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ABSTRACT

Background: Nano-robotic neurosurgical procedures represent a frontier in
minimally invasive surgery, offering unprecedented precision in treating
neurological disorders. These procedures introduce unique anesthetic challenges
that require tailored approaches to ensure patient safety and procedural success.

Aim: This review explores key anesthetic considerations for nano-robotic
neurosurgery, focusing on strategies to optimize patient outcomes.

Issue: Anesthetic management prioritizes stable hemodynamics and intracranial
pressure (ICP) to optimize the surgical field and protect neural structures. General
anesthesia using total intravenous anesthesia (TIVA), using agents like propofol
and remifentanil, is preferred for rapid titration and minimal impact on cerebral
blood flow. Intraoperative neuromonitoring is employed for real-time neural
function assessment, avoiding neuromuscular blockers that may interfere with
signal accuracy. Protocols accommodate prolonged procedure times, patient
immobility for nano-robot precision, and monitoring for potential thermal or
mechanical neural irritation causing seizures or autonomic responses.

Conclusion: Nano-robotic neurosurgery demands specialized anesthetic
protocols to address challenges such as stable hemodynamics, ICP control, and
neuromonitoring compatibility. Effective collaboration between anesthesiologists,
neurosurgeons, and nano-robotics engineers is critical to ensure patient safety and
procedural success. Postoperative care emphasizes early neurological assessment
and balanced pain management to support rapid recovery in this evolving field.
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INTRODUCTION

The rapid evolution of technology in the
21** century has profoundly transformed
neurosurgery. From the introduction of the
operating microscope to neuronavigation
and intraoperative imaging, neurosurgery
has consistently embraced technological
innovation. Among the most transformative
advances are robotic-assisted neurosurgery
and intraoperative neuro-monitoring (IONM).
Together, these modalities have revolutionized
the precision, safety, and outcomes of
neurosurgical procedures.

Robotic neurosurgery integrates artificial
intelligence, computer vision, and mechanical
dexterity to enhance surgical accuracy, minimize
invasiveness, and improve reproducibility.
Concurrently, neuro-monitoring ensures real-
time assessment of neural pathway integrity,
reducing the risk of iatrogenic injury.

The concept of robot-assisted surgery
emerged in the 1980s with early prototypes
like the PUMA 560 robot, which performed the
first stereotactic brain biopsy in 1985." Initially,
robotic systems were limited by computing
power, imaging accuracy, and lack of haptic
feedback.

By the late 1990s and early 2000s, systems
such as NeuroMate (Integrated Surgical
Systems) and Neuromate (Renishaw) were
introduced, offering precise instrument
positioning for stereotactic procedures.” Later,
the ROSA® robot (Zimmer Biomet)® and
Neuromaster* expanded applications into deep
brain stimulation (DBS), epilepsy surgery,
and tumor resection.

The development of frameless stereotaxy,
intraoperative MRI (iMRI), and CT-based
neuronavigation paved the way for seamless
integration between imaging and robotic
systems. This integration allowed for automatic
registration, target tracking, and dynamic
correction of brain shift.

Neurosurgery has traditionally been
constrained by the physical limitations of human
dexterity and instrument size. Conventional
microsurgical and endoscopic approaches,
though refined, are limited when navigating
the brain’s intricate microvasculature,
deep-seated lesions, or delicate ventricular
systems. Recent advances in nanotechnology,
material science, and robotics have enabled
the conceptualization and early development

of miniaturized neuro-robots (nanorobots)
designed to operate within the intravascular
or intraventricular compartments of the brain.

These submillimeter-scale robotic systems
represent a frontier in minimally invasive
neurosurgery  potentially = capable  of
performing diagnostics, targeted drug delivery,
microdissection, and real-time imaging within
regions previously inaccessible through
conventional techniques.

Nanorobots are synthetic, autonomous or
semi-autonomous machines operating at the
nanometer to micrometer scale (1-1000 pm).
They are typically composed of biocompatible
materials such as silicon, gold, titanium, carbon
nanotubes, or biodegradable polymers and can
be magnetically, chemically, acoustically, or
optically actuated.®

The design of a neuro-nanorobot addresses
several critical parameters like-(i)
Biocompatibility and non-immunogenicity
within cerebrospinal fluid (CSF) or blood;
(ii) Navigation control within complex three-
dimensional environments; (iii) Energy
supply; (iv) Real-time localization and imaging
capability; (v) Functional payload such as drug
reservoirs, microgrippers, or imaging sensors.
Brain’s microenvironment, characterized by
tight vascular channels (capillary diameter
3-10 um) and high sensitivity to mechanical
trauma, imposes extraordinary demands on
precision, surface smoothness, and propulsion
mechanisms of these devices. Table 1 addresses
the potential advantages of nano-robots in
neurosurgery.

Table 1: Advantages of Nano-robots with respect to key features

Feature Advantage
Sub-millimetric precision for instrument
Accuracy
placement
Reproducibility Consistent results across surgeons and
procedures
Reduced Fatigue Robotic arms maintain steady positions

for prolonged surgeries
Minimally Invasive ~ Smaller incisions and shorter recovery

Seamless link with imaging and neuro-

Integration I
monitoring systems
Real-time error correction and trajectory
Safety tracking
Current Challenges
The propulsion and navigation of

nanorobots within neural structures is one of
the most challenging engineering problems.
Magnetically controlled nanorobots, powered
by external magnetic fields, are among the
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most feasible designs for neurosurgical
applications. Systems like helical magnetic
micro-swimmers imitate bacterial flagella
and can be steered using rotating magnetic
fields. Magnetic resonance imaging (MRI)
scanners, or specialized electromagnetic coils,
can provide both visualization and propulsion
fields simultaneously. Such systems allow
non-contact control, minimizing tissue heating
and damage.®

Nanorobots can employ catalytic reactions e.g.,
decomposition of hydrogen peroxide or glucose
oxidation to generate thrust. However, chemical
propulsion in the CNS is limited by potential
toxicity and the need for fuel delivery within the
cerebrovascular environment.

Acoustic (ultrasound-based) actuation uses
acoustic standing waves to propel or guide
nanoparticles. Similarly, optical tweezers utilize
focused light beams for nanoscale manipulation,
though tissue penetration of light remains a
limitation for deep brain applications.

Emerging designs integrate biological
components such as bacterial flagella,
red blood cells, or molecular motors with
synthetic ~ structures, forming biohybrid
nanorobots. These leverage natural motility
and adaptability for controlled movement in
viscous CSF or vascular environments.

Application in Neuropathologies

The intravascular route offers a physiologically
continuous and minimally invasive pathway
to the brain, enabling nanorobots to traverse
through arteries and capillaries for targeted
intervention. The potential clinical scenarios
where nanorobots will be used in neurosurgery
have been summarized in table 2.

Nanorobots can be loaded with neuroprotective
agents, thrombolytics, chemo-therapeutics,
or gene-editing vectors (e.g., CRISPR-Cas9
complexes).” Guided to precise vascular
territories, they could deliver drugs directly to
ischemic penumbra in acute stroke, transport
chemotherapeutics across the blood-brain
barrier for glioma treatment and release
neurotrophic factors or genetic material for
neuroregenerative therapy. The ability to bypass
or transiently open the BBB under magnetic or
acoustic control represents a transformative
potential in neuropharmacology.*

Miniature robotic coils or microgrippers
could deploy occlusive materials inside
aneurysms with unparalleled precision. Real-
time control would allow dynamic adjustment

of coil placement or localized embolization in
arteriovenous malformations (AVMs).

Nanorobots embedded with miniaturized
sensors, such as quantum dots, fiber-optic
fluorescence detectors, or nanowire electrodes,
can perform localized measurement of
oxygenation, pH, or neurochemical gradients,
providing  functional vascular imaging
from within. The ventricular system and
subarachnoid space provide an alternate
route for nanorobot deployment, particularly
for conditions where intravascular access is
limited or when direct contact with CSF is
desirable.

Nanorobots can be engineered to detect
specific molecular markers associated with
gliomas or metastases using ligand-coated
sensors. Upon target recognition, they could
perform micro-biopsies or signal localization
through fluorescence or magnetic resonance
contrast. Nanorobots equipped with magnetic
nanoparticles can be guided to neoplastic sites
and heated using alternating magnetic fields,
inducing localized hyperthermia to destroy
tumor cells while preserving surrounding
tissue.

Programmable microvalve-equipped robots
could regulate CSF flow dynamically,
serving as intelligent shunt systems that
prevent overdrainage or obstruction without
the need for revision surgery. In diseases
such as leptomeningeal metastasis or
meningitis, nanorobots could distribute drugs
uniformly through the ventricular system,
overcoming the limitations of diffusion-based
pharmacotherapy.

Table 2: spectrum of clinical implications with usage of nano-
robots for neurosugery

Clinical Proposed Nanorobotic Expected

Condition Intervention Outcome
Magnetically guided Rapid clot

Acute ischemic delivery of tissue dissolution

stroke plasminogen activator with reduced
(tPA) hemorrhagic risk
Targeted delivery of

Improved tumor

Glioblastoma chemotherapeutics
X K control, reduced
multiforme or hyperthermic ; ..
. systemic toxicity
nanoparticles
Autonomous CSF Dynamic
Hydrocephalus pressure-regulating intracranial
nanovalves pressure regulation
Microcoil placement  Precise occlusion,
Aneurysm via intravascular reduced

nanorobots procedural risk
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Gravitas

Precise localization is critical for the safety
of nanorobotic neurosurgery. Various real-
time tracking systems are under exploration.
MRI-guided tracking provides high-resolution
visualization of magnetic nanorobots in deep
brain tissue. Photoacoustic imaging combines
ultrasound and optical signals for dynamic
tracking. Fluorescence and bioluminescence
imaging is useful for surface and experimental
applications. Whereas electromagnetic tracking
enables positional feedback for closed-loop
robotic control.

Neuroscience is currently develping around
exploratory modeling.’*"! Machine learning
algorithms are increasingly being incorporated
to predict motion trajectories, optimize
navigation paths, and correct for turbulence or
flow-induced deviations.

The safety of nanorobots in neural tissues
is paramount. Key aspects revolve around
the use of biodegradable polymers (e.g.,
PLGA, chitosan) that degrade into nontoxic
metabolites. Surface modification using
PEGylation or protein coatings help to reduce
immune activation.

Nanorobots are designed for natural
elimination via CSF resorption or macrophage
uptake. External actuation systems must
prevent local heating or unintended neuronal
excitation, while deploying these nanobots
in bloodstream. In preclinical models,
magnetically guided nanoparticles have
demonstrated excellent tolerability, but
translation to human neurosurgery will
require rigorous biocompatibility testing and
long-term safety evaluation.

Magnetically driven helical nanorobots
have navigated through simulated cerebral
vasculature in vitrowith precisionup to 10 pm."?
Hydrogel-based nanobots have demonstrated
controllable expansion and drug release in
response to pH changes in brain tissue models.
Biohybrid microbots, powered by bacterial
flagella, have achieved guided motility in
cerebrospinal fluid analogues. Animal studies
have shown feasibility of magnetic microbot
navigation through cerebral arteries for
targeted delivery of liposomal drugs. Therefore
clinical translation may be achievable within
the next decade, as material science and control
algorithms continue to advance.

Anesthesia protocols

As the robotic neurosurgery continues
to evolve, there is a dire need for simulation

protocols to be developed in neuroanesthesia
as well. Therefore we enlist a set of anesthetic
algorithms that dwell into this aspect. These
algorithms encompasses the endovascular
route, ventricular route and MRI guided route.
(figures 1-5).

Start Preoperative Protocol

Multidisciplinary Briefing:
Review Route, Device Compatibility,
Actuators, Anticoagulation, Rescue,

Imaging, Neuro-Monitoring

4

Patient Assessment & Consent:
Neuro Exam, Coagulopathy,
Device/Allergy, Airway Risk,

Document Risks

v
Device It Environment Checks:
Verify MR Safe/Conditional,
MR Conditional Equipment,
Remove Ferromagnetic Objects

I

Intraop MRI Planned?

Yes

-

No [ Reinforce MRI Safety

%

Monitoring Plan:
ASA Monitors, Arterial Line,
Add Central/ICP/Neurophysiology,
TIVA if MEPs

v
Medication Plan:
Antiplatelet/Anticoagulant Strategy,
Heparin, Protamine, Premedication

End Preoperative Protocol

Figure 1: Preoperative protocol
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‘ Start Endovascular Procedure ’

I

[ Secure Airway: GA or MAC l

%4

Induction: Propoful, Opioid,
Short-Acting NMB

e

Maintenance: TIVA,
Minimize Volatiles,NWB as Needed

-

Hemodynamics: MAP 70-90 mmHg,
Avoid BP Swings

MAC ‘

Heparinization?

st

No Adm|n|ster Heparin Prepare Protamine

",

Thrombolytic tPA?

Yes
v

strategies
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Start Intraventricular Procedure

v

Induction & Positioning:
GA, Secure ETT, Stereotactic Access

!

ICP/CSF: Normocapnia
PaCO, 35-40 mmHg,
Prepare Hyperosmular/EVD

Intracranial
Hypertension Expected!

Yes
v
Hyperosmolar therapy:
Mannitol/Hypertonic Saline,
EVD Capability

e

Anesthetic Technique: TIVA
for IONM, Avoid Volatiles,
Normothermia/Normoglycemia

No

A

No ‘ Adminster tPA, Monitor Hemorrhage

.

‘ Device Precautions: Magnetic/Ultrasound ’

v

IONE Alarm?
MEP/SSEP Drop

Yes

v

No Pause Motion, Check Systemic Causes,
Adjust Drugs, Communicate

\

‘ Imaging: Fluoroscopy, MRI Protocols l

I

’ End Procedure l

Figure 2: Intraoperative protocol-Endovascular route

Device Delivery: Coordinate Infusion Rate,
Monitor Arhythmias/Bradycardia

Nanorobot Drug Payload?

Yes

Drug Payload:
Confirm Concentration/Kinetics,
Prepare Antidotes

.

Post Deployment: Monitor
Neurological Deterioration/Seizrures,
EEG If Needed

|

End Procedure

No

Figure 3: Intraoperative protocol: Intraventricular route
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Start MRI-Guided
Nanorobot Procedure

l

Indian Journal of Anesthesia and Analgesia

Energency: Nanorobot
Embolization/Device Malfunction

!

(Immedute Actions: Halt Actuation,\
Stabilize ABC, Secure Airway,
Increase FiO,, Monitor BP/Pulse Ox,

« N Treat Hypotension,
Confirm MR Compatibility: Call Retrieval Team )
Verify MR-Conditional
Devices/Pumps/Cables/Monitors,
Move NI C R O] Alarm or New Deficit?
Equipment, Follow MR Safety
Policies
Y
\ J iy
Address Alarm: Pause Motion,
v Check
4 - D No BP/Pa0,/PaCO,/Temp/Anesthetic,
Monitoring Setup: Correct Causes, Prepare
MR-Compatible Angiography/Retrieval if Persistent
Anesthesia/Ventilator, /
MR-Conditional Extensions,
Continuous Thromboembolism
?
Capnography/Arterial SUBPEAEL
Pressure
A8 4

v

Yes

No Manage Thromboembolism:

Anesthesia Management:

TIVA with Certified

Pumps/Extended Lines,
Avoid Complex Equipment

Heparin if No Contraindications,
Mechanical Thrombectomy for LVO,
Reverse Anticoagulation
if Hemorrhage

/

v

MRI/Heating issue?

Emergency Plan:

Rapid-Transfer Plan to OR/Zone I,

MR-Safe Airway Equipm
Practice Dirills

Yes
v
Address MRI/Heating: Stop
MR, Remove from Bore,
Evaluate Thermal injury,
Monitor Instability

ent,

l

Post Event Care: Neuro-ICU,
Serial CT/MR Functional Monitoring,
Discuss Retrieval/Explantation

End Preoperative Setup

Figure 4: Protocol for Magnetic Resonance guided nano-robot

procedures

JAA

End Emergency Response

Figure 5: Protocol for emergency nanobot embolization or
malfunction
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Challenges and Future Directions

Despite impressive progress, several
barriers still exist. There is a concern for
miniaturization limits of nanobot, as further
reduction in size should not cause loss of
functionality of the nanobot. The omnious
need for real-time communication and control
still exists in order to ensure reliable, wireless
feedback within brain tissue. Multimodal
integration will be required in order to
synchronize neuroimaging, neuro-navigation,
and intraoperative monitoring systems for
optimal actuation of nanobots.

Mass production under sterile and
regulatory standards is still a dream far
from achievement. And ethical and legal
implications pose hurdles for accountability in
autonomous decision-making at microscale.

Future research is focusing on swarm
intelligence, where thousands of nanorobots
coordinate through distributed algorithms,
mimicking biological systems such as
microglia or leukocytes. Such collectives
could dynamically adapt to the neural
microenvironment, performing simultaneous
diagnostics and therapy a true theranostic
revolution.

CONCLUSION

Miniaturized neuro-robots and nanorobots
for intravascular and intraventricular
neurosurgical interventions embody the
next evolutionary step in the fusion of
nanotechnology, robotics, and neuroscience.
Their potential to traverse the most delicate
neural pathways, deliver precision therapy,
and monitor neural function in real time
heralds an era of microscale, minimally
invasive neurosurgery.

While many challenges remain particularly
in safety validation, control precision,
and regulatory oversight the trajectory
of current research suggests that within
the coming decades, these tiny machines
may become indispensable instruments in
treating cerebrovascular, neoplastic, and
neurodegenerative diseases with previously
unimaginable precision.
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