emphasizes the chal-
lenges faced by drug candidates. Costs soaring into hundreds
of millions to several billions of US dollars impose a strict
selection process for clinical drug candidates.>*>

The allure of a novel delivery system for pharmaceutical
companies and investors hinges on myriads of factors. Commer-
cially viable nanoformulations not only rival, but also surpass
the efficiency of established treatments, or offer reduced side
effects, improved biodistribution, or other enhancements. The
attractiveness is further dependent on the potential patient
population benefiting from these novel nanoformulations.
Investors seek the intersection of therapeutic efficacy, market
demand, and commercial viability. The manufacturing process
is also taken into consideration in these decisions. The possible
need for specialized manufacturing equipment, the complexity
of the manufacturing process and the cost of materials all play a
role. Multicomponent systems with intricate multi-step synthesis
tend to be more expensive to manufacture and to receive
regulatory approval especially adds a layer of expense and
regulatory scrutiny particularly when satisfactory therapies exist.

Therapeutics designed for diseases lacking a curative treat-
ment may find leeway in experimental treatments and allow for
flexibility in manufacturing costs, as they emerge as the sole
treatment available. In these instances, the absence of alter-
natives not only encourages innovation but also introduces a
degree of adaptability to the financial intricacies associated
with manufacturing. The current research should reflect and
address all these factors, taking into consideration potential
manufacturing costs, complexity of the production process
and, and whether existing curative treatments for the targeted
disease are available. The novel nanoformulation must offer
improvements beyond these existing treatments.

Even though the discussed challenges are undeniably inti-
midating, indicating the long journey nanorobotics has yet to
undertake, the initial glimpses of nanorobotic applications
provide a beacon of hope. These glimpses hint at a future
where these motorized nanodevices could revolutionize medi-
cine, offering innovative solutions to longstanding problems.

Environmental challenges

It is clear that nanorobots must exhibit exceptional biocompat-
ibility with the human body to be viable for drug delivery.

This journal is © The Royal Society of Chemistry 2025
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Beyond the human scale, a pivotal aspect is ensuring the
environmental inertness of nanorobots once they finish their
task and are excreted from the body to prevent any unintended
interactions with other organisms. Potential negative impact on
the environment during the nanorobots manufacturing process
also must be taken into consideration. Surprisingly little infor-
mation is currently available on the topic of environmental
challenges posed by nanorobots®>® possibly due to the nascent
nature of the field, with biological applications still confined to
laboratory settings. However, in-depth reviews on the environ-
mental impact of nanomaterials have been published, shed-
ding light on the risks associated with each material”>* and
discussing the broader impact of nanoparticles on the environ-
ment throughout their life cycle including production, use,
disposal, and recycling.>®® The risks and potential conse-
quences of nanorobots must be meticulously evaluated before
propelling nanorobotic technology to the stages of scale-up and
clinical applications. In doing so, we sustain not only the
promise of transformative medical technology but also a stead-
fast commitment to environmental protection.
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