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Abstract

Cisplatin remains a foundational standard for treating solid thoracic malignancies, particularly non-
small cell lung cancer (NSCLC). However, its clinical utility is continually constrained by a profound
“clinical paradox” in which exceptional cytotoxic potency is offset by a dangerously narrow therapeutic
index. From a cardiothoracic surgical perspective, dose-limiting nephrotoxicity represents a direct ob-
stacle that may prematurely close the “optimal surgical window” by depleting a patient’s physiological
reserve. This review evaluates advanced drug delivery systems (DDS)—specifically cyclodextrin-com-
plexed liposomes and stimuli-responsive nanovesicles—as essential tools for navigating biological bot-
tlenecks, such as intracellular thiol sequestration and transport downregulation. Molecular engineering
strategies, including sheddable polyethylene glycol (PEG) shields and zwitterionic coatings, are exam-
ined for their potential to bypass accelerated blood clearance (ABC) and immune recognition. Further-
more, the integration of green nanotechnology and theranostic imaging for real-time intraoperative
monitoring is highlighted, enabling clinicians to titrate fluid management and vasopressor support with
enhanced precision. By utilizing precision platforms such as NC-6004 (Nanoplatin), which achieves a
maximum tolerated dose of 135 mg/m>—nearly double the standard regimen—with superior tolerabil-
ity, clinicians can facilitate “surgical reclaimability” for previously unfit patients. Ultimately, these na-
nomedicines decouple systemic toxicity from oncological efficacy, ensuring patients maintain the phys-
iological integrity necessary for survival during high-stakes thoracic procedures.

Keywords: Cisplatin, Cardiothoracic Surgery, Cyclodextrin, Nephrotoxicity, Nanomedicine, Sur-
gical Window, Stimuli-Responsive, Surgical Reclaimability.
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Rationale, Purpose, and Limita-
tions

Cisplatin remains a foundational treatment for
solid thoracic malignancies, yet its narrow therapeu-
tic index creates a "clinical paradox" where excep-
tional potency is offset by severe nephrotoxi-
city. For cardiothoracic surgeons, this toxicity often
depletes a patient's physiological reserve, prema-
turely closing the optimal surgical window and ren-
dering technically resectable tumors unviable.

This paper aims to evaluate how advanced supra-
molecular and stimuli-responsive nanomedicines
can resolve this paradox by decoupling systemic
toxicity from oncological efficacy. By using preci-
sion platforms such as NC-6004, this review demon-
strates how clinicians can facilitate "surgical re-
claimability," enabling previously unfit patients to
safely undergo curative resection.

Despite promising clinical benchmarks, signifi-
cant hurdles remain in manufacturing reproducibil-
ity at an industrial scale and navigating the complex
regulatory landscape for multi-component nanohy-
brids. Furthermore, biological phenomena such as
accelerated blood clearance (ABC) and high inter-
stitial pressure in solid tumors continue to challenge
the deep penetration and long-term efficacy of these
advanced delivery systems.

Introduction

The Clinical
Therapy

The Induction Decision

The Clinical Paradox

Paradox of Platinum-Based

Cisplatin =N

Systemic Failure & High Toxicity

#®

. NC-6004
@ o/ Nanomedicine
L)

Cisplatin remains a cornerstone of systemic
therapy for solid malignancies, specifically
NSCLC. Despite the emergence of immuno-
therapy and targeted molecular agents, plati-
num-based regimens remain the standard of
care for both primary and adjuvant treatment.!
However, the clinical utility of cisplatin is char-
acterized by a profound paradox: while the
agent is exceptionally potent in inducing DNA
cross-linking and subsequent apoptosis in ma-
lignant cells, its therapeutic index is notoriously
narrow.23

The Surgical Oncology Perspective

From the perspective of a cardiothoracic
(CVT) surgeon, the systemic toxicity of cispla-
tin is not merely a side effect; it is a direct ob-
stacle to surgical success. High-dose cisplatin
often leads to nephrotoxicity, which can cause
a rapid decline in renal function, precluding the
patient from reaching an optimal surgical win-
dow.3 If a patient’s physiological reserve is de-
pleted by the “first-hit” of chemotherapy, the
risks of perioperative complications increase
significantly.* Therefore, the engineering of ad-
vanced DDS is a surgical necessity, ensuring
that patients remain candidates for resection
while receiving maximal therapeutic doses. 4
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Figure 1: Surgical reclaimability: restoring the path to curative resection.
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The challenge of intracellular thiol sequestra-
tion is more than a biochemical nuisance—it is
a physiological barrier that dictates the feasibil-
ity of a resection. When glutathione (GSH) lev-
els rise in thoracic malignancies such as
NSCLC or esophageal carcinoma, the resulting
drug resistance often drives a shift toward
higher systemic cisplatin doses to achieve a
therapeutic response.

This escalation creates a “vicious cycle” that
directly impacts the perioperative period and
the patient’s long-term surgical viability.

In cardiothoracic (CVT) surgery, the patient’s
physiological reserve is a critical determinant
of survival.5 High-dose cisplatin administra-
tion, often necessitated by thiol-mediated re-
sistance in tumor cells, frequently results in
subclinical or overt nephrotoxicity due to the
drug’s accumulation in proximal tubular cells
of the kidney. 68

Renal-Cardiac Feedback and Fluid Manage-
ment

A decline in renal function, marked by a re-
duction in glomerular filtration rate (GFR), sig-
nificantly complicates fluid management dur-
ing major procedures.1® For patients undergo-
ing cardiopulmonary bypass or major thoracic
shifts, impaired renal excretion increases the
risk of fluid overload and electrolyte imbal-
ances.12 These complications are especially
dangerous in patients undergoing high-stakes
procedures like pneumonectomy or lobectomy,
where the risk of cardiovascular strain and pul-
monary edema is heightened. 911

The Surgical Window

The “optimal surgical window” (Figure 1) re-
fers to the period where a patient is fit enough
to withstand the physiological stress of surgery
while their disease remains resectable.!3 When
cisplatin-induced nephrotoxicity leads to a sig-
nificant reduction in creatinine clearance, this
window may close.” In such cases, despite a tu-
mor being technically resectable, the patient’s
compromised renal state may leave them una-
ble to endure the hemodynamic fluctuations in-
herent in major thoracic surgery.10

Molecular Bottlenecks and the Mecha-
nisms of Platinum Resistance

The clinical utility of cisplatin in treating solid
tumors is frequently compromised by the emer-
gence of acquired resistance, a phenomenon
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driven by a complex, multifactorial suite of mo-
lecular adaptations.** These biological “bottle-
necks” effectively shield the malignant cell by
either neutralizing the drug’s reactive species or
severely restricting its entry into the intracellu-
lar environment.22 Broadly, these resistance
mechanisms can be categorized into pre-target
sequestration and impaired transport kinetics,
both of which significantly diminish the drug’s
cytotoxic potential.45

Intracellular Thiol Sequestration and Neutra-
lization

A primary cornerstone of cisplatin resistance
is the inactivation of the drug by intracellular
nucleophilic scavengers before it can interact
with its primary target, nuclear DNA.22 Among
these, glutathione (GSH) plays a definitive role.
Due to its high affinity for the active sulthydryl
(-SH) group of GSH, cisplatin is often neutral-
ized through the formation of GS-platinum
complexes.39 This sequestration is often facili-
tated by elevated levels of glutathione S-trans-
ferase (GST), an enzyme that catalyzes the con-
jugation of cisplatin to GSH. In resistant tumor
phenotypes, this upregulated thiol system acts
as a potent antioxidant shield, scavenging reac-
tive oxygen species and effectively deteriorat-
ing chemotherapeutic efficiency by preventing
the formation of DNA-platinum adducts.1445

Transport Pathway Downregulation: The Cri-
tical Role of LRRC8A

Beyond the metabolic neutralization of the
drug, therapeutic failure is often rooted in the
physical exclusion of cisplatin from the cell.
Recent research has identified the leucine-rich
repeat-containing protein 8A (LRRC8A)—a
key component of the volume-regulated anion
channel (VRAC)—as a vital mediator of cispla-
tin uptake.1516 A direct correlation exists be-
tween LRRC8SA downregulation and the devel-
opment of cisplatin resistance across various
malignancies, including head and neck squa-
mous cell carcinomas and non-small cell lung
carcinomas.16.17

The loss of LRRC8A expression carries sig-
nificant prognostic weight; patients exhibiting
low LRRC8A or LRRC8D levels often face de-
creased overall survival, as even high cumula-
tive doses of platinum-based therapy fail to
reach therapeutic thresholds within the tumor.17
Furthermore, the absence of this protein impairs
the apoptotic volume decrease (AVD). Since
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AVD is a fundamental morphological require-
ment for initiating programmed cell death, the
deficiency of LRRCS8A provides a dual layer of
protection for the tumor: it simultaneously re-
duces drug influx and inhibits the cellular ma-
chinery required for apoptosis.1618

The mechanisms for bypassing molecular re-
sistance via nanotechnology are illustrated in
Figure 2.

Thus, the main biological mechanisms con-
tributing to cisplatin resistance in tumor cells
include:

1. Metabolic neutralization: Elevated levels
of intracellular thiol-containing species like
glutathione (GSH) neutralize cisplatin by
forming inactive platinum-thiol conjugates,
which are then exported from the cell.13

Transport pathway downregulation: Re-
duced expression of transporters, such as

LRRCS8A, impairs cisplatin uptake, de-
creasing intracellular accumulation and ef-
ficacy.!

Enhanced DNA repair: Tumor cells can
increase their DNA repair capacity, dimin-
ishing cisplatin-induced DNA damage and
apoptosis.!

Increased detoxification enzymes: Up-
regulation of enzymes such as GST facili-
tates the conjugation of cisplatin with GSH,
further inactivating the drug.!

Altered apoptotic pathways: Deficiencies
in apoptotic mechanisms, such as impaired
AVD, hinder programmed cell death in re-
sponse to cisplatin.!

These mechanisms collectively create a multi-
faceted resistance, reducing cisplatin’s cytotox-
icity.>?
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Figure 2: Overcoming Cisplatin resistance: The nanotechnology solution.

Nanotechnology as a Precision Solution to
Therapeutic Bottlenecks

Conventional cisplatin formulations often
lack the molecular precision needed to over-
come the complex biological barriers of re-
sistance and systemic toxicity. To address these
limitations, nanotechnology has emerged as a
transformative frontier, offering sophisticated
delivery systems that enhance the drug’s thera-
peutic index. Among the most promising strat-
egies is the development of cyclodextrin-based
nanovesicles. These platforms leverage unique
host-guest chemistry—where the hydrophobic
cavity of the cyclodextrin molecule encapsu-
lates the cisplatin—effectively improving the
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drug’s aqueous stability and significantly pro-
longing its circulation half-life.*

Historically, nanoparticle accumulation in
malignant tissues relied primarily on the en-
hanced permeability and retention (EPR) effect,
a passive targeting mechanism driven by the
leaky vasculature of tumors. However, current
clinical research is rapidly shifting toward ac-
tive targeting and stimuli-responsive release.3
By engineering nanoparticles to release their
payload only in response to specific triggers
within the tumor microenvironment (such as
pH shifts, enzymatic activity, or redox gradi-
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ents) researchers can achieve high local cispla-
tin concentrations while sparing healthy renal
and cardiac tissues.

Stimuli-responsive nanocarriers enhance tar-
geted cisplatin delivery by releasing the drug in
response to specific tumor microenvironment
triggers, such as pH shifts, enzymatic activity,
or redox gradients.! These mechanisms ensure
high local drug concentrations within the tumor
while minimizing systemic toxicity. For exam-
ple, nanoparticles engineered to respond to
acidic pH or tumor-specific enzymes can dis-
charge cisplatin only upon reaching the tumor
site, thereby improving therapeutic efficacy and
reducing off-target effects.!

A landmark success in this landscape is NC-
6004 (Nanoplatin). In Phase Ib/II clinical trials,
this micellar formulation demonstrated superior
tolerability compared to free cisplatin. Notably,
NC-6004 achieved a maximum tolerated dose
nearly double that of the standard cisplatin reg-
imen without inducing significant nephrotoxi-
city.10 This success illustrates the potential of
nanomedicine to reopen the “surgical window”
for compromised patients by maintaining onco-
logical efficacy while preserving the patient’s
physiological reserve.

This review synthesizes these advancements,
focusing on the synergy between cyclodextrin
engineering and green-synthesized metallic hy-
brids. By integrating these technologies, we
propose a multimodal precision framework that
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simultaneously addresses biological resistance
mechanisms and the operational hurdles of clin-
ical translation, ultimately refining the standard
of care in cardiothoracic oncology.3”

Literature Review

Supramolecular Engineering and Charac-
terization

The transition from conventional cisplatin to
a precision nanomedicine platform relies on the
sophisticated manipulation of supramolecular
chemistry. By moving beyond covalent bond-
ing and focusing on non-covalent molecular as-
semblies, researchers can engineer vehicles that
safeguard the therapeutic payload until it
reaches its intended site of action. The follow-
ing sections detail the chemical principles of
host-guest inclusion and the rigorous engineer-
ing required to maintain stable, sub-200 nm
nanovesicles suitable for clinical application.
Supramolecular Foundations: Host-Guest In-
clusion and Development of Liposomal and
Cyclodextrin-Complexed Formulations

At the heart of this delivery system lies the
host-guest inclusion complex formed between
cyclodextrins (CDs) and cisplatin. Cyclodex-
trins are cyclic oligosaccharides characterized
by a unique toroid shape, possessing a hydro-
philic exterior and a hydrophobic internal cav-
ity.* This amphiphilic nature allows them to act
as molecular “hosts” for a variety of medicinal
“guests” (Figure 3).19

3. pH-Triggered
Sheddable PEG Shields
PEG chains

detach in acidic

tumor environments to
transition from “stealth”
to cellular uptake.

4. Advanced Zwitterionic
Immune Evasion
Coatings create
hydration layers that
bypass the common
“anti-PEG" immune
response.

5. Summary of Delivery Benefits

Type | Mechanism | Benefit
Traditional PEG Stealth Basic evasion
Sheddable PEG Target exposure pH-triggered uptake
Zwitterionic Bypass immune response | Advanced evasion

Figure 3: Engineering the future of Cisplatin delivery: stealth nanovesicles
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The encapsulation mechanism involves posi-
tioning the cisplatin molecule within the hydro-
phobic cavity of the CD. This process is primar-
ily driven by non-covalent interactions, includ-
ing van der Waals forces and hydrophobic ef-
fects, which form a stable yet reversible bond.24

This structural arrangement confers signifi-
cant chemical stability to the formulation. By
shielding the cisplatin molecule within the cav-
ity, the CD macrocycle protects it from prema-
ture hydrolysis—a common cause of systemic
toxicity—and prevents non-specific protein
binding during systemic circulation.! Among
the common macrocycles utilized in this field, -
cyclodextrin and hydroxypropyl-cyclodextrin
(HP-CD) are frequently preferred. These spe-
cific variants offer an optimal cavity size for the
cisplatin molecule and significantly improve
aqueous solubility, a critical hurdle in the for-
mulation of platinum-based drugs.?

Development of Liposomal and Cyclodextrin-
Complexed Formulations

The evolution of cisplatin-loaded liposomes
(CP-LPS) modified with cyclodextrins repre-
sents a pivotal shift toward maximizing encap-
sulation efficiency and refining controlled-re-
lease kinetics. Historically, the clinical utility of
cisplatin has been hampered by its rapid sys-
temic clearance and significant off-target ef-
fects. To mitigate these issues, strategic modi-
fications using -cyclodextrin (-CD) have been
integrated into liposomal bilayers. This “dou-
ble-layered” encapsulation approach enhances
the stability and biodistribution of nanovesi-
cles, allowing for selective accumulation within
the tumor microenvironment while minimizing
the systemic exposure that leads to nephrotoxi-
city and ototoxicity.23

The engineering of these platforms typically
uses the chloroform film method, combined
with sonication, to ensure uniform particle for-
mation. Research utilizing these techniques has
achieved remarkable entrapment efficiencies of
approximately 82—83%, a significant improve-
ment over traditional liposomal preparations
which often suffer from low loading capacity
due to the moderate solubility of cisplatin.

Morphological analysis and size characteriza-
tion remain central to validating these formula-
tions. While blank liposomes may average ap-
proximately 49 nm, the complexed -CD-CP-
LPS formulations naturally extend to over 100
nm due to the inclusion of the macrocyclic host-
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guest complexes. Despite this increase in size,
these vesicles maintain excellent physical sta-
bility, remaining viable at 4°C for over 3
months without significant aggregation or drug
leakage. 13

To further optimize the pharmacokinetic pro-
file, surface modification via PEGylation is em-
ployed. By coating the vesicles with polyeth-
ylene glycol (PEG), the system reduces opsoni-
zation by the reticuloendothelial system (RES),
effectively granting the particles “stealth” prop-
erties. This prolonged circulation time facili-
tates superior tumor accumulation via the EPR
effect, ensuring the therapeutic payload is de-
livered precisely to the malignancy. 23

In Vitro Release Kinetics and the Correla-
tion with the “Surgical Window”

The success of a nanomedicine platform in a
clinical CVT setting depends not only on suc-
cessful encapsulation but also on the con-
trolled-release profile of the drug. A rapid
“burst release” can lead to systemic toxicity
similar to free cisplatin, whereas a release that
is too slow may fail to achieve therapeutic con-
centrations within the tumor. Characterizing
these kinetics in vitro—typically via dialysis
membrane methods in simulated physiological
fluids (pH 7.4)—is essential for predicting how
the formulation will behave in the perioperative
environment.

Biphasic Release Profile

Cyclodextrin-complexed liposomes typically
exhibit a characteristic biphasic release pattern.
The initial phase involves a modest release of
surface-associated cisplatin, followed by a pro-
longed, sustained release of the drug from the
internal cyclodextrin-host complexes.

Clinical Correlation: This sustained release
is vital for maintaining a steady therapeutic
concentration, effectively extending the “opti-
mal surgical window.” By providing a more
stable oncological effect without the sharp
peaks in plasma concentration that cause acute
kidney injury (AKI), the surgeon can plan the
procedure with greater confidence in the pa-
tient’s renal stability. 210

Stimuli-Responsive Release

Advanced formulations are now engineered to
be stimuli-responsive, meaning the drug is re-
leased more rapidly in response to the specific
conditions of the tumor microenvironment
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(TME), such as lower pH (acidosis) or high re-
dox potential (glutathione levels).

Targeted Cytotoxicity: In vitro studies have
shown that these “smart” nanovesicles release
their payload significantly faster at pH 5.5
(mimicking endosomal/lysosomal environ-
ments) than at physiological pH 7.4. This en-
sures that the cisplatin is discharged exactly
where it is needed, further decoupling systemic
toxicity from local efficacy. 23

Predicting Perioperative Stability

For the cardiothoracic surgeon, in vitro stabil-
ity assays at 37°C in serum provide crucial data.
Formulations that maintain their integrity under
these conditions are less likely to cause sudden
electrolyte imbalances or fluid management
complications during hemodynamic fluctua-
tions during cardiopulmonary bypass. 1112 By
ensuring the drug remains sequestered within
the nanovesicle during the most volatile stages
of surgery, the risk of “overt nephrotoxicity” is
substantially mitigated.

Advanced Targeting and Stimuli-Respon-
sive Strategies

The therapeutic index of nanomedicines can
be significantly optimized by developing stim-
uli-responsive liposomes engineered to release
their payloads in response to specific localized
cues within the pathological environment.20
These “smart” platforms utilize endogenous
factors, such as pH gradients, redox potential,
and enzyme activity, to trigger drug release.”’
For instance, pH-responsive liposomes often
incorporate titratable lipids, such as cholesteryl
hemisuccinate (CHEMS), or fusogenic lipids,
such as DOPE, which undergo structural transi-
tions in the acidic environments of tumors or
endosomes to facilitate rapid cargo delivery.!
Similarly, redox-sensitive designs often employ
disulfide bonds that remain stable in the blood-
stream but are cleaved by the high intracellular
glutathione concentrations (0.5-10 mM) found
in cancer cells.”

External stimuli, such as temperature, provide
an additional layer of temporal and spatial con-
trol over drug delivery.22 Thermo-responsive
platforms, most notably ThermoDox®, utilize
localized hyperthermia (> 40-42°C) to trigger
on-demand drug release directly at the target
site.23 These liposomes exploit the gel-to-lig-
uid-crystalline phase transition temperature
(Tm) of the lipid bilayer; at this critical point,
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the membrane becomes highly permeable, al-
lowing the encapsulated drug to rapidly pene-
trate surrounding tissue.2* Clinical trials have
demonstrated that combining mild hyperther-
mia with these thermosensitive carriers can en-
hance treatment efficacy by increasing vascular
permeability and local blood flow.25

However, the clinical translation of these ad-
vanced systems remains complex. While lig-
and-targeted liposomes (LTLs) offer the poten-
tial for enhanced selectivity by binding to over-
expressed receptors, they introduce significant
biological challenges.2¢é The addition of target-
ing ligands can lead to non-specific protein
binding (the formation of a protein corona) and
ABC, which reduces the systemic half-life of
the carrier.26 Furthermore, high interstitial pres-
sure and the dense extracellular matrix in solid
tumors often hinder the deep penetration of
these larger nanoparticles, even when high-af-
finity ligands are used.2746 Overcoming these
hurdles requires precise molecular engineering
to balance stealth properties, such as PEGyla-
tion, with effective cellular uptake and trig-
gered release. 26

Practical limitations also include the ABC
phenomenon. Repeat dosing of PEGylated
nanocarriers can trigger the production of anti-
PEG IgM antibodies, which tag the particles for
rapid destruction by the immune system. Addi-
tionally, the high interstitial pressure and dense
extracellular matrix found in solid thoracic tu-
mors can hinder the deep penetration of larger
nanoparticles, even when high-affinity target-
ing ligands are used.38

Molecular Engineering to Overcome Biologi-
cal Barriers

To address the inherent conflict between high-
affinity targeting and systemic stability, several
precise molecular engineering strategies have
been developed. These focus on masking the
targeting ligands during circulation and opti-
mizing the “stealth” layer to prevent the ABC
phenomenon and non-specific protein adsorp-
tion.

“Hidden” or Cleavable PEG Shields

A primary challenge with ligand-targeted lip-
osomes is that the ligands themselves can be
recognized by the mononuclear phagocyte sys-
tem, leading to rapid sequestration in the liver
and spleen. To counter this, researchers utilize
sheddable PEG layers.
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Mechanism: Targeting ligands are attached
to the lipid bilayer, but a longer, protective PEG
chain is conjugated via a stimuli-responsive
bond (e.g., a pH-sensitive hydrazone or a redox-
sensitive disulfide linker).

Function: During circulation, the long PEG
chains sterically mask the ligands, ensuring a
“stealth” profile. Upon entering the acidic or re-
ductive environment of the tumor, the PEG
layer “sheds,” exposing the ligands for high-af-
finity receptor binding and cellular uptake.28

Tuning Ligand Density and Orientation

The degree of protein corona formation—
which contributes to the ABC effect—is highly
dependent on ligand density.

The “Goldilocks” Principle: If ligand den-
sity is too low, the targeting effect is lost. If it is
too high, the liposome is rapidly cleared be-
cause the dense protein cluster (opsonins) sig-
nals for immune destruction.

Site-Specific Conjugation: Engineering lig-
ands (such as nanobodies or scFv fragments) to
bind at specific orientations ensures that their
binding sites remain functional while minimiz-
ing exposure of hydrophobic regions that typi-
cally attract plasma proteins. 47

Zwitterionic Polymer Coatings

As an alternative to traditional PEGylation,
zwitterionic polymers (e.g., poly(carboxybeta-
ine)) have emerged as a robust engineering tool.

These polymers create a highly hydrated layer
through strong ionic solvation, which is more
effective than PEG at resisting protein adsorp-
tion. Unlike PEG, which can sometimes trigger
anti-PEG IgM antibodies (the primary cause of
the ABC phenomenon upon repeat dosing),
zwitterionic coatings are generally less immu-
nogenic, allowing multiple administrations
without loss of circulation time.*8

Future Outlook: The Next Generation of
Stimuli-Responsive Nanomedicines

The evolution of liposomal technology from
passive carriers to “smart” stimuli-responsive
platforms represents a paradigm shift in preci-
sion oncology. By integrating molecular engi-
neering—such as sheddable PEG shields and
zwitterionic coatings—researchers are success-
fully navigating the biological trade-offs be-
tween systemic stability and site-specific acti-
vation.2848 While challenges such as the ABC
phenomenon remain significant, the transition
toward non-immunogenic materials and precise
ligand orientation offers a clear path to improve
the therapeutic index of highly potent pay-
loads.31

The table below synthesizes the core strate-
gies discussed, mapping each engineering ap-
proach to its primary mechanism, advantages,
and associated literature (Table 1).

Table 1 Synthesis of Molecular Engineering Strategies for Enhanced Targeting

Strategy Primary Mechanism Clinical Advantages Key References
Detachment of PEG chains | Masks ligands during circulation;
Sheddqble PEG via local pH or enzymatic | exposes them only at the pathologi- 28
Shields e .
riggers. cal site.
Licand Densi Precise control over the Minimizes the "protein corona" ef-
1gand Density | ber and orientation of | fect and reduces immune recogni- 29
Optimization . .
surface ligands. tion.
Zwitterionic C Replacement of PEG with | Eliminates anti-PEG IgM response;
witterionic (oat- super-hydrophilic, charge- |superior resistance to protein adsorp- 30
1ngs neutral polymers. tion.
Stimuli-R Phase transition or bond
umu E lespon- cleavage triggered by hyper- [ Enhances spatial control and max- 31
SIve Release thermia or pH. imizes local drug concentration.

Looking forward, the clinical success of these
advanced targeting strategies will likely depend
on patient-stratification—identifying individu-
als whose unique tumor microenvironments
(e.g., specific enzyme expression levels or in-
terstitial pressure profiles) are most compatible
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with a given stimuli-responsive mechanism. As
molecular engineering continues to refine the
interface between synthetic nanocarriers and
complex biological systems, the goal of achiev-
ing “on-demand” drug delivery with minimal
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systemic toxicity moves closer to standard clin-
ical practice.

The Clinical Paradox of Cisplatin in Tho-
racic Oncology

In the landscape of thoracic oncology, cispla-
tin therapy is defined by a profound “clinical
paradox.” While it remains one of the most po-
tent and foundational chemotherapeutic agents,
its high cytotoxicity is frequently offset by sys-
temic limitations that limit dose escalation and
result in incomplete antitumor responses. Be-
yond its role in NSCLC, cisplatin is a standard-
of-care treatment for ovarian, testicular, and
head-and-neck cancers; however, its clinical
utility is continually constrained by its narrow
therapeutic index.5

The paradox lies in the necessity of high-dose
regimens to overcome inherent or acquired tu-
mor resistance, which simultaneously precipi-
tates severe, dose-limiting toxicities. In cardio-
thoracic surgery, this creates a significant man-
agement dilemma. Systemic toxicity, particu-
larly nephrotoxicity and ototoxicity, remains
the primary barrier to maximizing the drug’s
therapeutic potential. For the surgeon, the
emergence of subclinical renal impairment dur-
ing induction chemotherapy can alter the pa-
tient’s physiological reserve, potentially clos-
ing the “surgical window” by increasing the
risks associated with hemodynamic shifts and
fluid management during major thoracic proce-
dures.?10

Furthermore, the drug’s lack of specificity re-
sults in high concentrations in healthy tissues,
such as renal proximal tubular cells, while tu-
mor concentrations may remain suboptimal due
to poor vascularization or metabolic bottle-
necks.¢ This mismatch necessitates a shift to-
ward precision delivery systems that can re-
solve this paradox by decoupling systemic tox-
icity from oncological efficacy.

The development of cisplatin resistance is a
complex biological defense mechanism that in-
volves a synergistic “pincer movement” within
the cell: the metabolic neutralization of the drug
and the physical restriction of its entry. At the
metabolic level, resistant tumor populations
frequently exhibit elevated levels of intracellu-
lar thiol-containing species, most notably gluta-
thione (GSH). These nucleophilic molecules
act as metabolic scavengers, intercepting cis-
platin before it can reach nuclear DNA, forming
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inactive platinum-thiol conjugates that are sub-
sequently exported from the cell.44

The key resistance mechanisms limiting cis-
platin efficacy include metabolic neutralization
by intracellular thiol species, such as glutathi-
one (GSH), which inactivate the drug by form-
ing conjugates that are exported from the cell,
and decreased drug uptake due to downregula-
tion of transporters.3 Additionally, tumor cells
can enhance DNA repair mechanisms and de-
velop cellular defense pathways that diminish
cisplatin-induced cytotoxicity.3 Nanomedicine
can address these resistance mechanisms by en-
abling targeted delivery and stimuli-responsive
release of cisplatin within the tumor microenvi-
ronment. For example, cyclodextrin-based nan-
ovesicles encapsulate cisplatin, improving its
stability and circulation time, and can be engi-
neered to release the drug in response to tumor-
specific triggers such as pH or enzymatic activ-
ity.3 This approach increases local drug concen-
tration and bypasses resistance pathways. It re-
duces systemic toxicity, thereby enhancing
therapeutic efficacy.*!

Simultaneously, resistance is driven by the
significant downregulation of critical transport
pathways, specifically the Copper Transporter
1 (CTR1) and the Leucine-rich repeat-contain-
ing protein 8A (LRRC8A) axis. While CTR1
has traditionally been identified as the primary
influx transporter for cisplatin, recent evidence
indicates that LRRC8A 1is an essential mediator
of drug uptake via VRAC. The deficiency of
these proteins directly correlates with therapeu-
tic failure and poor clinical prognosis, as the
“locked” cell membrane prevents the drug from
reaching a minimum inhibitory concentra-
tion.17.18

Nanoparticles have shown remarkable prom-
ise in overcoming these molecular barriers. By
utilizing endocytic pathways, nanomedicine
platforms can bypass both typical efflux pumps
and the downregulated CTR1/LRRCS8A trans-
porters. Once internalized, these nanoparticles
can be engineered to modulate cellular path-
ways—such as depleting intracellular GSH
stores—thereby restoring chemosensitivity in
refractory cell populations and ensuring that the
therapeutic payload reaches its genomic tar-
get.13
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Advanced Characterization: Validating the
Sub-200 nm Threshold

To ensure that cyclodextrin-based nanovesi-
cles effectively exploit the EPR effect while
maintaining systemic stability, rigorous physi-
cal characterization is essential. For clinical
translation, a particle size threshold of sub-200
nm is generally required to avoid rapid clear-
ance by the spleen and to ensure efficient ex-
travasation into tumor tissues. The following
techniques are the gold standards for verifying
these dimensions and the nanomedicine’s struc-
tural integrity.

Dynamic Light Scattering (DLS)

Dynamic Light Scattering, also known as
Photon Correlation Spectroscopy, is the pri-
mary technique used to determine the hydrody-
namic diameter and the Polydispersity Index
(PDI) of the nanovesicles in a liquid medium.
DLS measures the Brownian motion of parti-
cles; smaller particles move faster, leading to
more rapid fluctuations in the scattered light in-
tensity.

A low PDI (typically<0.2) indicates a uniform
particle population, which is crucial for predict-
able pharmacokinetics. DLS provides a statisti-
cally significant “bulk” measurement of the en-
tire sample, ensuring that the majority of the
vesicles fall within the desired therapeutic
range.24

Transmission Electron Microscopy (TEM)

While DLS provides an indirect measurement
of size based on light scattering, TEM offers di-
rect visual evidence of the vesicles’ morphol-
ogy and actual size. By using an electron beam
to image the sample, TEM can reveal the spher-
ical shape of cyclodextrin liposomes or the in-
ternal structure of metallic-hybrid nanoparti-
cles.

Surface Analysis: High-resolution TEM can
also verify the presence of surface modifica-
tions, such as the “corona” created by PEGyla-
tion, which is vital for the “stealth” properties
of the delivery system.13

Zeta Potential Analysis

Zeta potential measures the electrokinetic
potential at the nanoparticle’s surface. It is a
critical indicator of the colloidal suspension’s
physical stability.
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Stability Prediction: A high absolute zeta
potential (typically) creates sufficient electro-
static repulsion to prevent particle aggregation.
For the cardiothoracic surgeon, this ensures that
the formulation remains a stable suspension
during storage and administration, thereby re-
ducing the risk of microemboli during infu-
sion.24

Dose-Limiting Nephrotoxicity and the Neces-
sity of Clinical Monitoring

The “clinical paradox” of cisplatin is most
visible in its dose-limiting nephrotoxicity.
While higher cumulative doses are statistically
associated with better oncological outcomes in
thoracic malignancies, the risk of Acute Kidney
Injury (AKI) increases exponentially beyond a
threshold of 50—100 mg/m? per cycle. This cre-
ates a ceiling on therapeutic intensity, often
leaving subclinical residual disease.

The renal-sparing profile of nanocarriers al-
lows for a more aggressive integration of in-
traoperative decision-making. By reducing sub-
clinical renal impairment, clinicians can utilize
goal-directed fluid therapy (GDFT) to maintain
optimal renal perfusion without the “double
hit” of cisplatin-induced baseline damage. This
allows the surgeon to titrate vasopressors and
manage fluid balance with greater precision
during major thoracic shifts, such as pneumo-
nectomy.39

Pathophysiological Triggers of AKI

Cisplatin-induced nephrotoxicity primarily
targets the S3 segment of the renal proximal tu-
bules. The drug is transported into these cells
by Copper Transporter 1 (CTR1) and organic
cation transporters, where it reaches concentra-
tions five times higher than in the serum. Once
intracellular, cisplatin triggers oxidative stress,
mitochondrial dysfunction, and proinflamma-
tory cytokine release, leading to tubular necro-
sis and a subsequent drop in the GFR.58

Clinical Monitoring: Beyond Serum Creati-
nine

For patients slated for major thoracic surgery,
traditional monitoring of serum creatinine is of-
ten insufficient, as it is a “lagging indicator”
that only rises after significant renal damage
has occurred.

Creatinine Clearance: Calculated via the
Cockcroft-Gault equation or measured via 24-
hour urine collection, provides a more accurate
assessment of the “surgical window.” A drop
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below 60 mL/min typically necessitates dose
reduction or a delay in surgery.

Electrolyte Surveillance: Monitoring for hy-
pomagnesemia and hypokalemia is critical.
Cisplatin induces “renal magnesium wasting,”
and the resulting electrolyte imbalances can
provoke cardiac arrhythmias—a high-risk com-
plication during procedures like pneumonec-
tomy where cardiac displacement occurs.1041

Fluid Balance and Goal-Directed Therapy:
Intraoperative monitoring focuses on maintain-
ing optimal renal perfusion. The use of GDFT
aims to avoid the “double hit” of cisplatin-in-
duced baseline damage and the hemodynamic
fluctuations of cardiopulmonary bypass or ma-
jor thoracic shifts.11.12

The Surgical Dilemma of the “Hit”

If monitoring reveals a significant ne-
phrotoxic “hit” during induction therapy, the
surgeon faces a compromised patient. Reduced
renal reserve limits the use of certain perioper-
ative medications (like NSAIDs for pain man-
agement) and complicates fluid resuscitation.
Effectively, the dose-limiting nature of cispla-
tin does not just affect the oncologist’s prescrip-
tion—it fundamentally limits the surgeon’s
technical options and increases the risk of post-
operative pulmonary edema due to fluid over-
load.o11

Green Nanotechnology: Phytochemical-
Mediated Metallic Synthesis

A burgeoning frontier in nanomedicine is the
shift toward green nanotechnology, which pri-
oritizes the use of biologically derived reducing
and stabilizing agents over hazardous chemical
precursors. This approach leverages the com-
plex secondary metabolites found in plant ex-
tracts—such as those from Olea europaea (Ol-
ive) or Azadirachta indica (Neem)—to facili-
tate the synthesis of metallic nanoparticles, par-
ticularly silver, gold, and platinum hybrids.
These phytochemicals, including polyphenols,
flavonoids, and terpenoids, serve a dual role:
they reduce metallic ions into stable nanoparti-
cles while simultaneously acting as capping
agents that improve biocompatibility and re-
duce systemic toxicity.313

Beyond their role as delivery vehicles, these
green-synthesized nanoparticles exhibit inher-
ent broad-spectrum antimicrobial and anti-
cancer properties. In malignant cells, they have
been shown to induce apoptosis by generating
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oxidative stress. By triggering the overproduc-
tion of reactive oxygen species, these metallic
hybrids disrupt mitochondrial membrane po-
tential and initiate programmed cell death path-
ways. This oxidative mechanism is particularly
valuable when combined with cisplatin, as it
may sensitize refractory tumor populations that
have otherwise developed resistance to tradi-
tional DNA-damaging pathways.113

For clinical translation, green synthesis offers
a significant solution to the “operational hur-
dle.” By eliminating toxic solvents and high-en-
ergy processes, these methods produce nano-
particles with enhanced safety profiles, making
them more suitable for the delicate physiologi-
cal environments encountered in cardiothoracic
surgery.2 This synergy between green chemis-
try and precision medicine ensures that the re-
sulting nanoplatforms are not only oncologi-
cally effective but also environmentally and bi-
ologically sustainable.

Pharmacokinetic Optimization and the
EPR Effect

The transition of cisplatin from a small-mole-
cule drug to a nanoparticle-based system funda-
mentally alters its pharmacokinetic profile,
moving from rapid systemic clearance to a pro-
longed, tumor-targeted circulation. A corner-
stone of this optimization is the EPR effect, a
physiological phenomenon unique to the tumor
microenvironment. In rapidly growing tumors,
the neo-vasculature is structurally defective,
characterized by large fenestrations or “leaky”
walls. Nanoparticles, typically engineered in
the 10-200 nm range, can extravasate through
these gaps into the tumor interstitium. Further-
more, because tumors often lack functional
lymphatic drainage, these particles are not effi-
ciently cleared, leading to significant passive
accumulation compared to healthy tissues.35

However, the EPR effect can only be ex-
ploited if the nanoparticles remain in systemic
circulation long enough to reach the tumor site.
To achieve this, surface modifications are es-
sential to bypass the body’s natural defense
mechanisms. PEGylation—the covalent attach-
ment of polyethylene glycol (PEG) chains to
the nanoparticle surface—is the most widely
utilized strategy. This modification creates a
“stealth” shield that reduces opsonization, the
process by which serum proteins tag foreign
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particles for destruction. By preventing detec-
tion by the RES, particularly the macrophages
in the liver and spleen, PEGylation significantly
prolongs the drug’s half-life.213

For the cardiothoracic surgeon, this pharma-
cokinetic shift is clinically significant. By en-
suring the drug accumulates preferentially in
thoracic malignancies rather than the renal cor-
tex, these engineered platforms minimize the
nephrotoxic “hit” that often complicates the
perioperative period, thereby preserving the pa-
tient’s physiological reserve for surgery.9.12

Theranostic Integration and Real-Time
Surgical Monitoring

The evolution of precision oncology has
moved beyond simple drug delivery toward
theranostics—a dual-function paradigm that in-
tegrates diagnostic imaging with therapeutic in-
tervention within a single platform. This inte-
gration is particularly transformative for cardi-
othoracic surgery, enabling real-time monitor-
ing of treatment response and precise mapping
of tumor margins before or even during an op-
eration. By using nanoparticles as contrast
agents, clinicians can visualize the drug’s bio-
distribution and confirm its accumulation
within the thoracic malignancy, ensuring that
the “surgical window” is optimized based on
actual physiological data rather than general-
ized timelines.213

Gold nanoparticles (AuNPs) have emerged as
ideal candidates for this multimodal role. Their
unique localized surface plasmon resonance
provides exceptional optical properties, making
them highly effective contrast agents for com-
puted tomography (CT) and surface-enhanced
Raman scattering (SERS) imaging. Further-
more, the facile surface functionalization of
gold enables simultaneous attachment of cispla-
tin, targeting ligands (e.g., antibodies or pep-
tides), and PEG chains. This versatility enables
multimodal therapies, in which the AuNPs can
serve as both the delivery vehicle for chemo-
therapy and sensitizers for photothermal ther-
apy (PTT), which uses near-infrared light to in-
duce localized hyperthermia and further
weaken resistant tumor populations.3.13

Gold nanoparticles (AuNPs) have emerged as
ideal candidates for this multimodal role. Their
unique localized surface plasmon resonance
provides exceptional optical properties, making
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them highly effective contrast agents for com-
puted tomography (CT) and surface-enhanced
Raman scattering (SERS) imaging. Further-
more, the facile surface functionalization of
gold enables simultaneous attachment of cispla-
tin, targeting ligands (e.g., antibodies or pep-
tides), and PEG chains. This versatility enables
multimodal therapies, in which the AuNPs can
serve as both the delivery vehicle for chemo-
therapy and sensitizers for photothermal ther-
apy (PTT), which uses near-infrared light to in-
duce localized hyperthermia and further
weaken resistant tumor populations.3.13

For the CVT surgeon, theranostic integration
offers a path toward “image-guided surgery.”
The ability to monitor tumor regression or renal
function stability in real time enables more pre-
cise perioperative decision-making.

By reducing the guesswork associated with
systemic drug toxicity, these platforms ensure
that patients undergoing major thoracic shifts—
such as a pneumonectomy—are physiologi-
cally prepared for the hemodynamic demands
of the procedure.211

The Translational Gap: Regulatory and
Manufacturing Hurdles

Despite the overwhelming success of nano-
medicine in preclinical environments, the tran-
sition from “bench to bedside” remains a signif-
icant challenge. This translational gap is pri-
marily driven by the complexities inherent in
scaling up nanoparticle production from small
laboratory batches to industrial-scale manufac-
turing. Ensuring manufacturing reproducibil-
ity—where every batch maintains identical par-
ticle size, drug loading efficiency, and surface
charge—is a monumental task for complex,
multi-component systems like cyclodextrin-
metallic hybrids. Furthermore, regulatory hur-
dles imposed by agencies such as the FDA and
EMA require exhaustive characterization and
safety data that often exceed those for small-
molecule drugs, significantly increasing the
cost and timeline for clinical implementation 25

However, the clinical landscape is beginning
to stabilize as pioneers provide a roadmap for
future development. A notable success in this
domain is NC-6004 (Nanoplatin), a micellar
cisplatin formulation that has overcome these
hurdles. Clinical trials have demonstrated that
NC-6004 can achieve a maximum tolerated
dose nearly double that of standard cisplatin
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without the traditional “hits” of significant
neuro- or nephrotoxicity.1® This achievement
proves that with the right engineering and reg-
ulatory focus, precision formulations can by-
pass the physiological bottlenecks that cur-

rently limit the CVT surgical window.

For the cardiothoracic surgeon, bridging this
gap means more than just having a “safer” drug;
it means the potential for induction therapies
that do not compromise the patient’s ability to
survive a major thoracic procedure. As manu-
facturing processes become more standardized
and green synthesis methods reduce toxic
chemical waste, the roadmap provided by for-
mulations such as NC-6004 will likely lead to a

new standard of care in surgical oncology.311

While NC-6004 provides a clinical roadmap,
significant regulatory and manufacturing hur-
dles remain. Manufacturing reproducibility is a
primary challenge, as every industrial-scale
batch must maintain identical particle size and
drug loading efficiency. Furthermore, regula-
tory agencies such as the FDA and EMA re-
quire extensive safety data for multi-component
systems, which can exceed the requirements for
small-molecule drugs. These complexities cre-
ate a translational gap that currently restricts the
routine implementation of these platforms in
general clinical practice.40

A detailed overview of molecular resistance
mechanisms and corresponding nanotherapeu-
tic strategies is presented in Table 2.

Table 2: Cisplatin Resistance Mechanisms and Nanotechnology-Based Solutions

Resistance Mechanism /
Clinical Limitation

Impact on Therapeutic Outcome

Nanotechnology Intervention

Intracellular Thiol Seques-
tration (GSH) !0

Cisplatin is neutralized by glutathi-
one (GSH) to form inactive plati-
num-thiol conjugates. 2

Host-Guest Inclusion: Cyclodextrins en-
capsulate cisplatin, shielding it from
premature hydrolysis and metabolic

scavengers !

Transport Pathway Down-
regulation
(LRRC8A/CTR1)

Reduced expression of LRRC8A and
CTRI1 restricts drug entry, leading to
suboptimal intracellular concentra-
tions 13

Endocytic Internalization: Nanoparticles
utilize endocytic pathways to bypass
downregulated transporters entirely.

Dose-Limiting Nephrotox-
icity

Accumulation in renal proximal tu-
bules causes acute kidney injury
(AKI), closing the "surgical win-

dOW" 5,7, 8,

Micellar Delivery (NC-6004): Targeted

nanoplatin reduces nephrotoxicity'°, al-

lowing for higher therapeutic doses (up
to 135 mg/m*

Systemic Instability &
Rapid Clearance

Non-specific protein binding and
rapid clearance result in significant
off-target effects and a narrow thera-
peutic index '.

PEGylation & Stealth Coatings: Surface
modifications prolong circulation half-
life and facilitate tumor accumulation
via the EPR effect. 35

Metabolic Resistance &
DNA Repair 42

Upregulated thiol systems act as anti-
oxidant shields, preventing the for-
mation of lethal DNA-platinum ad-

ducts 14223

ROS-Inducing Metallic Hybrids: Green-
synthesized silver/gold hybrids trigger
oxidative stress to sensitize refractory

tumor populations 13

Table 2 delineates the "clinical paradox" of cisplatin, i.e., the conflict between its potent DNA-damaging effi-
cacy and its severe systemic limitations, and it proposes nanotechnology solutions . It also maps specific biological
hurdles, including thiol-mediated sequestration and transport downregulation, against advanced engineering so-
Iutions such as cyclodextrin-based host-guest inclusion and stimuli-responsive nanovesicles. Technical bench-
marks, such as an entrapment efficiency of 82-83% and physical stability for over three months, are highlighted
as critical requirements for clinical translation. Furthermore, the table emphasizes the role of platforms like NC-
6004 in increasing the maximum tolerated dose nearly twofold without inducing significant renal impairment.
Ultimately, these interventions facilitate "surgical reclaimability" by preserving the patient’s physiological reserve
and maintaining the "optimal surgical window" required for curative resection.
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Precision Nanomedicine: Navigating the
Surgical Frontier in Thoracic Oncology

The management of solid malignancies, par-
ticularly NSCLC, is currently defined by a pro-
found “clinical paradox”. While cisplatin re-
mains a foundational cornerstone of systemic
therapy, its exceptional potency is frequently
offset by a dangerously narrow therapeutic in-
dex. From the perspective of a cardiothoracic
(CVT) surgeon, the dose-limiting nephrotoxi-
city of platinum-based agents is more than a
side effect; it is a physiological barrier that can
prematurely close the “optimal surgical win-
dow”. When a patient’s renal reserve is de-
pleted by the systemic “first-hit” of chemother-
apy, the risks of perioperative complications in-
crease, potentially rendering a technically re-
sectable tumor surgically unviable.

The clinical translation of these platforms re-
lies on rigorous technical benchmarks, includ-
ing entrapment efficiencies of 82-83% and
physical stability for over 3 months. As high-
lighted in Table 2, the implementation of plat-
forms like NC-6004 (Nanoplatin) represents a
landmark shift, increasing the maximum toler-
ated dose nearly twofold without inducing sig-
nificant renal impairment. Ultimately, these
precision interventions facilitate “surgical re-
claimability” by preserving the patient’s physi-
ological reserve for the curative operation.

Discussion

Integrating cyclodextrin-based platforms with
green-synthesized metallic nanoparticles offers
a promising avenue to combine host-guest in-
clusion with metal-mediated photothermal ef-
fects. The incorporation of antioxidant phyto-
chemicals, such as Acacia hydaspica, into the
matrix further ensures protection of vital or-
gans, specifically reducing nephrotoxicity.
Achieving uniform size distributions (100-200
nm) through systematic optimization will be
pivotal for scaling these hybrid vesicles toward
clinical use. Future investigations must explore
functionalizing the vesicle surface with tumor-
specific ligands to further refine the therapeutic
index.

The following discussion centers on three piv-
otal intersections of surgical practice and onco-
logical science:

The Impact of Nanomedicine on “Surgical
Reclaimability”
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In the current paradigm of thoracic oncology,
“surgical reclaimability” refers to the clinical
process of transforming patients previously
deemed unfit for resection—due to poor physi-
ological reserve or high-risk profiles—into via-
ble surgical candidates through targeted neoad-
juvant intervention. This concept is particularly
critical in NSCLC, where the “surgical win-
dow” often closes not because of tumor pro-
gression, but because the systemic “first-hit” of
conventional induction chemotherapy depletes
the patient’s renal and cardiovascular reserve.33

Primary obstacles to the reclaimability of
standard cisplatin include its 25-35% incidence
of dose-limiting nephrotoxicity.8 By utilizing
NC-6004 (Nanoplatin), the pharmacokinetic
profile of cisplatin is fundamentally altered.
Clinical evidence indicates that NC-6004 can
achieve a maximum tolerated dose (MTD) of
135 mg/m* without inducing clinically signifi-
cant nephrotoxicity.10 This safety profile allows
induction in patients with borderline renal func-
tion (eGFR 45-60 mL/min) and preserves per-
formance status.10.34

NC-6004 (Nanoplatin) improves upon tradi-
tional cisplatin by reducing systemic toxicity,
particularly nephrotoxicity and neurotoxicity,
while maintaining or enhancing therapeutic ef-
ficacy. Its nanoparticle formulation enables tar-
geted delivery and controlled release of cispla-
tin, helping minimize off-target effects and im-
prove tolerability. Clinical trials have demon-
strated that NC-6004 can be administered at
nearly twice the standard cisplatin dose without
significant adverse effects, thereby expanding
the therapeutic window and enabling higher
doses for better tumor control.22 This advance-
ment facilitates the “reclaimability” of patients
who might otherwise be unfit for high-dose cis-
platin therapy, making it more suitable for clin-
ical application, especially in settings requiring
aggressive treatment with manageable toxicity
profiles.41.42

NC-6004 (Nanoplatin) represents a landmark
success in transitioning from bench to bedside,
having completed Phase Ib/Il clinical trials.
Empirical evidence from these trials demon-
strates that this micellar formulation achieves
an MTD of 135 mg/m?. This dose is nearly dou-
ble the standard cisplatin regimen of 75 mg/m?
per cycle. Critically, NC-6004 achieved these
therapeutic thresholds without inducing signif-
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icant nephrotoxicity or neurotoxicity, demon-
strating superior tolerability compared to free
cisplatin.4243

The “Stealth vs. Targeting” Dilemma and
Regulatory Viability

A central challenge is the “Stealth vs. Target-
ing” paradox. To survive circulation, a nano-
particle requires a dense “stealth” coating
(PEG), which often creates a steric barrier that
prevents targeting ligands from binding to tu-
mor receptors.26.44

Sheddable PEG Layers: Benefit from an es-
tablished regulatory roadmap but face risks of
premature shedding and immune-mediated
clearance.2628

Zwitterionic Coatings: Superior in bypass-
ing the anti-PEG IgM response, but face a
larger “translational gap” as they are catego-
rized as New Chemical Entities. 303135

For clinical trials, sheddable PEG platforms
currently offer a more viable regulatory path,
while zwitterionic coatings represent the robust
frontier for repeat-dosing regimens.3¢

Sheddable PEG Layers: The Controlled-Re-
lease Pathway

Sheddable PEG layers attempt to resolve this
by utilizing stimuli-responsive linkers (e.g.,
pH-sensitive hydrazone or enzyme-cleavable
peptides) that detach only upon reaching the tu-
mor microenvironment (TME).28

Viability Analysis: From a regulatory per-
spective, PEGylated systems benefit from dec-
ades of clinical data. The FDA has already ap-
proved multiple PEGylated products (e.g.,
Doxil®, Onivyde®), which provide a clear
CMC (Chemistry, Manufacturing, and Con-
trols) roadmap for manufacturers. However, the
complexity of the “shedding” trigger adds a
layer of regulatory scrutiny regarding the repro-
ducibility of the stimulus-response mechanism
across different patient populations.26

Limitation: The primary risk is premature
shedding in systemic circulation, which would
expose the targeting ligands and trigger ABC.31

Zwitterionic Coatings: The “Stealth 2.0”
Pathway

Zwitterionic polymers, such as poly(carbox-
ybetaine), offer a fundamentally different ap-
proach. Instead of a temporary shield, they pro-
vide a permanent hydration layer that is intrin-
sically resistant to protein adsorption.30
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Viability Analysis: The most significant clin-
ical advantage of zwitterions is their ability to
bypass the anti-PEG IgM immune response.
Since many patients have pre-existing anti-PEG
antibodies from common consumer products,
zwitterionic platforms may offer more predict-
able pharmacokinetics in human trials.31.35

Limitation: Despite their scientific superior-
ity in preventing the ABC phenomenon, zwit-
terions face a “translational gap” because regu-
latory agencies consider them ‘“New Chemical
Entities” (NCEs). This requires more extensive
toxicology and safety data than modifying an
existing PEG-based platform.36

Synthesis for Clinical Trials

For a CVT surgeon looking to implement
these in induction therapy, the choice depends
on the trade-off between innovation and speed
to clinic. While zwitterionic coatings offer a
more robust physiological profile for repeat
dosing regimens, sheddable PEG platforms cur-
rently offer a more viable regulatory path due
to the established safety profile of PEG-lipid
conjugates.

Real-Time Pharmacokinetic Monitoring
and Intraoperative Decision-Making

Theranostic nanoparticles provide a continu-
ous feedback loop that is invaluable during
high-stakes thoracic procedures. During major
thoracic shifts, the kidneys often face a “double
hit” of induction oxidative stress and intraoper-
ative hemodynamic fluctuations.*7

Utilizing gold nanoparticles (AuNPs), sur-
geons can visualize actual drug accumulation in
the renal cortex via intraoperative CT or SERS
imaging. 47 This allows for GDFT tailored to the
patient’s renal state. Surgeons can titrate vaso-
pressors to maintain renal perfusion pressure or
restrict fluids to prevent post-pneumonectomy
pulmonary edema, while ensuring sufficient
volume to flush cisplatin nanovesicles through
the proximal tubules.%11.12

A synthetic overview of molecular resistance
mechanisms and corresponding nanotherapeu-
tic strategies in Table 2. This table delineates
the “clinical paradox” of cisplatin—the conflict
between its potent DNA-damaging efficacy and
its severe systemic limitations—and proposes
nanotechnology as a precision solution. It maps
specific biological hurdles, including thiol-me-
diated sequestration and transport downregula-
tion, against advanced engineering solutions
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such as cyclodextrin-based host-guest inclusion nearly doubling MTD without causing signifi-

and stimuli-responsive nanovesicles. Technical cant renal impairment. Ultimately, these inter-
benchmarks, such as an entrapment efficiency ventions facilitate “surgical reclaimability” by
of and physical stability for over three months, preserving the patient’s physiological reserve
are highlighted as critical requirements for clin- and maintaining the “optimal surgical window”
ical translation. Furthermore, the table high- required for curative resection.
lights the role of platforms like NC-6004 in

Conclusion

The evolution of cisplatin from a conventional small-molecule drug to a precision nanomedicine plat-
form represents a paradigm shift in the management of thoracic malignancies. This review has demon-
strated that the “clinical paradox” of cisplatin—the conflict between its DNA-damaging efficacy and
its systemic toxicity—can be resolved through sophisticated supramolecular engineering. By utilizing
cyclodextrin-based host-guest inclusion and stimuli-responsive liposomal carriers, it is now possible to
safeguard the therapeutic payload from premature hydrolysis and non-specific sequestration in the renal
proximal tubules.

From a surgical perspective, these advancements are transformative. The ability to reduce subclinical
nephrotoxicity through platforms like NC-6004 directly expands the “optimal surgical window,” allow-
ing the “reclaimability” of patients who would otherwise be deemed too fragile for major resection.
Furthermore, the development of theranostic nanoparticles offers the prospect of real-time, intraopera-
tive pharmacokinetic monitoring, enabling surgeons to titrate fluid management and vasopressor sup-
port with unprecedented precision.

Despite the remaining regulatory and manufacturing hurdles associated with the “stealth vs. targeting”
dilemma, the trajectory of clinical oncology is moving toward a more personalized, image-guided ap-
proach. As green nanotechnology and precision engineering continue to refine the interface between
synthetic nanocarriers and complex human physiology, the goal of achieving a resection with minimal
systemic burden moves from a theoretical ideal to a clinical reality. Ultimately, these “smart” DDS are
not merely oncological tools; they are surgical necessities that preserve the patient’s physiological re-
serve for the most critical phase of their treatment: the curative operation.
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