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Abstract

Robotic surgery represents a milestone in surgical procedures, offering advantages such as less invasive methods, elimina-
tion of tremors, scaled motion, and 3D visualization. This in-depth analysis explores the complex biochemical effects of
robotic methods. The use of pneumoperitoneum and steep Trendelenburg positioning can decrease pulmonary compliance
and splanchnic perfusion while increasing hypercarbia. However, robotic surgery reduces surgical stress and inflammation by
minimizing tissue trauma. This contributes to faster recovery but may limit immune function. Robotic procedures also limit
ischemia—reperfusion injury and oxidative damage compared to open surgery. They also help preserve native antioxidant
defenses and coagulation. In a clinical setting, robotic procedures reduce blood loss, pain, complications, and length of stay
compared to traditional procedures. However, risks remain, including device failure, the need for conversion to open sur-
gery and increased costs. On the oncology side, there is still debate about margins, recurrence, and long-term survival. The
advent of advanced technologies, such as intraoperative biosensors, localized drug delivery systems, and the incorporation
of artificial intelligence, may further improve the efficiency of robotic surgery. However, ethical dilemmas regarding patient
consent, privacy, access, and regulation of this disruptive innovation need to be addressed. Overall, this review sheds light
on the complex biochemical implications of robotic surgery and highlights areas that require additional mechanistic inves-
tigation. It presents a comprehensive approach to responsibly maximize the potential of robotic surgery to improve patient
outcomes, integrating technical skill with careful consideration of physiological and ethical issues.

Keywords Robotics - Surgery, computer-assisted - Artificial intelligence - Biochemical phenomena - Postoperative
complications

Introduction

The introduction of the da Vinci System in 2000 signaled
new era for several surgical specialties through its innovative
robotic technology [1]. This forward-thinking platform pro-
motes tele-operational access and an enhanced 3D view of
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the surgical field, paving the way for less invasive surgeries
[2]. Specifically, robotic techniques result in smaller inci-
sions, minimized blood loss, and faster recovery compared
to conventional open surgery. The degree of freedom and
articulation offered by these robotic instruments transcends
the limitations associated with traditional laparoscopy [3, 4].
As aresult, robotic-assisted surgery is associated with fewer
complications, a 30-50% reduction in hospital length of stay,
and a faster return to routine activities [5, 6]. The capabili-
ties of the da Vinci robotic surgical system are increasingly
being utilized for a variety of procedures, including prosta-
tectomy, hysterectomy, nephrectomy, and mitral valve repair
[7]. Its advanced features, including stable 3D vision, tremor
filtering, and mobile EndoWrist instruments, allow for pre-
cise dissection and less tissue damage compared to conven-
tional surgical techniques [8, 9]. Such developments help
to reduce surgical stress, inflammation, and ischemia—rep-
erfusion injury, among other biochemical elements, which
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are significantly higher in conventional surgery [10, 11].
This in-depth understanding of the cellular mechanisms
affected by robotic procedures can provide surgeons with
critical insights, allowing them to evolve their approaches
and potentially improve patient outcomes. Therefore, this
detailed review attempts to explore robotic surgery from a
biochemical perspective, with a particular focus on the da
Vinci platform. It aims to highlight the key molecular advan-
tages associated with robotic surgery and its role in attenu-
ating tissue damage, surgical stress, ischemia—reperfusion
injury, and inflammation. The review will also cover relevant
research that links these molecular factors to improved clini-
cal outcomes. Finally, the review will address the emerg-
ing research, emerging technologies, and prospects aimed
at understanding the challenging biochemical implications
of performing robotic surgery. In addition, it will provide
valuable insights into how advances in the field can foster
continued innovation.

The basics of robotic surgery

Robotic surgery utilizes the advanced technology of robotic
systems to enable surgeons to perform minimally invasive
procedures through miniature incisions using tools built
into robotic arms that provide multiple points of articulation
[9]. The cornerstone of this technology is a robotic surgical
console that provides a high-definition, three-dimensional
view of the patient’s body, as well as mechanically enhanced
instruments that exceed the agility of the human hand, sup-
plemented by computerized assistance to perform functions
or prevent unwanted movements [12, 13]. This technology
allows for superior precision, control, and maneuverability
that surpasses conventional laparoscopic surgery. The most
common and technologically sophisticated robotic system
currently available is the da Vinci framework from Intuitive
Surgical, Inc. The procedure for a typical robotic surgery is
shown in Fig. 1 [6, 9, 14].

The first breakthroughs in robotic surgery date back to the
1980s, when the very first robotic mechanism, the PUMA
560, was used to perform neurosurgical biopsies [15]. How-
ever, the capabilities of this early version were limited by
inadequate imaging and computer processing capabilities.

Patients
5. Recovery 1. Evaluation
stage phase
The process of a v

typical Robotic
surgery procedure

4. Post-operative
phase

2. Preoperative
phase

3. Intra-operative
phase

Fig. 1 The process of a typical robotic surgery procedure
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A collaborative effort between surgical and engineering
experts in the 1990s led to the development of the da Vinci
prototype [6, 9]. Its steady improvement over the years led
to its FDA clearance for general laparoscopic surgery in
2000 [16]. The following 2 decades witnessed a remarkable
expansion in the capabilities and application of robotic sur-
gery, escalating to over 1.5 million robotic procedures per
year by 2018, including complex surgeries across multiple
medical specialties such as urology, gynecology, colorectal
surgery, cardiothoracic surgery, and others [9, 17].

In the current scenario, robotic surgery is well accepted
and has become a standard practice in various medical fields.
Its widespread implementation includes 80% of radical pros-
tatectomies [18], and over 50% of partial nephrectomies
[19], and over 50% of partial nephrectomies [20] performed
in the United States, and its adoption continues to grow for
procedures such as cystectomies, hysterectomies, etc. [21,
22]. The newer Xi model of the da Vinci system boasts
adaptive tools, slimmer arms, three-dimensional fluorescent
imaging, along with a host of other technological advances
[23]. In addition, companies such as Medtronic and Johnson
& Johnson have ventured into the development of robotic
platforms, accelerating the pace of this surgical approach
[24]. However, the challenges of cost, device size, haptics,
and suitability for complex surgical procedures remain. The
growth trajectory of robotic surgery will require a critical
examination of the balance between technological advance-
ment, clinical safety, and patient benefit.

Biochemical changes in robotic surgery
Metabolic alterations in the patient
Robotic surgery involves multiple elements, including

anesthesia, pneumoperitoneum, and surgical stress, that
can deep affect the patient’s metabolic state. A thorough

-Stress Responses
-Preparatory changes

1.Preoperative

understanding of the complex biochemical changes induced
by these factors is important to improve postoperative out-
comes. The biochemical processes involved in robotic sur-
gery are outlined in Fig. 2, and the comparison of some
biochemical parameters in traditional vs. robotic surgery are
shown in Table 1.

Impact of anesthesia and pneumoperitoneum

Robotic procedures require the use of general anesthesia
and neuromuscular blockade, which induce a hypometabolic
state by reducing CO, production and oxygen consumption
[25]. Certain anesthetics, such as volatile sevoflurane and
intravenous propofol, affect mitochondrial function and sub-
strate utilization, increasing dependence on fat and glycogen
stores [26]. The result is an alteration in energy metabolism
due to the impairment of mitochondrial oxidation, glycoly-
sis, and fatty acid oxidation processes [27]. However, mod-
ern short-acting anesthetics have shown a faster resumption
of metabolic activity than their older counterparts [28].
Robotic surgery requires insufflation of the abdominal
cavity with carbon dioxide to create the necessary space and
visualization. However, pneumoperitoneum can adversely
affect splanchnic perfusion, often resulting in mild hyper-
carbia due to CO, absorption and changes in acid—base bal-
ance [29]. Research has documented significant reductions,
greater than 30%, in hepatic perfusion and function during
robotic prostatectomy [30]. The inflation of intra-abdominal
pressure constricts vessels, thereby inhibiting perfusion,
leading to procedural strategies such as low-pressure pneu-
moperitoneum and sporadic desufflation to mitigate these
effects [31]. Comprehensive metabolic panel testing is used
to rapidly correct any blood gas, fluid, and electrolyte abnor-
malities after surgery [29]. These metabolic alterations may
influence outcomes such as return of bowel activity, post-
operative illness, and surgical wound healing [32]. Further
research is essential to develop the most effective strategies

2.Biochemical
process during
surgery

- Wound Healing
- Recovery

3.Post-operative

Biochemical
process

-Anesthetic Effects
-Surgical Trauma

Biochemical
process

-Robotic Control

Fig.2 The biochemical processes involved in robotic surgery
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Tgble 1 Comparison of some Biochemical Traditional open surgery Robotic surgery Refs.

bloc.h.emlcal parame.ters in parameter

traditional vs. robotic surgery
CRP Higher levels postoperative Lower levels postoperative [33, 34]
IL-6 Increased for 72 h after surgery Elevated only for 24 h after surgery [35, 36]
Cortisol Remains elevated for 5 days Returns to baseline by postoperative day 3~ [37, 38]
Troponin Significant elevation after surgery ~ Minimal elevation after surgery [39, 40]
CK Markedly elevated Slightly elevated [41, 42]
Lactate Significantly elevated Minimal elevation [43, 44]
Creatinine Increased 30-50% < 10% increase [45, 46]
ALT Markedly elevated Slightly elevated [47, 48]
MDA Increased 100-200% Increased 20-30% [49, 50]
GPy Decreased 30-40% Decreased < 10% [50, 51]

CRP C-reactive protein, /L-6 interleukin-6, CK creatinine kinase, ALT Alanine aminotransferase, MDA
malondialdehyde, GPy glutathione peroxidase

to manage anesthesia and pneumoperitoneum to reduce the
likelihood of adverse biochemical changes in patients under-
going robotic surgery. Real-time monitoring of metabolic
markers may be beneficial in guiding management in the
operating room.

Stress response and cytokine release

Surgical stress is characterized by a variety of hormonal,
metabolic, and inflammatory responses induced by tissue
damage and trauma [52, 53]. These responses include hyper-
glycemia (36), insulin resistance [54], hyperglycemia [55],
muscle protein catabolism [32], immune dysfunction [56],
and impaired wound healing [54, 56]. In addition, there is
increased secretion of inflammatory cytokines such as IL-6,
IL-1, and TNF-a [57, 58]. Conversely, there is a decrease
in the concentration of anabolic hormones such as testos-
terone [59]. This stress response is initiated by signals from
the sympathetic nervous system, along with the release of
cortisol and catecholamines [60, 61]. As several studies
have shown, this neuroendocrine stress response is less pro-
nounced with the use of robotic techniques compared to tra-
ditional open surgery. In a randomized study of 80 patients,
postoperative IL-6 levels were found to be significantly
lower in patients who underwent robotic hysterectomy com-
pared to those who underwent open abdominal hysterectomy
(P<0.05) [62]. The local release of cytokines is attenuated
by reduced tissue damage due to smaller incisions, while
systemic sympathetic activation is attenuated by less bowel
manipulation [63]. However, the potential for some surgi-
cal stress is inevitable. Measures such as aggressive control
of perioperative glucose levels with insulin infusions have
been shown to reduce hyperglycemia and associated com-
plications in surgical patients [64, 65]. Ongoing research
into the complex pathways affected by surgical stress may
provide additional targets for reducing the catabolic effects

@ Springer

on the body [31, 66]. Ultimately, robotic surgical approaches
significantly reduce metabolic stress compared to traditional
open surgery. However, the complex changes induced by
anesthetic use and tissue damage must be proactively man-
aged and anticipated throughout the perioperative period
to achieve the best patient outcomes. Clinicians can benefit
from a comprehensive biochemical understanding to holis-
tically optimize a patient's metabolic state. Further large-
scale, randomized trials are needed to fully understand the
impact of robotic techniques on modulating the surgical
stress response.

Tissue and cellular responses

Compared to open surgery, robotic surgery offers a plethora
of advantages at both the cellular and tissue levels. The
complex biochemical differences inherent in these surgical
procedures ultimately result in improved clinical outcomes
for patients who choose robotic surgery.

Oxidative stress and antioxidant defenses

Oxidative stress is an imbalance between the production of
reactive oxygen species [67] and the body's defense against
antioxidants [68]. This redox homeostasis can be disrupted
by surgical trauma and ischemia-reperfusion injury, phe-
nomena that lead to overproduction of ROS and subsequent
oxidative damage to proteins, lipids, and DNA [69, 70].
Major ROS include free radicals such as superoxide and
hydroxyl radicals, as well as non-radicals such as hydrogen
peroxide and peroxynitrite [71].

Robotic surgical techniques serve to counteract oxidative
stress through precise dissection and minimization of tis-
sue injury. A randomized trial of 80 patients demonstrated
significantly lower plasma levels of malondialdehyde,
indicating reduced lipid peroxidation, in individuals who
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underwent robotic hysterectomy compared to those who
underwent open hysterectomy (2.1 vs. 3.8 pmol/L, p<0.01)
[72]. The enhanced visualization and stability provided by
robotic systems allow for precise dissection, helping to avoid
vascular complications and ischemia-induced injury [73,
74]. This results in reduced generation of ROS, including
highly reactive radicals such as superoxide, hydroxyl, and
peroxide, upon reperfusion [75]. Preservation of endogenous
antioxidant systems plays a key role in neutralizing oxidative
threats after surgical procedures [76]. Robotic surgery aids
in this process by mitigating oxidative damage, thereby pro-
moting faster recovery compared to open surgery. One study
found that patients who underwent robotic cystectomy had
a return of bowel function one day earlier than those who
underwent open cystectomy [77]. In addition, these robotic
techniques also help maintain antioxidant levels by reduc-
ing surgical stress and preserving liver and kidney function
[78,79].

However, some investigators have found no significant
difference in markers of oxidative stress between patients
who underwent robotic surgery and those who underwent
open surgery [80, 81]. Therefore, additional research is
warranted to further elucidate the changes in redox at the
genomic, proteomic, and functional levels. A deeper under-
standing of these intricate biochemical changes may help to
optimize the administration of antioxidants throughout the
perioperative period.

In conclusion, robotic surgery offers a number of ben-
efits in maintaining redox homeostasis. These benefits are
achieved by reducing oxidative insults and maintaining
the activity of endogenous antioxidants. Consequently,
this contributes to the creation of an optimal biochemical
environment that favors patient recovery following surgical
procedures.

Inflammatory responses

Surgical trauma induces an inflammatory response that has
both local effects at the site of tissue injury and broader sys-
temic implications. However, these changes can be mitigated
by robotic techniques with their precise dissection capabili-
ties and reduced surgical trauma [82, 83]. The limited tis-
sue disruption and smaller incisions characteristic of robotic
surgery limit the local release of pro-inflammatory cytokines
such as IL-6 and TNF-a [67, 82]. It also reduces leuko-
cyte infiltration at the surgical site [84]. Evidence suggests
a significant reduction in systemic levels of cytokines such
as IL-6 and acute phase reactants such as CRP and PCT in
patients undergoing robotic hysterectomy and prostatectomy
compared to open procedures (p <0.05) [72, 85, 86]. In addi-
tion, the attenuated neuroendocrine activation of robotic sur-
gery also serves to suppress the production of downstream
inflammatory mediators [77, 87]. The attenuation of the

inflammatory response accelerates patient recovery time
and helps prevent common postoperative complications such
as delayed wound healing, infection, and adhesive bowel
obstruction [70, 88]. The refined movements and flexibility
of robotic instruments allow for gentle dissection, preserving
intact anatomical planes between tissues [89]. This results in
reduced postoperative adhesions, thereby reducing potential
pain and organ dysfunction [89, 90]. However, it is important
to recognize that some degree of inflammation is a critical
component of normal surgical healing [70]. Initial cytokine
activation attracts regenerative cells such as neutrophils and
macrophages to the surgical site to remove debris and pave
the way for repair [91]. Future studies should focus on detail-
ing the intricate effects of robotic surgery on this complex
biochemical balance. Pharmacologic therapies that could
fine-tune the inflammatory response during the periopera-
tive period may also hold promise for improving outcomes.

In summary, robotic surgery offers tangible benefits in
reducing both local and systemic inflammation. However,
it is important not to unduly suppress this vital biochemical
process that governs surgical recovery. Further investiga-
tion of the intricate inflammatory pathways affected by mini-
mally invasive robotic techniques will be key to optimizing
patient outcomes.

Hemostasis and coagulation

Robotic surgery presents unique hurdles in successfully
achieving hemostasis and preventing coagulopathy-related
complications. Because the surgeon cannot directly feel
or access the surgical site, innovative methods have been
implemented to maintain hemostasis and normal coagula-
tion [92].

Changes in blood clotting parameters

During surgical procedures, a variety of changes in hemor-
heology and hemostasis can occur, potentially leading
to complications such as thromboembolism [93]. These
changes can include hyperreagibility of platelets with
increased aggregation and adhesion tendency, changes in
protein concentrations affecting viscosity and red cell aggre-
gation, impairment of red cell deformability, increase in clot-
ting factors, and disturbance of fibrinolysis characterized by
diminution of plasmatic plasmin and increase in antiplasmin
activity [92]. Robot-assisted procedures can help maintain
normal coagulation and clotting function by reducing tissue
trauma and using surgical hemostats, sealants, and adhe-
sives to rapidly achieve hemostasis [94]. By reducing tissue
injury, the local procoagulant response can be suppressed,
resulting in a decrease in thrombin production and fibrin
formation.
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In addition, maintaining blood flow and vascular integrity
during surgical procedures may help maintain the antico-
agulant balance of endothelial nitric oxide and prostacyclin,
thereby preventing aberrant endothelial cell activation and
coagulation amplification [95]. For example, one specific
study found a 50% reduction in levels of the catecholamine
norepinephrine after robotic-assisted prostatectomy com-
pared to open radical prostatectomy [96]. This may be due
to the minimally invasive nature of robotic surgery, which
may result in less tissue damage and a more regulated sur-
gical environment [97]. In addition, a 30-40% reduction in
platelet activation has been observed after robotic surgery
compared to laparoscopic or open procedures [93]. In con-
clusion, robotic surgery can play an important role in pre-
serving normal coagulation function and preventing abnor-
mal coagulation and associated complications by reducing
tissue damage, skillfully using surgical hemostats, sealants,
and adhesives, and maintaining the integrity of the blood
flow and vasculature. These factors contribute to a regulated
and balanced coagulation response, reducing the likelihood
of coagulopathy-related complications.

Potential implications for thromboembolic events

Robotic surgery has several potential implications for throm-
boembolic events, particularly deep vein thrombosis (DVT),
that warrant further investigation. First, the longer operative
times associated with robotic surgery may increase venous
stasis and hypercoagulability, thereby increasing the risk of
DVT [98]. In a comparative study of open and robotic pros-
tatectomy, the mean operative time was significantly longer
in robotic cases (5.8 h vs. 3.6 h, p <0.001) and the incidence
of DVT was increased (8.0% vs. 1.0%, p=0. 024)[99]. The
pronounced Trendelenburg position used in robotic surgery
may also exacerbate venous stasis in the lower extremities
by causing blood stagnation, as evidenced by a 30-50%
increase in postoperative leg swelling compared to the
supine position [97].

Additionally, the pneumoperitoneum created during
robotic surgery has been associated with venous endothe-
lial injury, reductions in fibrinolytic activity by up to 30%,
and temporary hypercoagulability [72]. This effect may
persist during the postoperative period, as evidenced by a
study noting impaired fibrinolysis for up to 2 weeks after
robotic prostatectomy [99]. The prolonged analgesic effects
of epidural anesthesia combined with limited mobility after
surgery may provide further risk [100]. In addition, the crea-
tion of pneumoperitoneum during robotic surgery has been
associated with venous endothelial damage, a decrease in
fibrinolytic activity of up to 30%, and transient hyperco-
agulability [101]. Such effects may persist into the postop-
erative period, as evidenced by a study reporting impaired
fibrinolysis for up to 2 weeks after robotic prostatectomy
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[99]. A prolonged period of analgesia from epidural anes-
thesia combined with limited postoperative mobility may
pose another significant risk [102, 103]. Various mitigation
strategies, such as intraoperative pneumatic compression
devices, early mobility, and chemical thromboprophylaxis,
may help to reduce the increased risk of thrombosis associ-
ated with robotic surgery [104, 105]. However, additional
research is needed to elucidate optimal approaches to DVT
prevention in this population. In a retrospective analysis,
only 21% of patients undergoing robotic surgery received
guideline-recommended thromboprophylaxis, suggesting
that there is ample room for improvement [105].

In conclusion, the influence of robotic technique on
hypercoagulability and thrombosis formation requires ongo-
ing investigation across multiple surgical disciplines. Further
clinical investigation is needed to formally evaluate formal
thromboembolic event rates and determine appropriate pre-
ventive strategies in patients undergoing robotic surgery.
Elucidation of these risks and establishment of effective
DVT prevention protocols will play a pivotal role in opti-
mizing the safety and benefits of robotic surgical approaches.
The potential biochemical problems associated with robotic
surgery, along with their respective countermeasures, are
summarized in Table 2.

Biochemical impact on surgical outcomes
Patient outcomes

Numerous studies have shown that robotic surgery results
in better patient outcomes than traditional open surgery.
This improvement is likely due to differences in surgical
stress and inflammatory responses [115]. Various benefits
of robotic surgery over open surgery have been observed
in numerous medical specialties, including less blood loss,
less need for transfusions, and lower rates of complications
[116-118].

For example, a comprehensive review of 19 different
studies found that estimated blood loss from robotic prosta-
tectomy was significantly less than that from open prostatec-
tomy, with an average difference of approximately 305 mL
[119]. The use of robotic techniques, known for their precise
movements and minimal tissue disruption, facilitates careful
hemostasis [120, 121]. A decrease in surgical trauma can
potentially reduce the impact on coagulation cascades and
fibrinolysis, resulting in less bleeding [119]. In particular,
one specific study pointed to a decreased level of postopera-
tive fibrinogen degradation in patients undergoing robotic
prostatectomy, indicating reduced coagulation activity [122].

In addition, robotic procedures have been associated with
a decrease in postoperative complications such as wound
infection [123]. This may be due to smaller incisions and
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Table 2 Potential biochemical
complications of robotic surgery

and mitigation strategies

Complication Description Mitigation strategies Refs.
Oxidative stress @ Increased free radical produc- @ Antioxidant therapy [50]
tion during surgery @ Minimize surgical time
@ Can cause tissue damage
Coagulation changes @ Hypercoagulability @ Early mobilization [106, 107]
@ Increased thrombotic risk @ Low molecular weight heparin
Acute kidney injury @ Ischemic injury to kidneys @ Hydration [108, 109]
@ Elevated creatinine @ Limit nephrotoxic drugs
Liver injury @ Increased bilirubin, ALT, AST @ Avoid unnecessary retraction [110, 111]
@ Low CVP anesthesia
Adrenal insufficiency @ Suppressed cortisol post-op @ Stress dose steroids [112,113]

Electrolyte disorders

Anemia

@ Imbalances in Na, K, Ca, Mg

@ Blood loss during surgery

@ Gradually taper steroids

@ Monitor levels
@ Replace as needed

@ Minimize bleeding

[112]

(110, 114]

@ Transfuse if indicated

the avoidance of extensive abdominal wall retraction, which
can negatively impact oxygenation and perfusion [123].
Evidence also suggests that robotic surgery results in less
severe changes in cytokine levels, CRP, and other mediators
of the systemic inflammatory response compared to tradi-
tional open procedures [83, 124, 125]. The resulting reduced
inflammation may well contribute to improved wound heal-
ing and a reduction in infectious complications such as surgi-
cal site infections [125].

In conclusion, robotic surgery offers several advantages
for patient outcomes over traditional open methods, appar-
ently due to a reduction in surgical stress and inflammatory
responses. Further investigation to quantify the influence
of specific mediators on outcomes such as blood loss and
wound healing may prove invaluable. Such knowledge may
help to fine-tune surgical techniques and perioperative man-
agement to fully realize the benefits of robotic surgery.

Postoperative pain and analgesic requirements

There is a growing body of research that indicates a signifi-
cant reduction in postoperative discomfort and the need for
pain medication in patients who undergo robotic surgery
rather than traditional open procedures. This result may be
due to reduced tissue trauma made possible by the preci-
sion of robotic instruments and enhanced visual capabilities
that allow for meticulous dissection [115, 123, 126]. In a
study comparing open and robotic prostatectomy, patients
who underwent robotic surgery required 48% less intrave-
nous morphine in the first 24 h after surgery, indicating a
significantly lower pain level (22 mg vs 48 mg, p <0.001)
[127]. In addition, another study concluded that postopera-
tive pain scores at 6 and 24 h were significantly lower in
patients who underwent robotic hysterectomy compared to
those who underwent laparoscopic hysterectomy [128]. A
reduction in inflammatory markers such as IL-6 and CRP

after robotic surgery may explain the observed reduction in
postoperative pain [124]. Thus, further research is recom-
mended to delve deeper into specific biochemical pathways
and molecular mechanisms involved in pain signaling, par-
ticularly those that are influenced by surgical techniques.
Elucidation of these mechanisms leading to reduced pain
may help to optimize protocols for pain relief, for example,
a detailed assessment of changes in nociceptive neurotrans-
mitters, opioid receptors, or pain signaling cytokines. This
would essentially pave the way for novel targets for pain
management in post-robotic surgery patients.

In conclusion, there is clear evidence that robotic surgery
significantly reduces postoperative discomfort and analgesic
requirements compared to open surgery. Expanded studies
to understand the mediators behind this improvement could
significantly complement recovery protocols to take full
advantage of robotic techniques.

Recovery and length of hospital stay

A significant body of research indicates that patients benefit
from faster recovery of gastrointestinal function, earlier abil-
ity to mobilize, and shorter hospital stays following robotic
surgery compared to traditional open procedures [16, 115,
129]. For example, one specific clinical trial highlighted that
robotic cystectomy led to patients regaining bowel func-
tion two days sooner (3 days versus 5 days, p <0. 01) and
resulted in a median hospital stay three days shorter than
traditional open cystectomy (5 days versus 8 days, p <O0.
001) [130]. The accelerated recovery after robotic surgery
may be attributed to less surgical stress and a reduction in
systemic inflammation. In support of this premise, studies
have shown lower postoperative cortisol levels, an accepted
measure of stress response, and inflammatory markers such
as IL-6 and CRP in patients who underwent robotic surgery
[83, 131]. It would be beneficial for further research to focus
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on quantifying the effects of reducing specific biochemical
mediators, as this may reveal potential targets for interven-
tions aimed at improving and accelerating patient recovery
after robotic surgery. In conclusion, the available evidence
clearly signals that robotic surgical techniques offer clear
advantages in terms of earlier gastrointestinal recovery,
mobilization and readiness for discharge compared to tradi-
tional open methods. Elucidation of the intrinsic biochemi-
cal pathways that influence surgical recovery may open the
door to refined protocols that take full advantage of mini-
mally invasive robotic techniques.

Surgical complications

Robotic surgery, a revolutionary technique in the medical
field, increases the precision and range of surgical proce-
dures. However, as with any surgical procedure, there are
inherent risks, including bleeding, infection, inadvertent
damage to surrounding nerves or organs, and mechanical
failure of instrument components [132, 133]. In a review of
more than 2000 robotic prostatectomies, the rate of major
bleeding complications requiring transfusion was 1.4%
[134]. However, the rate of bleeding varies depending on
the type of procedure and each patient’s unique health fac-
tors. Of concern is the potential for infection due to the com-
plexity of the robotic system. For example, a comparative
analysis found that the incidence of postoperative urinary
tract infections was higher with robotic prostatectomy (8.
1%) than with traditional open prostatectomy (5.7%) [135].
Mechanical failure of robotic instrument components dur-
ing surgery has been estimated to occur in 0.5-1.5% of
cases [135]. The repeated use of such instruments and their
torqueing can lead to these problems. Incorrect application
of the robotic technique can also result in nerve injury, often
caused by compression or traction. Traction-related acces-
sory nerve injuries have been reported in 1. 3% of robotic
neck dissections [136]. This type of injury is more common
in procedures involving confined areas such as the pelvis.
The risk of inadvertent damage to tissues or organs increases
due to the limited haptic feedback offered by robotic plat-
forms, potentially leading to unexpected postoperative com-
plications [137]. In some cases, conversion to open surgery
may be required, resulting in increased operative time and
morbidity. The prevalence of such conversions ranges from
1 to 5%, depending on the type of procedure [138, 139].
The risks of robotic surgery can be mitigated by imple-
menting measures such as rigorous patient screening, thor-
ough training of medical teams, and continuous technologi-
cal improvements. Despite these efforts, intense vigilance
and further research to improve safety measures are war-
ranted, as specific complications that inherently exceed the
risks of open surgery may persist [132]. Achieving a balance
between the benefits of robotics and a cognizant, proactive
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response to the associated risks is essential to the responsible
integration of this technology into regular medical practice.

Wound healing and infection risk

Advances in robotic surgery have made significant contri-
butions to promoting better wound healing and reducing
the risk of infection compared to traditional open surgery.
The key factors leading to these improvements are likely to
be smaller incisions and less severe tissue damage, which
in turn minimizes the body’s stress responses induced by
surgery [140]. Evidence from a comparative study of con-
ventional and robotic colectomies showed that the group
that underwent robotic surgery had a relatively lower rate
of wound infection. These were recorded at 4% compared to
the 11% infection rate for the open surgery group, despite the
longer operation time for the former group [141]. Similarly,
a study comparing robotic and traditional radical cystec-
tomies found that the former required less post-operative
wound care [141]. The reduced inflammation caused by the
muted release of cytokines following robotic surgery may
be a factor that promotes wound healing while reducing sus-
ceptibility to infection [142]. However, further research is
needed to gain a deeper understanding of the biomolecular
mechanisms that influence healing and immune responses
after robotic surgery.

Gastrointestinal motility and complications

Numerous studies have shown faster return of bowel func-
tion and reduced complication rates after robotic surgery
compared to traditional open gastrointestinal surgery [141,
143]. As an example, a comprehensive review of patients
undergoing robotic or open colorectal surgery showed an
approximately 0.63 day earlier return of bowel movement
in those undergoing robotic surgery [144]. Other studies of
colectomy (117) and gastrectomy [145] and gastrectomy
[146] demonstrated accelerated timing of flatus passage,
bowel movement, and initiation of food intake with robotic
procedures. These benefits may be attributed to less bowel
disruption, less inflammation, and the avoidance of the need
for the large abdominal incisions characteristic of open sur-
gery [147]. In addition, robotic techniques are less likely to
disrupt gastrointestinal peptides that control motility [10].
These beneficial aspects could potentially result in a
lower incidence of common GI complications such as ileus
following robotic surgery. One such study highlighted a
significant reduction in the incidence of postoperative ileus
(2.1% vs. 5.3%) associated with shorter hospital stays with
robotic versus open colectomy [10, 147]. The need of the
hour is to conduct additional studies to fully understand the
biochemical initiators of improved gastrointestinal recov-
ery after robotic surgery. A detailed understanding of these
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pathways could potentially provide critical insights for refin-
ing strategies to combat postoperative ileus, anastomotic
seepage, and subsequent complications that affect surgical
patients.

Oncological considerations

Robotic surgical procedures in the field of oncology have
generated considerable interest as well as concern about
their impact on long-term cancer outcomes [148, 149]. A
thorough evaluation of such robotic approaches to tumor
resection requires a holistic understanding of several factors:

1. Surgical margins: While robotic instruments are adept
at meticulous dissection, they unfortunately lack tac-
tile feedback. The existence of conflicting data raises
the question of whether this affects surgical margins in
oncologic specimens [148, 150]. It is noteworthy that
a study comparing open versus robotic mesorectal dis-
section for rectal tumors found an increase in positive
margins in 19% of patients versus 5% [151] highlighting
the need for rigorous pathologic review.

2. Lymph node dissection: Robotic flexibility in complex,
confined anatomic spaces such as the pelvis allows for
lymph node dissection [152]. However, the efficacy of
robotic lymph node dissection remains controversial for
a variety of cancers [153]. It is important to note that in
endometrial cancer, several studies have shown similar
lymph node yields with robotic, laparoscopic, or open
techniques [154].

3. Recurrence patterns: Data are currently limited regard-
ing the risk of local or distant recurrence following
robotic oncologic surgery. Risks vary by cancer site,
with some studies suggesting a higher recurrence rate
than with laparoscopic surgery [151]. Therefore, com-
prehensive, and long-term research studies are urgently
needed to assess the risk of recurrence over time.

4. Survival: Only a few single-case analyses have evaluated
the impact of robotic surgery on survival for prostate,
uterine, and colorectal tumors [149, 151, 155]. Meta-
analyses have not shown significant differences in sur-
vival versus laparoscopic surgery [156].

5. Cost: The significant expense associated with the pur-
chase and maintenance of robotic systems is a concern
for many medical institutions. At this time, it is uncer-
tain whether outcomes in cancer management will jus-
tify such substantial expenditures [157].

6. In conclusion, while there are opportunities for robotic
surgery in cancer, several uncertainties related to mar-
gins, lymph nodes, recurrence rates, and survival require
further investigation through large and ongoing stud-
ies. In short, the decision-making process regarding the
use of robotic surgery versus traditional laparoscopic

surgery for tumor resections will be guided by future
research investigations and their results.

Tumor growth, dissemination, and recurrence

Cancer progresses through multiple acquired competen-
cies at the cellular level, including maintenance of pro-
liferative signaling, resistance to cell death, initiation of
angiogenesis, and stimulation of invasion and metastasis
[158]. Understanding the molecular specificities that under-
lie tumor spread and recurrence is key to improving both
surgical and pharmacological interventions. The initiation
and progression of invasion and metastasis depend on the
epithelial-mesenchymal transition (EMT), which involves
the alteration of the expression of cellular adhesion mol-
ecules and transcription factors such as Twist and Snail [159,
160]. Other key elements include matrix metalloprotein-
ases such as MMP-9 that degrade the extracellular matrix,
integrins that establish interactions with matrix proteins,
and cytokines that enhance cellular motility and invasion
[161-163]. Despite entry into the circulation, metastatic col-
onization of distant sites remains a challenge, with a success
rate of less than 0.1% for circulating tumor cells [164]. The
molecular mechanisms that enable metastatic growth are
the subject of ongoing research. Despite stringent treatment
protocols, recurrence driven by therapy-resistant cancer stem
cells continues to contribute significantly to mortality [165].
These cells have the ability to reactivate functions such as
sustained proliferation, angiogenesis, EMT, and metastasis
to resurrect tumors [166]. Recurrence after surgical resec-
tion is promoted by factors such as circulating tumor cells,
immunosuppressive wound healing, and increased coloniza-
tion [167-169]. Identifying the molecular vulnerabilities of
recurrent tumors and stem-like cells is an important research
focus.

In summary, elucidating the mechanisms that enable
metastatic colonization, targeting cancer stem cells, and
uncovering the dependencies of recurrent disease remain key
priorities for the development of more effective anticancer
therapies and the prevention of relapse.

Immune responses and cancer outcomes

The immune system has a dual nature in relation to cancer,
possessing capabilities that both inhibit and promote tumor
development [170]. Cells of the immune system, namely nat-
ural killer (NK) and CD8 + cytotoxic T lymphocytes (CTLs),
have the ability to counteract early-stage tumors via effector
molecules such as perforin, granzymes, and IFN-y, which
facilitate the demise of cancer cells [171, 172]. On the other
hand, prolonged inflammation, fueled by substances such
as tumor necrosis factor alpha (TNF-a), various interleu-
kins, and chemokines, creates an environment conducive to
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tumor progression by providing factors necessary for their
growth and survival [173, 174]. Established tumors employ
a variety of strategies to evade immune retaliation, includ-
ing reducing tumor antigens, secreting immunosuppressive
cytokines such as TGF-f, expressing PD-L1 to restrict T
cells, and recruiting regulatory T cells that suppress the
body's immune response [170, 175]. The interaction between
PD-L1 and PD-1 on T cells inhibits anti-tumor cytotoxicity.
The balance between immune activation and suppression
plays a critical role in determining patient outcomes [176].

Therapies focused on immune checkpoint inhibition,
which boost the body's immunity against tumors by block-
ing PD-1, PD-L1 or CTLA-4, have shown exceptional effi-
cacy against certain cancers [172, 177]. However, specific
uncertainties remain regarding the determinants of the
immune response. Studies aimed at characterizing immune
cell infiltration and the tumor microenvironment are provid-
ing crucial information about immune factors that influence
cancer progression and the success of therapies [170, 178,
179]. Key areas under investigation include increasing the
efficacy of immunotherapy, determining the determinants
of anti-tumor immunity, and identifying strategies to target
pro-tumor inflammatory pathways.

Biochemical advances in robotic surgery
Intraoperative biochemical monitoring
Real-time biomarker assessment

Traditional methods of postoperative laboratory testing
lack the ability to provide immediate, real-time feedback
that could influence intraoperative decision-making [180].
This highlights the potential value of quantitative monitor-
ing of key biochemical parameters and biomarkers during
the course of surgery as a means of tailoring procedures and
potentially improving postoperative outcomes [181, 182].
Notable intraoperative biomarkers currently under investi-
gation include entities such as tumor margins, circulating
tumor cells (CTCs), nucleic acids, proteins, metabolites, and
microRNAs (miRNAs) [173, 183, 184]. Groundbreaking
techniques such as immediate margin assessment by frozen
section suggest potential methods to ensure thorough tumor
removal [185]. In addition, specific miRNA patterns have
been identified as potential predictors of increased likelihood
of metastasis in early-stage cancers [173].

Technological advances are underway to enable intraop-
erative, real-time, and quantitative assessment of multiple
biomarkers, allowing for more precise staging and personal-
ized surgical strategies [186]. Devices based on mass spec-
trometry and Raman spectroscopy fiber-optic systems are
under development. These aim to simultaneously measure

@ Springer

proteins, metabolites, and other important molecules in situ
during the surgical process [187, 188]. The integration of
these technologies in conjunction with surgical robotic sys-
tems and Al algorithms could facilitate the interpretation of
complex biomarker patterns and thereby enable intelligent
decision making during surgical procedures [189, 190].

In summary, it is envisioned that real-time biomarker
monitoring could provide essential molecular information
that would enable optimization and individualization of
surgical interventions for individual patients. Key potential
outcomes could include reduction in positive margin rates,
elimination of unnecessary lymph node dissection, reduced
risk of recurrence, and avoidance of re-excision. To fully
realize these benefits would require continued innovation
in platforms capable of rapid, multiplex biomarker analysis
during oncologic surgery.

Role of biosensors and nanotechnology

The potential lies in miniaturized biosensors and nanotech-
nology platforms to serve as catalysts for rapid, on-site bio-
chemical analysis during robotic surgery [191]. Biosensors
have the ability to convert biological signals into measurable
outputs by using a mixture of biorecognition elements such
as antibodies, aptamers, or enzymes as partners with electro-
chemical, optical, or mass sensitive transducers [192, 193].
The biorecognition elements provide a selective element for
which the transducers generate a detectable output signal.
Numerous nanomaterials possess properties suitable for their
incorporation into in situ ultrasensitive biomarker detection,
including quantum dots, carbon nanotubes, nanowires, and
graphene, all of which possess unique electrochemical, fluo-
rescent, and biocompatible properties [194]. For example,
fluorescent semiconductor quantum dots linked to tumor-
targeting ligands have demonstrated efficacy in guided tumor
excision in mouse models, raising the possibility of applica-
tion to direct surgery in vivo [195, 196]. Fiber optic sensors
with integrated Raman spectroscopy are being developed to
provide label-free, rapid biochemical fingerprinting of tissue
during endoscopic procedures [197].

Previously reported intraoperative applications include
electrochemical biosensors used to detect cancer biomark-
ers [198, 199] and lab-on-a-chip technologies implemented
for proteomic, metabolomic, and nucleic acid assays [192].
Further advances in wireless, miniaturized sensors compat-
ible with surgical instruments for direct application to tissue
could improve the efficacy of in situ biochemical analysis.
However, these innovations must overcome several barriers
to successful applicability and implementation, including
concerns about reproducibility, reliability, selectivity, inter-
ference from biological fluids, and seamless clinical integra-
tion [192, 200, 201]. By continually adapting and improving
the responsiveness, functionality, and correlation to surgical
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outcomes of these devices, it is plausible that intraoperative
biosensors and nanotechnologies will provide insightful,
real-time problem-solving strategies to guide and optimize
robotic surgery by providing pertinent biochemical data.

Pharmacological interventions
Novel drug delivery methods

Disadvantages of traditional chemotherapy include general-
ized systemic toxicity and less than ideal positioning within
the tumor site, which indirectly reduces efficacy and induces
side effects [202]. The enhanced visualization, instrumenta-
tion, and accessibility of robotic surgical systems provide
new opportunities to explore breakthrough approaches to
localized drug delivery that take advantage of these ben-
efits [203, 204]. Targeted delivery of chemotherapy and
immunotherapies to the tumor or resection margins could
improve treatment outcomes while minimizing side effects
[205, 206].

New innovative methods being explored include inject-
ing therapy-loaded nanoparticles or hydrogels directly into
the tumor, combining them with tiny implantable pumps
for sustained local release over several weeks or months,
positioning drug-eluting films along resection margins dur-
ing surgery, and individualized perfusion of a limb or organ
[203, 207, 208]. Nanoparticles and mini-pumps are in the
early stages of preclinical testing, while perfusion is in clini-
cal use but limited to extremities [209]. More extensive inte-
gration with real-time imaging and biosensors could provide
spatiotemporal control of dosing based on factors unique to
each patient [210].

Nevertheless, significant challenges remain, including
demonstration of safety and efficacy, large-scale produc-
tion, economic viability, and regulatory approval [210, 211].
Regardless of the hurdles, the idea of using surgical robots
as multifunctional platforms for both resection and tailored
local drug delivery is promising and a prospective area for
ongoing research. Advances in manufacturing methods, drug
formulations, and clinical trials will be paramount in trans-
lating these innovative ideas into beneficial treatments for
patients.

Precision medicine approaches

Precision medicine aims to provide health care that is highly
personalized to individual patients, taking into account their
unique genetic, molecular, and lifestyle characteristics, as
opposed to traditional one-size-fits-all treatments [212]. The
advanced field of robotic surgery has expanded the ability
to obtain patient-specific molecular data by profiling the
genomes, transcriptomes, and proteomes of excised tumor
tissues [213, 214].

The superior instrumentation of surgical robots opens
the door to meticulously detailed tumor sampling. This
allows us to identify specific mutations, expression patterns,
and other biomarkers, enabling an unprecedented level of
subtyping beyond histology that can inform personalized
treatment options [215, 216]. For example, the presence of
HER2 amplification indicates a more favorable response
to HER2-targeted therapies such as trastuzumab [217],
whereas BRCA1/2 mutations render tumors more suscep-
tible to PARP inhibitors [218, 219]. Detailed assessment
of immune cell infiltrates is useful in selecting appropriate
immunotherapies [219].

The combination of precision diagnostics with robotic
tumor resection and tailored pharmacotherapy has the poten-
tial to significantly improve outcomes by using treatments
that target specific molecular features and are individualized
for each patient [220]. However, realizing this potential faces
several barriers, including effective tissue sampling, data
analysis, integration into clinical practice, and reimburse-
ment and regulatory policies. To overcome these barriers,
collaborative efforts across oncology specialties are critical
[220]. In summary, the merging of advanced robotic surgery
with precision medicine methodologies opens new opportu-
nities to push the boundaries of pharmacotherapy through
superior molecular characterization of tumors and treatment
personalization. However, the establishment of multidisci-
plinary partnerships, provider education, and new clinical
paradigms are critical components to overcome barriers to
implementation.

Personalized patient management

Precision medicine has the explicit goal of providing care
that is specifically tailored to each patient's genetic makeup
and health profile. These methods can be applied to robotic
surgery to improve patient outcomes.

Genetic and epigenetic profiling

A comprehensive assessment of a patient's genomic and
epigenomic landscape prior to robotic surgery can reveal
genetic variations and epigenetic determinants that may
influence drug metabolism, likelihood of complications,
and additional surgical outcomes [221, 222]. An exam-
ple of its application could be the genotyping of enzymes
related to the cytochrome P450 system, such as CYP2D6
and CYP2C19, which are involved in drug metabolism and
can potentially dictate operationally relevant drug dosages
[223]. Specific genetic polymorphisms, including those in
catechol-O-methyltransferase (COMT), may also serve as
predictive markers of postoperative pain sensitivity [224].
Performing a preoperative epigenetic profile scan may reveal
epigenetic dynamics that amplify surgical hazards such as
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infection, including miRNA regulation of immune path-
ways [225]. With this understanding, the surgical team can
develop preemptive measures to offset genetic and epige-
netic risks through personalized care approaches.

Tailored perioperative care strategies

Personalized perioperative care strategies based on genetic
and epigenetic test results have several applications. Some of
these include calibrating the dose of anesthesia for patients
with ultra-rapid CYP2D6 metabolism to avoid adverse
effects [220]; using prophylactic antibiotics for patients
who genetically have a higher susceptibility to contracting
infections [226]; implementing improved monitoring pro-
tocols for patients who have been identified through genetic
evaluation as being at high risk for stroke [227, 228]; and
selecting ideal pain control regimens determined by genetic
polymorphisms that influence response to analgesics [229].
Overall, perioperative care guided by genetic knowledge
could potentially reduce complications and accelerate recov-
ery from robotic surgery by tailoring management to each
patient's unique genetic and epigenetic blueprint.

Future directions and challenges

Significant progress has been made in the field of robotic
surgery, but continued research and innovation are essential
to fully realize its potential benefits. Future work is antici-
pated in the continued development of surgical biomarkers
along with real-time analysis methods that could facilitate
personalized and tailored procedures [230, 231]. For exam-
ple, innovative technologies such as mass spectrometry
and Raman spectroscopy could accelerate multi-biomarker
analysis and potentially guide surgical decisions in real time
[220, 232]. The integration of such technologies with surgi-
cal robotics, artificial intelligence, and molecular imaging
is an exciting breakthrough in the making [233]. However,
cost, workflow integration, and clinical validation remain
challenges. In addition, there is a call for a deeper under-
standing of the intricate biochemical pathways that influence
surgical stress responses, wound healing, and cancer pro-
gression [234]. This understanding could help refine phar-
macological and procedural approaches, accelerate patient
recovery, and improve cancer treatment. However, thorough
investigation of these multifactorial pathways is a daunting
task [235].

With further development, increasing the functionality
of surgical robots could enable the performance of highly
complex surgeries across a range of specialties [236, 237].
However, striking a balance between cost and incremental
benefit remains an ongoing challenge. The solution may lie
in modular, upgradeable platforms [238].

@ Springer

Finally, the economic and environmental concerns asso-
ciated with the manufacture, use, and disposal of surgical
robots cannot be overlooked [236]. Designing energy-effi-
cient systems and recycling components could help allevi-
ate these sustainability issues. In summary, realizing the
enormous potential of robotic surgery will require a multi-
disciplinary approach to address the remaining challenges
of integration, adaptation, mechanistic understanding, and
responsible innovation. Accelerating advances in surgical
procedures, patient recovery times, and outcomes, however
daunting, is indeed a journey worth taking.

Conclusion

The advent of robotic surgery represents a transformative
change in healthcare, offering improved surgical skills but
also introducing new biochemical considerations that require
attention. This analysis addresses the unique effects of pneu-
moperitoneum, patient positioning, ischemia-reperfusion,
and systemic stress responses associated with robotic proce-
dures. Prudent fluid management, gas exchange monitoring,
tissue perfusion assessment, and organ support are the cor-
nerstones of mitigating these effects. In addition, the impact
on long-term organ functionality underscores the need for
ongoing optimization of robotic techniques to avoid bio-
chemical perturbations. Collaboration between surgeons,
anesthesiologists, perfusionists, and biomedical engineers
will be paramount in developing evidence-based protocols
and best practices for the safe and efficient application of
robotic surgery. It is also critical that processes such as
standardization of training, cost—benefit analysis, consent
policies, and regulatory frameworks be standardized for the
ethical integration of robotics into clinical practice. Despite
the remaining challenges, the biochemical implications of
robotic surgery should not deter us from responsibly real-
izing its significant potential. The technology already offers
precision, faster recovery, and superior visualization—unde-
niable benefits for patients and caregivers. Future improve-
ments through continued research and innovation could lead
to scarless surgery, remote telesurgery, and broader access
to minimally invasive procedures. Prudent navigation of this
novel territory could lead to improved patient outcomes,
surgical proficiency, and quality of life as future operating
rooms are realized.

Ultimately, the biochemical implications highlighted in
this analysis illustrate that optimal surgical care should take
a holistic perspective, encompassing the entire physiology
of the patient, rather than focusing solely on technical skill.
This insight provides a framework as we move into an excit-
ing new era of surgical procedures one that should balance
the promise of the future with ethical and evidence-based
application.
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