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   In healthy cells, PS is predominantly localized to the inner leaflet of the
plasma membrane due to the action of ATP-dependent flippases. However,
during the early phases of apoptosis, these flippases become inactivated and
scramblases are activated, leading to the rapid translocation of PS to the
outer membrane surface. This externalization of PS is one of the earliest
biochemical events in apoptosis, preceding other morphological changes
such as chromatin condensation, DNA fragmentation, and membrane
blebbing. Annexin V, a 35-36 kDa calcium-dependent phospholipid-binding
protein, exhibits high binding specificity to PS in the presence of physiological
concentrations of calcium ions. The binding is reversible and does not perturb
the membrane structure, enabling real-time monitoring of apoptotic cells
without compromising cell integrity [2].

   Annexin V is commonly conjugated with fluorophores such as fluorescein
isothiocyanate (FITC), phycoerythrin (PE), or allophycocyanin (APC),
allowing detection by flow cytometry, confocal microscopy, or live-cell
imaging systems. When used in conjunction with propidium iodide (PI) or 7-
AAD, which only permeate cells with compromised membranes, Annexin V
assays can discriminate between early apoptotic (Annexin V+/PI−), late
apoptotic or necrotic (Annexin V+/PI+), and viable (Annexin V−/PI−) cell
populations. This dual-staining approach provides a robust and quantitative
method to assess apoptosis kinetics in cancer cells exposed to cytotoxic
agents, radiation, or immune effectors [3].

   In oncology research, Annexin V staining has become a standard method
to evaluate drug-induced apoptosis. For example, treatment of cancer cell
lines with chemotherapeutic drugs such as doxorubicin, paclitaxel, or cisplatin
typically results in a dose-dependent increase in Annexin V-positive cells, 

   Apoptosis, or programmed cell death, is a tightly regulated cellular process
that plays a vital role in tissue homeostasis and development. In cancer
biology, the ability to detect and monitor apoptosis in real time is crucial for
evaluating the efficacy of chemotherapeutic agents and understanding tumor
cell response to stress or immune-mediated cytotoxicity. Among the various
biomarkers available, Annexin V has emerged as one of the most reliable and
widely used probes for detecting early stages of apoptosis. Its high affinity for
phosphatidylserine (PS), a phospholipid that becomes externalized on the
plasma membrane during early apoptosis, makes it an ideal tool for real-time
and non-invasive detection of apoptotic cells in both in vitro and in vivo
settings [1].

In conclusion, Annexin V represents a gold standard for the real-time
detection of early apoptosis in cancer cells. Its ability to detect
phosphatidylserine externalization with high specificity and sensitivity has
made it an indispensable tool in cancer research, drug screening, and
potentially clinical imaging. While technical challenges remain, ongoing
advancements in probe development and imaging technologies are likely to
expand its utility and precision. As our understanding of apoptosis deepens,
the continued application and refinement of Annexin V-based methods will
play a critical role in unraveling the complexities of cancer cell death and
therapeutic response.

confirming the induction of apoptosis. Moreover, targeted therapies such as
tyrosine kinase inhibitors and immune checkpoint blockers have also been
studied using Annexin V-based assays to monitor therapeutic response and
resistance mechanisms. Real-time imaging using Annexin V conjugates has
been instrumental in elucidating the temporal sequence of apoptosis and
identifying resistant subpopulations within heterogeneous tumor cell cultures.
Beyond in vitro applications, Annexin V has also been utilized in in vivo
models to visualize apoptosis non-invasively. Radiolabeled Annexin V
tracers, such as ^99mTc-labeled Annexin V, have been employed in nuclear
medicine imaging to detect apoptotic regions within tumors using single-
photon emission computed tomography (SPECT). These imaging techniques
offer the potential to monitor tumor response to therapy in real time, providing
a functional readout of cell death that may precede measurable changes in
tumor size. Clinical studies have explored the use of Annexin V imaging to
evaluate apoptosis in response to chemotherapy or radiotherapy in cancer
patients, although challenges related to tracer pharmacokinetics, non-specific
uptake, and imaging resolution remain [4].

Despite its many advantages, Annexin V-based detection is not without
limitations. Its reliance on calcium for binding can be influenced by
experimental conditions, and the interpretation of results may be confounded
by PS externalization in non-apoptotic processes such as cell activation or
necrosis. Additionally, the transient nature of PS exposure in early apoptosis
necessitates precise timing for accurate detection. False positives may also
occur in cells undergoing repair or reversible stress responses. Nonetheless,
careful experimental design, appropriate controls, and combination with
complementary assays (e.g., caspase activity, mitochondrial membrane
potential, DNA fragmentation) can mitigate these issues and strengthen
conclusions.
Recent developments in molecular imaging and bioengineering have led to
the generation of more sensitive and specific Annexin V probes. Fluorescent
proteins, near-infrared dyes, and nanoparticle-based platforms are being
explored to enhance signal intensity, tissue penetration, and in vivo stability.
Furthermore, genetically encoded Annexin V sensors have been developed
to allow long-term monitoring of apoptosis in live cells, enabling longitudinal
studies in cancer biology and drug development [5].
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