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Abstract

CRISPR-based genome editing has moved rapidly from a laborato-
ry technique into a contested object of governance. In public health
framings, CRISPR is presented as a platform for treating rare and se-
vere genetic diseases, advancing diagnostics, and reducing long-term
burdens on health systems. In national security framings, the same
capabilities raise dual-use concerns, including misuse of gene edit-
ing and gene synthesis, and motivate research security agendas that
manage access to sensitive knowledge, materials, and supply chains.
This paper asks two linked questions. Who sets priorities for CRISPR
when both public health and national security claims are mobilized,
and under what risk calculus are trade-offs justified?

Drawing on science and technology studies, the paper uses co-pro-
duction and sociotechnical imaginaries to show how definitions of ben-
efit, harm, and acceptable uncertainty are assembled through institu-
tions rather than settled by technical expertise alone (Jasanoff, 2004;
Jasanoff & Kim, 2015). Sarewitz’s critique that science cannot resolve
many risk controversies provides a baseline for analyzing legitimacy
(Sarewitz, 2015), while Doudna’s reflections after the He Jiankui epi-
sode highlight the limits of self-governance and the need for enforcea-
ble oversight (Doudna & Kearney, 2020).

Empirically, the paper presents a desk-based case study of Turkey, fo-
cusing on two post-pandemic capability-building tracks. First, domestic
vaccine development and authorization, exemplified by TURKOVAC,
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which became a public symbol of biomedical sovereignty (Ministry of Health of Turkey, 2021).
Second, the state-supported genomic infrastructure building through the Turkiye Genome Project,
led by TUSEB, aims to enable precision medicine by expanding national genome and bioinfor-
matics capacity (TUSEB, n.d.). The analysis reveals that public health and national security often
do not function as a clear binary. Instead, priorities are negotiated through boundary work among
ministries, regulators, universities, and industry, with uncertainty managed via global guidance
documents and narratives of urgency. The paper concludes by proposing bounded openness. It
combines inclusive deliberation on value conflicts with targeted biosecurity controls focused on
high-consequence misuse pathways, rather than broad restrictions that could undermine public
health innovation.

Keywords: co-production, CRISPR, dual use, governance, sociotechnical imaginaries, Turkey.

Introduction

CRISPR has become a general-purpose biotechnology with implications that extend far beyond
the laboratory. It is used as a research tool, pursued as a therapeutic platform, and debated as a
possible pathway to heritable modification. These features make CRISPR a policy object. It draws
actors into struggles over what counts as responsible innovation, who can legitimately decide,
and how uncertainty should be managed. The controversy is sharpened by the fact that the same
characteristics that support medical promise also enable misuse. Low cost, modular design, and
compatibility with adjacent capabilities such as gene synthesis and automation create pathways for
dual use (Tucker, 2010).

Public health and national security provide two powerful but often competing lenses for governing
CRISPR. Public health logics prioritize disease burden, clinical safety and efficacy, equitable access,
and the sustainability of health systems. National security logics prioritize threat prevention, control of
sensitive capabilities, strategic autonomy, and resilience of critical supply chains. In the post-COVID
period, these logics increasingly overlap under the language of preparedness and health security
(Lakoff, 2017), yet they still imply different risk tolerances and different governance instruments.
A public health-oriented calculus often weighs expected benefit against expected harm and
distributional equity. A security-oriented calculus can treat even low probability risks as unacceptable
if consequences are catastrophic.

This paper asks two questions. First, who sets priorities for CRISPR when public health and national
security claims are both present? Second, under what risk calculus are trade-offs justified, and
whose values become authoritative? The conceptual starting point is Sarewitz’'s argument that
scientific expertise cannot resolve many risk controversies, because risk is political and cultural
as much as technical (Sarewitz, 2015). That critique matters for CRISPR because value conflicts
over enhancement, intergenerational consent, and inequity persist even when technical performance
improves. Doudna’s reflections after He Jiankui further show that norms within science are not always
sufficient, and that governance must include enforceable frameworks and wider societal engagement
(Doudna & Kearney, 2020).
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Methodologically, the paper combines a focused literature review with a qualitative desk-based case study
of Turkey. The literature review synthesizes STS concepts relevant to priority setting and risk governance,
alongside core readings on CRISPR responsibility, technological fixes, and dual use. The Turkey case is
chosen because post-pandemic capability building has linked biomedical innovation to national strategy.
The analysis centers on Turkey’s domestic vaccine development and authorization experience and on
the Tiirkiye Genome Project led by TUSEB (Ministry of Health of Turkey, 2021; TUSEB). Together, these
initiatives illuminate how health, industrial policy, and security considerations can be braided in a single
governance narrative. Self-reflexivity is important because this analysis is conducted from the standpoint
of a student researcher relying on publicly available documents and secondary sources. This perspective
can overrepresent official narratives and underrepresent informal practices and disagreements within
institutions. The paper, therefore, treats policy statements as sociotechnical performances that construct
futures and justify priorities, rather than as neutral descriptions. The goal is not to evaluate Turkey’s
initiatives as successes or failures, but to use them as an STS case for examining how CRISPR-relevant
governance is organized at the intersection of public health and national security.

Conceptual and theoretical overview
Co-production and the politics of problem definition

Co-production highlights how scientific knowledge and social order are produced together (Jasanoff,
2004). Instead of treating governance as a downstream reaction to scientific facts, co-production
directs attention to how institutions define problems, authorize expertise, and stabilize categories
such as benefit, harm, and responsibility. In the CRISPR domain, co-production is visible in how
clinical indications are defined, how ethical boundaries are drawn between somatic and germline
interventions, and how oversight regimes determine what becomes a legitimate research or clinical
pathway. Global governance documents from the World Health Organization and the National
Academies do not simply summarize science. They produce standards that travel across settings
and reshape local institutional practice (WHO, 2021; National Academies of Sciences, Engineering,
and Medicine, 2017). This is especially visible with CRISPR-Cas9, whose rapid diffusion as a
programmable editing platform (Cong et al., 2013; Doudna & Charpentier, 2014) helped reframe
genome engineering as a broadly accessible infrastructure rather than a niche laboratory technique.

Co-production is especially relevant when value pluralism is irreducible. Sarewitz argues that risk
controversies are not solved by more science because different communities interpret uncertainty
through cultural commitments and political interests (Sarewitz, 2015). When scientific elites attempt
to settle these questions on behalf of citizens, they can deepen mistrust and politicize science. This
critique implies that CRISPR governance must attend to how publics are included, how accountability
is enforced, and how distributive consequences are recognized.

Sociotechnical imaginaries and the governance of futures

Sociotechnical imaginaries refer to collectively held visions of desirable futures that are stabilized
through institutions, public narratives, and material infrastructures (Jasanoff & Kim, 2015). Imaginaries
matter because they organize priorities in the present. In CRISPR debates, one prominent imaginary
centers on the cure. It foregrounds rare disease therapy, cancer treatment, and precision medicine.
Another imaginary centers on the threat that foregrounds biosecurity, strategic competition, and
worst-case misuse. These imaginaries select which pathways seem urgent, which actors should
lead, and which risks justify constraint.
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In many national contexts, post-pandemic policy has further blended imaginaries of health and
security. Preparedness discourse frames biomedical capability as protection of the nation, allowing
public health goals and national security goals to be articulated as mutually reinforcing (Lakoff, 2017).
This can mobilize resources quickly, but it can also narrow deliberation by treating contested ethical
questions as matters of urgency rather than democratic choice. Empirical research suggests that
these controversies are not only elite debates. Public attitudes toward human genetic modification
are patterned and politically meaningful (Weisberg et al., 2017), and effective engagement requires
more than one-way science communication (Scheufele et al., 2021). Work synthesizing public opinion
and legal precedent also highlights how disability perspectives and lived experience complicate any
simple therapy-versus-enhancement boundary (Benston, 2022).

Risk society, uncertainty, and the limits of prediction

Research into risk society outlines how contemporary societies are developing in large part due to
the growing number of manufactured risks that are complicated, ambiguous and politically disputed
(Beck, 1992). CRISPR is an example of manufactured risk because its ramifications could develop
over a long time period, interface with social disparity, and reach beyond the limits of control by
single institutions. The control issue illustrates the difficulties that arise in governing manufactured
risks during the early stages of their development (Collingridge, 1980). In the early stages of the
development of manufactured risks, an institution may effectively navigate manufactured risks by
steering through their impacts on other institutions.

Later in the trajectory of the development of manufactured risks, they become more embedded into
the existing infrastructures of the market and are much more difficult to remove. The information
provided above shows that appraisals of manufactured risks should not lead to premature closure of
a specific manufactured risk pathway that is determined to be the best choice. Sarewitz suggests that
appraisals be conducted using a broader set of options when developing governance structures for
manufactured risks. The creation of governance structures should make apparent any differences in
value systems held by various societies in evaluating risks (Sarewitz, 2015).

Technological fixes and why CRISPR is sometimes treated as one

Sarewitz and Nelson propose three rules for technological fixes that help explain when research and
innovation can yield rapid social progress and when they cannot (Sarewitz & Nelson, 2008). CRISPR
may approximate a technological fix in narrow contexts such as certain monogenic diseases, where
causal mechanisms are relatively well defined, and outcomes can be measured clinically. However,
CRISPR cannot fix social problems such as inequity in access, disability stigma, or geopolitical
insecurity. Treating CRISPR as a fix for these problems risks displacing political debate and giving an
illusion of moral resolution. This critique aligns with concerns that broad ethics statements and soft-
law declarations may be too weak to guide practice without enforceable institutional mechanisms
(Brokowski, 2018).

Dual-use governance across the life cycle

Dual-use governance is a distributed system spanning funders, institutions, journals, firms, and
regulators. Gene synthesis is a central site for this distributed governance because it converts digital
sequence information into physical genetic material. Tucker’s analysis of gene synthesis governance
emphasizes screening practices, customer verification, and the limits of purely voluntary regimes
(Tucker, 2010). Recent guidance from the US Department of Health and Human Services reflects a
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move toward baseline expectations for screening synthetic nucleic acid orders, record keeping, and
user responsibilities (US Department of Health and Human Services, 2023). Such instruments can
reduce misuse risk, but they also shape innovation by affecting costs and access. Comparative policy
analysis shows that governance choices diverge across jurisdictions even when actors reference
similar scientific facts, as seen in institutional reports on agricultural gene editing across Europe
(Meyer & Heimstadt, 2019). Anticipatory bioethics work on CRISPR and gene drive further illustrates
how governance is pulled upstream toward speculative but high-consequence futures (Nestor &
Wilson, 2020).

Governance standards as boundary objects

International documents serve as a significant form of coordination among various actors and
allow for local interpretations. For example, the WHO’s 2021 Governance Framework and the
Recommendations for Editing the Human Genome represent an agreement between many
International experts regarding what constitutes appropriate oversight for editing the Human Genome
and encourage the use of a registry; this will assist in global coordination (World Health Organization,
2019). While the National Academies’ 2017 report provides clear governance principles as well as
guidance on the types of circumstances in which heritable genetic editing could be permitted, it also
places strong emphasis on the need for public input (National Academies of Sciences, Engineering,
and Medicine, 2018) The Nuffield Council on Bioethics also has ethical standards and highlights
the need for social justice in relation to reproductive and inheritance issues (Nuffield Council on
Bioethics, 2019). While the documents enable disagreement to be managed more constructively,
they do not eliminate differing views about these topics; rather, they establish a common vocabulary
and an expectation of how disagreements are to be managed.

Public engagement and legitimation

Research regarding public attitudes indicates that people’s support for human genetic modification
is not unconditional; it occurs through a variety of contexts that include the purpose of genetic
modification, safeguards for its governance, and individuals’ trust in the institutions involved in
genetic modification (Weisberg et al., 2019). An examination of the CRISPR babies controversy
demonstrates how two competing coalitions constructed narratives regarding the event and how their
narratives influenced calls for greater scrutiny and accountability of oversight mechanisms (Rojas-
Padilla et al., 2025). In the agricultural arena, scholars who have explored the issue of so-called
“democratization” of priority-setting to illustrate how claims of democratization do not necessarily
lead to inclusive priority-setting. Rather, claims of democratization can exist alongside networks of
individuals with varying levels of expertise, access to resources, and control of the agenda (Wit,
2020). Legal regimes are not a downstream implementation layer. They actively construct what
counts as permissible innovation by defining categories, liabilities, and enforceable boundaries,
thereby shaping the practical meaning of acceptable risk (Sherkow, 2019). Comparative studies
show substantial divergence in gene editing governance even within similar political spaces, which
highlights how institutional reports and national contexts produce different regulatory interpretations
for the same technology (Meyer & Heimstadt, 2019).

Political economy of access: Patents, public health, and human rights

Patent policies impact the ability of certain parties to develop products and services based on
intellectual property and, therefore, set the parameters for the goals of patent development and
business models. Researchers have pointed to the need for a cohesive approach to the development
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and management of patent policies due to the potential of diverse patent ownership to create higher
transaction costs, reduce the amount of new inventions, and therefore increase the likelihood for
innovation to be directed towards a few profitable indications (Cook-Deegan, 2018). The public health-
oriented perspective on the issues of patenting has raised the issue of whether exclusive rights tend
to be at odds with equitable access and has presented ways to in order to achieve a more integrated
approach to managing IP with the public interest and population health goals aligned (Sherkow,
2017). From the perspective of human rights and the public interest, access to new genome-editing
technologies is viewed as an issue related to the governance of those technologies, rather than
simply a matter of commerce (Matthews, 2022). In addition, examples of academic research from
the Global South have demonstrated that developing clearer patent landscapes is necessary before
developing equitable frameworks for deploying these technologies and for building local capacity
(Naidoo & Thaldar, 2022). Evidence of the influence of government and philanthropy on the CRISPR
innovation system can provide insight into how the government and philanthropic funding streams
have influenced both the types of research programs pursued by university researchers, as well as
determining which research programs will become established dominant platforms and which will
become marginal (Fajardo-Ortiz et al., 2022). The ethical arguments surrounding the use of heritable
genome editing technology are primarily rooted in four areas of concern: Intergenerational Consent,
Justice and Disability Politics, and The Social Meaning of Enhancement, which are presented in a
way that suggests that all of these ethical arguments are either rooted in one of the four areas of
ethical concern or overlap with two or more of the ethical concerns/arguments (Almeida and Ranisch,
2022).

Le Congg2013
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Figure 1: Mapping of CRISPR Governance-related papers and their connec-
tions between them produced by Litmaps.

Conceptual framework used in this paper

Building from the literature above, the paper uses a three-part conceptual framework. First, priority
setting arenas, meaning the institutional sites where agendas are set, including ministries, regulators,
research councils, universities, and industry. Second, risk calculus components, meaning how
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trade-offs are justified through claims about expected benefit, uncertainty, and distribution. Third,
governance instruments, meaning the tools used to implement choices, including clinical regulation,
ethics review, registries, synthesis screening, data governance, and research security policies. This
framework treats the public health versus national security axis as a practical tension that appears
differently across arenas. It also allows the analysis to connect Turkey’s post pandemic capability
building to broader STS debates about governance, legitimacy, and the limits of technological fixes.

Historical background of the case in Turkey

Turkey’s recent biomedical policy environment has been shaped by COVID-19, which elevated
preparedness, supply chain resilience, and domestic production capacity as national priorities. In
this context, domestic vaccine development became a visible site where public health and national
strategy converged. TURKOVAC received emergency use authorization in late 2021 and was publicly
framed as an achievement of local capacity and sovereignty (Ministry of Health of Turkey, 2021). The
pandemic also intensified attention to genomics and data infrastructures, both for surveillance and
for future precision medicine agendas.

Parallel to vaccine efforts, Turkey has invested in building genomic infrastructure. The Turkiye
Genome Project, led by the Presidency of the Institutes of Health of Turkey (TUSEB), presents
itself as a national genome and bioinformatics initiative aimed at analyzing molecular mechanisms
of disease, developing new diagnostics and therapies, and enabling individualized medicine. Such
initiatives expand sequencing capacity, bio-banking, and bioinformatics, and they can indirectly enable
downstream genome editing research by strengthening the broader ecosystem in which CRISPR
applications develop. Together, these post-pandemic trajectories provide a setting to examine how
health benefits, industrial development, and security concerns become articulated within a single
governance narrative.

In addition to being capacity-building initiatives, these actions can also be viewed as narratives that
institutionalise how biotechnology is justified in public opinion within Turkey. Through an STS lens, the
communication that occurred in relation to domestic vaccine production and genomics infrastructure
after the spread of COVID-19 associated the development of biomedicine with national sovereignty,
resilience, and strategic value. The manner in which future governance of biotechnologies will be
reported upon is not only described in those materials but also contributed to defining the terms used
in the articulation of future biotechnology governance.

Discussion of the relevant case

This section applies the conceptual framework to Turkey’s emerging bio-economy by analyzing how
priorities and risk calculations are assembled across institutions. The goal is not to claim that Turkey
is currently a leading CRISPR deployment site. Rather, the case shows how a country can construct
enabling infrastructures and governance narratives that will shape future CRISPR pathways.

Priority setting arenas and boundary work

In Turkey, public health institutions, innovation agencies, and research infrastructures occupy distinct
but overlapping arenas of priority setting. Post-pandemic vaccine politics created an environment in
which domestic capability could be framed as both health protection and strategic autonomy (Ministry
of Health of Turkey, 2021). This framing performs boundary work by translating different objectives
into a shared language of national benefit.
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In Turkey, official institutional documents and capability building announcements serve more than
just as a vehicle for communicating policy priorities; they also frame how biotechnology governance
is viewed as legitimate based on biomedical investment as connected to sovereignty, preparedness,
and national advantage. Viewing these materials through an STS lens allows us to situate it as an
authorizing, stabilizing tool for preferred futures for actors and as a definition of what risks can be
seen as governable. Yet official narratives should not be read as providing an accurate picture of
institutional reality and may underestimate tensions that exist regarding accountability issues, inter-
agency discretion, and practical limits of oversight.

Boundary work may also obfuscate distributional issues. In Turkey, these distributional issues are
likely to fit into a legal and policy environment defining how advanced therapies will reach clinical
use. Even if CRISPR-based interventions are currently not a routine therapeutic reality in Turkiye,
access in the future will depend not only on scientific feasibility but also on licensing arrangements,
patent concentration, technology-transfer pathways, reimbursement criteria, and the procurement
priorities of public institutions. Thus, global tensions regarding intellectual property will become locally
visible through how access will be administratively and legally organized. Therefore, as an emerging
bioeconomy, patent governance cannot be treated as separate from public health governance. A
further analytical caution concerns the relationship between formal discourse and institutional
practice. Publicly available documents tend to present coherent narratives of sovereignty, resilience,
and public benefit. Yet implementation may involve informal negotiation, uneven coordination,
discretionary interpretation, and practical constraints that remain invisible in official texts. In this
sense, the sovereignty narrative is better understood as a legitimating frame through which priorities
are publicly stabilized, rather than as a complete account of how governance operates in practice.

Risk calculus under dual framings

The public health framing evaluates risk through clinical safety, efficacy, and equity. The national security
framing evaluates risk through threat pathways and vulnerability created by dependence on foreign inputs.
Under this logic, even low probability misuse may justify controls if consequences are catastrophic.

One additional implication concerns institutional learning. Post-pandemic vaccine development
required rapid coordination across regulators, research centers, and manufacturers. Those
coordination practices can become templates for future high-stakes biotech decisions, including
potential CRISPR therapies and related data infrastructures. From an STS standpoint, this matters
because procedural habits formed under crisis conditions often persist. They shape what counts as
acceptable evidence, how quickly decisions are expected, and which actors gain agenda-setting
power. Building durable governance, therefore, requires moving from ad hoc crisis coordination
toward routine, transparent procedures that can withstand contestation and still maintain public trust.

Turkey has demonstrated how the two types of risk calculations can cross over. With respect to
vaccines, producing them locally reduces the reliance on worldwide supply chains and meets both
health and national security needs. For genomics, developing a national infrastructure for data provides
the capability to facilitate the use of precision medicine and provides support for disease surveillance
and preparedness. Similarly, when using the CRISPR method of genome modification, crossover
may happen again. Investment into research activities within this field, as well as investments in
biobanks and bioinformatics, may be justified as a means of producing health innovations, while also
raising questions related to how genetic data will be governed, privacy concerns and how biological
data will be secured.
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Here, Sarewitz’s critique is central. If risk is treated as a technical matter to be solved by more
science, governance may privilege expert authority and narrow legitimate debate (Sarewitz, 2015).
Yet CRISPR controversies often hinge on value conflicts. The boundary between therapy and
enhancement is a prime example, and global reports repeatedly stress public engagement as a
governance requirement (National Academies of Sciences, Engineering, and Medicine, 2017; WHO,
2021). Doudna'’s reflections show how violations of perceived ethical boundaries trigger demands for
enforceable oversight, registries, and institutional accountability (Doudna & Kearney, 2020).

The Turkish case demonstrates the STS claim that governance helps constitute what a technology
becomes by shaping infrastructures, defining priorities, and narrating futures (Jasanoff, 2004).
TURKOVAC llustrates how biomedical capability can be framed as national achievement and
readiness. The Tirkiye Genome Project illustrates how data and research infrastructures are
positioned as foundations for future medicine (Ministry of Health of Turkey, 2021; TUSEB, n.d.).
Together, they show how public health and national security logics can be mutually reinforcing while
still carrying different implications for openness, accountability, and equity.

Conclusion

CRISPR governance is not only a question of technical safety. It is a question of legitimacy. It asks
who is authorised to decide which futures are worth building, which uncertainties are acceptable,
and which risks must be rendered intolerable. The public health versus national security axis helps
clarify why CRISPR remains persistently contested. It sits at the intersection of care and control,
openness and restriction, therapeutic hope and dual-use concern. What is at stake is not merely the
management of a technology, but the stabilisation of a particular order of reasons, responsibilities,
and publics around that technology.

From an STS perspective, this paper has treated those orders as produced rather than given. Co-
production highlights how governance and knowledge-making are mutually constitutive. What counts
as a “risk,” what counts as “benefit,” and even what counts as “responsible innovation” are assembled
through institutions, evaluation routines, and the narratives that render some interventions thinkable
and others unthinkable (Jasanoff, 2004). Sociotechnical imaginaries provide a vocabulary for that
narrative work. They help us see how collective visions of progress, security, and national dignity
become material. They travel through policy documents, funding priorities, institutional mandates,
and infrastructures, and in doing so they organise both expertise and public expectations (Jasanoff
& Kim, 2015). Sarewitz’s critique is useful here because it clarifies a recurring political vulnerability.
Expert-led risk framing can lose legitimacy when it narrows the space in which values are negotiated
and treats contestable judgments as technical facts (Sarewitz, 2015). Doudna'’s reflections reinforce
this point from within the scientific community. They show why self-regulation can be ethically
motivating yet practically insufficient when incentives, competition, and uneven accountability shape
how boundaries are drawn and enforced (Doudna & Kearney, 2020).

The Turkey case makes these dynamics concrete. Post-pandemic biomedical capability building
has not simply expanded laboratory capacity. It has also enabled a sovereignty-oriented imaginary
in which biomedical innovation becomes a marker of strategic autonomy. Vaccine development and
the national genome initiative can be read in this register. They braid public health commitments to
care with national security narratives of resilience and self-reliance (Ministry of Health of Turkey,
2021; TUSEB, n.d.). In this setting, bounded openness is best understood as a situated governance
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style rather than a compromise between two fixed poles. It is an attempt to keep collaboration and
therapeutic development open enough to sustain learning and translation, while tightening controls
at points where misuse pathways are high-consequence and where upstream leverage is real,
including synthesis screening (US Department of Health and Human Services, 2023).

Once the issue is framed in these terms, the policy problem looks less like a knowledge deficit and
more like a coordination problem across domains built to pursue different goods under different
logics. Oversight for CRISPR is distributed across public health, security, and innovation institutions.
That distribution can make decision criteria drift across the research-to-application life cycle. The
drift becomes visible in three recurring gaps. First, triggers remain unclear. Examples of illustrative
decision triggers could include (but are not limited to) any edits made to pathogens of extreme concern;
combining genome editing with exceedingly sensitive capabilities for synthesis or delivery or scale
up; requests for access to either materials or protocols with known dual-use implications; or cross-
border sharing of knowledge about a technology where the potential consequences of misuse are
exceedingly high. These triggers do not imply that such cases must automatically be prohibited, but
instead warrant higher levels of scrutiny, more meaningful reporting requirements, and collaboration
among the health, research, and security sectors. The advanced publication of “triggers” can help
reduce arbitrary decisions, and/or enable researchers who are legitimately engaged within these
fields to plan accordingly, with greater certainty as to when heightened scrutiny may commence.

It is often uncertain when national security scrutiny should attach to projects that are otherwise
legitimate health and innovation work. Second, legitimacy-making is thin. Transparency and
structured public engagement tend to be limited precisely where moral and distributional stakes are
highest. Third, interoperability is weak. As access to collaboration, funding, and clinical translation
increasingly depends on alignment with international baselines, weak coupling to global reporting
and standards becomes a governance risk in its own right. International guidance emphasises
proportionality, accountability, and shared minimum rules for oversight. That contrast helps make
the Turkish case legible as a governance configuration rather than an isolated tension (National
Academies of Sciences, Engineering, and Medicine, 2017; World Health Organization, 2021).

This framing also reshapes how policy orientations appear. A security-first restriction posture can
reduce exposure to catastrophic misuse, but it risks over-breadth and can incentivise opacity in
legitimate research, especially when controls are experienced as unpredictable or insulated from
scientific and clinical realities (National Research Council, 2004; Sarewitz, 2015). A health and
innovation-first openness posture can accelerate therapeutic development and align with bioeconomy
ambitions, yet it can under-address upstream leverage points and underestimate dual-use pathways
that do not wait for clinical translation (Doudna & Kearney, 2020; World Health Organization, 2021).
For this reason, a risk-tiered, adaptive approach is better understood not as a technocratic “middle
option,” but as an institutional strategy to keep plural goods in view. It scales oversight with intended
use and plausible misuse, while revising thresholds as capabilities and threat models change. This
is also the orientation most consistently echoed in international recommendations, including higher
evidentiary and procedural thresholds for heritable or otherwise high-stakes applications (National
Academies of Sciences, Engineering, and Medicine, 2017; World Health Organization, 2021; National
Academy of Medicine, National Academy of Sciences, and the Royal Society, 2020).

For Turkey’s emerging bioeconomy, the operational implication is to treat bounded openness
as something that must be built, maintained, and audited, rather than assumed. For operational
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purposes, this would mean that we would want to keep as many low-risk biomedical collaborations,
clinical data learning, and international registry participation as possible while concentrating on some
small number of high-leverage control points (e.g., synthetic nucleic acid screening, institutional
dual-use review, mandatory biosafety and research-related security training for relevant laboratories,
documenting sensitive procurement, and establishing formal escalation pathways for projects that
exceed acceptable risk levels). As a result, Turkiye will be able to help build capacity in biomedical
areas, rather than throwing everything genome-related into a generic security policy framework.
The process would begin with the establishment of a venue for health, security, and innovation
authorities to define common risk classifications and to publish clear decision-making criteria. Also,
the concept of “moving up” the security issue in terms of developing standards will take place. The
formal protections (e.g., screenings and record-keeping) surrounding synthetic nucleic acids, similar
to those already established within the realm of established biomedical research (U.S. Department of
Health and Human Services, 2023), should target “high-leverage” points while remaining compatible
with day-to-day biomedical research activity. The capacity of an institution will be critical in achieving
success. The dual-use evaluation and training systems provide the channels via which abstract
responsibilities are transformed into enforced mandates; there are many strong lessons in the
biosecurity literature that demonstrate how such procedures promote prevention and accountability
(National Research Council, 2004). Additionally, legitimacy cannot be created retroactively after an
issue develops into controversy, although legitimacy in a centralized structure needs to ensure that
inclusive deliberation does not occur merely as a symbolic process once determination of priorities
has occurred. For legitimacy to be credible, inclusive deliberation must occur early enough in the
development of a governance framework to allow for the establishment of the working agenda,
defining thresholds, and determining how benefits and risks shall be assessed. Practically, this
could involve consultation with structured procedures that allow for input from patient advocacy
groups, practitioners, bioethicists, legal scholars, biosafety practitioners, and representatives from
civil society; and making documentation available that demonstrates how their comments have
influenced the criteria used for making decisions or selecting processes. Without such a feedback
loop, the exercise of providing input could be perceived as more of a performance than an essential
component to building legitimacy.

Deliberative public engagement is most meaningful when it occurs early enough to shape how
problems are defined and what trade-offs are treated as acceptable. Empirical work on CRISPR-
related engagement indicates that the design and process quality of participation strongly affects
whether it produces learning and trust or simply rehearses conflict (Scheufele et al., 2021). Aligning
clinical translation pathways with global standards, including registry participation and cross-border
reporting, further supports collaboration and reduces uncertainty for researchers and clinicians
(World Health Organization, 2021; National Academy of Medicine, National Academy of Sciences,
and the Royal Society, 2020). Finally, if governance is to claim legitimacy in a public health register,
access and affordability should be treated as governance requirements rather than downstream
afterthoughts. Funding conditions, procurement levers, and attention to patent policy dynamics are
relevant tools for reducing exclusion in who can benefit from innovation (Cook-Deegan, 2018).

What ultimately makes such a framework credible is not only its architecture but its capacity to learn.
Monitoring indicators such as time to ethics and biosafety approval, compliance with screening and
training, the regular publication of public reports, and participation in international registries can
function as signals of whether bounded openness is operating as intended or merely as rhetoric.
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Revising requirements on a fixed cycle, for example every two years, can keep oversight responsive
as technical capabilities and geopolitical pressures evolve, and can help prevent governance from
hardening into either reflexive restriction or performative openness (World Health Organization,
2021).
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Abstract

The worldwide prevalence of all cancer types continues to rise. In
this context, the psychological burden of cancer—particularly anxiety
and depression—has emerged as a critical yet frequently overlooked
component of comprehensive oncological care. In addition to clinical
and psychosocial factors, growing evidence suggests that epigenet-
ic mechanisms significantly influence both cancer biology and men-
tal health, indicating that gene-environment interactions may affect
psychological vulnerability in oncology contexts. Nutrigenetics-based
epigenetic approaches enable personalized dietary and nutraceutical
interventions based on individual genetic variability. Green tea cate-
chins and curcumin are widely used bioactive compounds due to their
epigenetic and anticancer potential. However, by altering the activi-
ty of catechol-O-methyltransferase (COMT) and monoamine oxidase
(MAOQ), important enzymes that degrade dopamine, norepinephrine,
and serotonin, these substances have an impact on monoaminergic
neurotransmission. Functional polymorphisms in the COMT and MAO
genes may lead to substantial interindividual differences in mood reg-
ulation, stress responsiveness, and anxiety susceptibility. This review
addresses molecular, clinical, and psycho-oncological aspects of the
effects of green tea and curcumin on COMT and MAO pathways with-
in a nutrigenetics-based epigenetic nutrition framework. The findings
emphasize that the potential clinical benefits of epigenetically active
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nutraceuticals should be evaluated through a genotype-guided, individualized, and balanced ap-
proach.

Keywords: COMT, curcumin, epigenetic nutrition, green tea, MAO, nutrigenetics

Introduction

It is estimated that about 50.5 million people around the world have had cancer in the past five
years. Even though the number of cancer survivors is rising, comprehensive care often ignores the
psychological toll that cancer takes. Individuals with cancer frequently do not receive the necessary
treatment for their psychological symptoms. These symptoms are often seen as a “normal” reaction
to a cancer diagnosis or blamed on the physical symptoms that come with it (Carlson et al., 2023).
Depression and anxiety are the most common mental health issues seen in cancer patients, no
matter what stage of the disease, where the primary tumor is, or what phase of treatment they are in.
These problems can range from mild emotional states like sadness, worry, concern, and heightened
feelings of hopelessness to more serious mental illnesses like anxiety disorders and depressive
disorders (Grassi et al., 2023).

Epigenetics is a big part of how cancer starts and grows. Our genes can also be affected by our
current mental state, epigenetic processes, and environmental factors. Epigenetics can modify gene
activity without altering the DNA sequence, presenting novel opportunities for cancer prevention
and treatment. DNA methylation, histone modifications, non-coding RNA action, and nucleosome
remodeling are all important epigenetic processes that are necessary for cells to grow and change
properly. Nonetheless, their disruption is associated with the initiation of cancer. Epigenetics is a hot
area for anti-cancer therapy because it targets epigenetic regulators whose activities are controlled
by DNA methyltransferases (DNMTs) and histone deacetylases (HDACs), which stop cancer cells
from growing. Phytochemicals, which are bioactive compounds found in fruits, vegetables, and
seeds, are another way to deal with this besides traditional treatments. Researchers are looking into
substances like curcumin, epigallocatechin-3-gallate (EGCG), genistein, resveratrol, quercetin, and
sulforaphane more and more to see how they can gently change the epigenome through nutrition-
based epigenetic modulation, which can make cells work better. Mechanisms have been documented
(Bakrim et al., 2025; Meeran et al., 2010; Vranceanu et al., 2022).

Green tea catechins, particularly EGCG and curcumin, defined as polyphenolic “epi-nutrients,” are
capable of inhibiting DNA methyltransferases and histone deacetylases, modulating microRNA
expression, and supporting the reactivation of tumor suppressor genes, thereby reducing cellular
proliferation, angiogenesis, and metastasis (Bakrim et al., 2025; Carlos-Reyes et al., 2019; Henning
et al., 2013; Reuter et al., 2011; Teiten et al., 2013; Vranceanu et al., 2022). However, when these
epigenetic mechanisms are considered in clinical practice, it should be recognized that the use
of epigenetic interventions without accounting for individual nutrigenetic background may pose
risks, particularly for mood regulation. Dopamine (DA), serotonin (5-HT), and norepinephrine (NE)
are important monoamine neurotransmitters that control mood, behavior, and thought processes.
In patients with cancer, mood disturbances are common due to environmental stressors, the
psychological burden of the disease, and treatment-related factors. In this context, the effects of
phytochemicals such as green tea and curcumin when used without knowledge of the underlying
genetic background may intersect with monoaminergic neurotransmission via COMT and MAO,
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potentially exacerbating anxiety, restlessness, or mood instability in certain oncology cases (Aronica
et al., 2022; Carlson et al., 2023; Chen et al., 2005; Naoi et al., 2025).

Polyphenols in green tea work as both substrates and inhibitors of COMT, which is an important
enzyme that breaks down catecholamines and EGCG. In addition, these polyphenols may inhibit MAO,
which plays a critical role in the degradation of dopamine, serotonin, and norepinephrine. Functional
COMT polymorphisms, particularly rs4680 (Val158Met), significantly influence catecholamine levels
and anxiety susceptibility; individuals carrying low-activity COMT alleles may exhibit heightened
sensitivity to catecholamine-modulating supplements, including green tea extracts (Aronica et al.,
2022; Chen et al., 2005; Naoi et al., 2025). Curcumin also affects monoaminergic systems by acting
as an antioxidant, anti-inflammatory, and epigenetic agent. These effects impact neuroprotective
signaling pathways and are crucial in shaping monoamine-related psychiatric traits (Hassan et al.,
2019; Ramaholimihaso et al., 2020). An expanding body of nutrigenetic evidence indicates that
curcumin, green tea polyphenols, sulforaphane, and related phytochemicals may trigger restlessness,
anxiety, or subjective discomfort in a genetically susceptible subgroup of individuals. Collectively,
these findings strongly underscore the necessity of genotype-guided epigenetic nutrition strategies,
particularly in clinical populations where neuropsychiatric vulnerability and environmental stressors
coexist (Meral et al., 2024).

Methodology

This study was conducted as a narrative review aiming to synthesize current evidence on the
interactions between nutrigenetics-based epigenetic approaches and COMT/MAQ pathways, with a
particular focus on green tea catechins and curcumin. A literature search was performed using major
electronic databases, including PubMed, Scopus, and Web of Science. The search primarily included
studies published between 2000 and 2025, with additional earlier landmark studies incorporated
where necessary for conceptual background.

Relevant peer-reviewed articles were identified using combinations of keywords such as
“nutrigenetics,” “epigenetics,” “COMT,” “MAQO,” “green tea, polyphenols,
neurotransmitters,” and “cancer-related psychological outcomes.” Studies were included if they
addressed molecular mechanisms, genetic polymorphisms, epigenetic regulation, or clinical/
psychological effects related to the COMT and MAO pathways.

” oW ” oW ” o«

curcumin, monoamine

Given the narrative nature of this review, a formal systematic review protocol (e.g., PRISMA) was
not followed. This represents a limitation of the study, as the selection process may be subject
to potential bias. However, efforts were made to include high-quality, up-to-date, and conceptually
relevant literature to provide a comprehensive and balanced overview of the topic.

Nutrigenetics-based epigenetic approach
Precision medicine

Precision medicine aims to ascertain how an individual’s genetic composition, along with
phenotypical and environmental influences, affects health risks. The concept of 4P medicine
(predictive, preventive, personalized, and participatory) emerged from the recognition of health
risks, which is crucial for the diagnosis and management of chronic diseases. Instead of using a
one-size-fits-all strategy, this strategy emphasizes customized medical care (Camlica & Eti Aslan,
2022; Tekpinar & Erdem, 2019). Individuals differ in their susceptibility to specific diseases and
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in their responses to particular treatments. As a result, precision medicine promotes adjusting
medical treatments to the particular needs of each patient. This method lowers the need for
needless diagnostic procedures and treatments while simultaneously improving the quality of care
provided by directing healthcare decisions toward the best course of action for a particular patient
(Ginsburg & Phillips, 2018). A person’s phenotype is directly impacted by the nutrigenomic effects
of their diet. The nutrigenomic effects of nutrition directly influence an individual’s phenotype.
Dietary strategies and supplement selections planned according to an individual’s genotype may
enhance clinical outcomes and, importantly, contribute to improvements in patients’ psychosocial
well-being (Meral et al., 2024).

Responses to foods and nutrients are influenced not only by genetic background but also by
dietary habits, which can affect gene expression via epigenetic mechanisms. Nutrigenetics and
nutrigenomics focus on understanding how genetic and epigenetic differences determine individual
reactions to diet, aiming to develop personalized nutrition strategies that account for variability in
dietary preferences, needs, and responses (Bordoni & Gabbianelli, 2019).

Dietary epigenetic modulators: Curcumin and green tea

The importance of specific nutrients in activating epigenetic enzymes is a growing research focus
that highlights the intricate link between diet and gene regulation. Certain dietary components can
directly influence epigenetic enzymes, altering their activity and affecting epigenetic modifications
(Abdul et al., 2017; Bakrim et al., 2025). For instance, curcumin, a bioactive compound in turmeric, is
known to control histone-modifying enzymes, which shows how diet can affect epigenetic processes.
Curcumin modulates the activity of histone acetyltransferases (HATs) and histone deacetylases
(HDACs), thereby influencing genes associated with inflammation, cancer, and neurodegenerative
disorders (Hassan et al., 2019).

The primary polyphenol in green tea, epigallocatechin-3-gallate (EGCG), has been shown to
inhibit DNA methyltransferases (DNMTs). EGCG can change DNA methylation patterns and
gene expression by stopping DNMT activity. Because of these qualities, EGCG has become very
popular as a natural epigenetic regulator that could be used to prevent and treat cancer (Singh
et al., 2011). However, the effects of these dietary components, commonly used in oncology, on
enzymes like COMT and MAO go beyond their epigenetic and anticancer roles. They may also
impact the psychological well-being and mood of cancer patients. This underscores the need to
consider both genetic and psychosocial factors when integrating epigenetically active dietary
elements into clinical practice.

COMT polymorphisms, phenotypic responses, and

interaction with green tea
COMT polymorphisms

Individual variations in COMT activity, among the genetic differences that influence psychosocial
traits, have been linked to a wide range of neuropsychiatric and neurodegenerative conditions that
rely on dopamine and norepinephrine signaling. In this context, COMT polymorphisms have been
associated with various cognitive phenotypes, psychiatric disorders, as well as changes in brain
activation patterns and structural features (Antypa et al., 2013; Bastos et al., 2017; Witte & Floel,
2012).
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Catecholamines such as epinephrine, norepinephrine, and dopamine, along with catechol estrogens,
certain pharmaceuticals (e.g., L-DOPA), and xenobiotics are influenced by the enzyme COMT. The
main job of the COMT enzyme, which is made by the COMT gene, is to move a methyl group from
S-adenosylmethionine (SAM) to catechol substrates. This O-methylation process is one of the main
ways that dopamine, epinephrine, and norepinephrine break down, and it is very important for keeping
their levels in check (Aronica et al., 2022; Bastos et al., 2017; Chen et al., 2004). Polymorphisms in
the COMT gene can significantly influence both the expression level and enzymatic activity of COMT.
One of the most well-characterized functional variants is the rs4680 polymorphism (Val158Met, G>A),
located in exon 4 of the gene, which results in the substitution of valine with methionine. This single-
nucleotide polymorphism causes significant differences in COMT enzyme activity, resulting in three
main phenotypes: the A/A genotype is linked to low COMT activity, the A/G genotype to intermediate
activity, and the G/G genotype to high activity. Notably, the rs4680 A allele is connected to a COMT
enzyme with about 40% lower activity compared to the G allele. Reduced COMT activity has been
linked to elevated anxiety levels, increased neuropsychiatric vulnerability, and heightened sensitivity
to environmental toxins (Aronica et al., 2022; Chen et al., 2004; Mir et al., 2018).

Phenotypic responses

Genetic links between the COMT gene and various psychiatric traits often differ between women and
men. Although some of these differences remain unconfirmed or show small effect sizes, several
findings display reasonable consistency and strength. The functional Val(158)Met polymorphism
in the COMT gene has been associated with obsessive—compulsive disorder (OCD) in males and
anxiety traits in females; furthermore, its impact on cognitive function is more pronounced in boys than
in girls (Harrison & Tunbridge, 2008). Another meta-analysis supports the Val158Met polymorphisms
as a risk factor for OCD, particularly in men, consistent with these findings. Overall, these data imply
that COMT might influence OCD development through dopaminergic pathways and that genetic risk
could vary depending on sex (Kumar & Rai, 2020).

Although few studies have directly examined COMT genotypes in cancer patients, a study involving
women with breast cancer found that those with the Met/Met genotype of the COMT Val158Met
polymorphisms had higher anxiety scores compared to those with at least one Val allele (Val/Val or Val/
Met). These findings suggest that lower COMT enzyme activity may increase catecholamine levels,
which could contribute to stress-related conditions like anxiety disorders in this group (Hajj et al., 2021).

Interaction with green tea

This genetic background is important for explaining why the effects of dietary bioactive compounds
may vary substantially among individuals. Catechin polyphenols found in green tea, particularly
EGCG, have the capacity to inhibit the COMT enzyme (Chen et al., 2005; Lu et al., 2003). However,
in individuals with low COMT activity, slower catechin metabolism may disrupt neurotransmitter
balance, thereby increasing the risk of anxiety and neuropsychiatric symptoms. Conversely, COMT
inhibition may confer therapeutic advantages in certain clinical contexts. A notable instance is the
clinical application of COMT inhibitors in Parkinson’s disease to augment the bioavailability of
levodopa in the brain. Experimental studies have demonstrated that both EGCG and green tea
extract can exert neuroprotective effects in patients with Parkinson’s disease (Afzal et al., 2015;
Rivest et al., 1999). Overall, these results indicate that catechin-based nutraceuticals might be more
effective for genotypes with higher COMT activity and emphasize the need for nutrigenetics-based,
personalized dietary and supplement strategies.
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MAO polymorphisms, phenotypic responses, and

interactions with green tea and curcumin
MAO polymorphisms

Monoamine oxidases (MAOs) are genes frequently studied in behavioral genetics, located on
the X chromosome. These mitochondrial enzymes help break down neurotransmitters like
dopamine, norepinephrine, and serotonin by oxidative deamination in the brain and other tissues.
Consequently, MAOs are crucial for maintaining neurotransmitter balance. Levels of the MAOA
enzyme have been linked to the regulation of human behavior and personality traits (Edmondson et
al., 2005; Sarwar et al., 2021; Shih et al., 1999). Reduced MAO activity causes a slower breakdown
of monoamines, leading to higher levels of these neurotransmitters, especially dopamine a
biochemical state linked to the development of schizophrenia. In fact, it has been reported that
the presence of the MAO rs6323 T allele, associated with low MAO activity, along with increased
dopamine levels, may contribute to the emergence of positive symptoms of schizophrenia (Tanifuji
et al., 2021). When combined, these results show that genetic differences in MAO offer a crucial
key to comprehending behavioral characteristics, neurotransmitter metabolism, and the biological
causes of neuropsychiatric disorders.

Phenotypic responses

Some studies have shown that individuals carrying genetic polymorphisms associated with low MAO
activity may exhibit atypical or exaggerated emotional responses to environmental and social stimuli
(Print. Specifically, studies examining the link between the MAO-A rs6323 (T941G) polymorphism
and aggression have shown a positive association between the G allele and a higher risk of
aggressive and violent behavior. Conversely, the T allele has been linked to reduced aggressive
tendencies and is thought to have a protective effect (Sarwar et al., 2021). These findings indicate
that MAOA activity may represent a key biological mechanism underlying emotional regulation and
behavioral responses. According to a recent study, major depressive disorder symptom severity is
substantially correlated with MAO-A polymorphisms. This association was particularly pronounced in
individuals with adverse childhood experiences, in whom higher depression severity was observed,
with the effect being more evident in women. When considered in conjunction with environmental
stressors, this effect appeared to be further amplified (Toledo-Lozano et al., 2023). A significant class
of medications used to treat depression and other neurological conditions are monoamine oxidase
inhibitors (MAQIs) (Chaurasiya et al., 2022). MAO inhibitors may be clinically appropriate in people
with high MAO enzymatic activity.

Interactions with green tea and curcumin

Curcumin is thought to be an antioxidant that helps with different metabolic diseases. It may also have
potential MAO inhibitory activity by downregulating the enzymes that breakdown the monoamine
neurotransmitors which are important for neural growth and functioning. Khatri and Juvekar (2016)
have proposed curcumin as a potential MAQ inhibitor for the management of Parkinson’s disease and
other neuromuscular disorders. EGCG can also inhibit monoamine oxidase (MAQ) activity. Research
on varying tea types and their effects on MAO discovered that green tea has the highest levels of
inhibition of all the MAO isoforms when compared to other teas (Topaz et al., 2019; Ylce-Dursun,
2017). A study on cancer patients found that the regression coefficient of MAO with depression was
positive. MAQO activity is likely a marker of psychological adjustment (IA) problems in those suffering
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from cancer, and it may be a risk factor for survival. Additional research involving larger patient
cohorts may corroborate this assertion (Giraldi et al., 2007).

Nutrigenetics-based personalized nutrition

The primary objective of nutrigenetics-based nutrition is to develop individualized dietary and
supplement plans tailored to an individual’'s genetic profile, rather than applying standardized
approaches in which the same diets and supplements are recommended for everyone. This strategy
not only enhances clinical effectiveness but also helps prevent unnecessary and uncontrolled
supplementuse (Kog, 2018). Nutrition represents one of the most powerful yet modifiable environmental
factors influencing epigenetic regulation. Accordingly, nutrigenetic and nutri-epigenetic approaches
aim to personalize food and supplement selection based on genetic variants. However, particularly in
individuals diagnosed with cancer, such interventions may influence not only biological processes but
also psychological well-being. This underscores the importance of addressing nutrigenetics-based
approaches within a holistic framework that considers both biological and psychosocial dimensions.

Conclusion

In patients with cancer, anxiety, restlessness, and mood disturbances are shaped not only by the disease
itself, treatment-related biological stress, inflammation, and environmental factors, but also by individual
genetic susceptibilities. Despite this, psychological outcomes are frequently treated as secondary or
are often overlooked altogether in many nutrition-based or phytochemical support studies conducted in
oncology. Due to their anticancer and anti-inflammatory qualities, curcumin and green tea catechins are
frequently advised as supplements to cancer treatment; however, their effects on the central nervous
system and their interactions with individual genetic variability have not been thoroughly studied.
Current research shows that MAO biology interacts with both psychological adaptation and cancer
progression, and it also points to a possible link between COMT genotype and anxiety levels in cancer
patients. Nevertheless, no clinical research has yet directly compared how common phytochemicals,
like curcumin or green tea, affect mood differently depending on COMT and MAO genotypes in cancer
populations. This draws attention to a significant gap in the body of current research. Future research in
this area should focus on measuring anxiety and depression levels using validated scales, thoroughly
documenting the use of phytochemicals, and evaluating COMT and MAO variants in cancer patients.
Such an approach is critical for the development of personalized supportive strategies. Importantly, it
may reveal that certain natural compounds widely regarded as “safe for everyone” can induce adverse
psychological effects in genetically susceptible subgroups of patients, thereby contributing to the
advancement of a more holistic and individualized model of supportive care in oncology.
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Abstract

Lanthanides, also known as lanthanoids (inner transition elements),
constitute an interesting group of fifteen elements which are predom-
inantly trivalent and exhibit similar physicochemical properties. These
elements occupy the 4f inner transition series (lanthanides) in the peri-
odic table. Over the years, the investigation of lanthanide(lll) complex-
es has generated increased interest due to their interesting biological,
photo-physical and magnetic properties. Lanthanide(lll) complexes of
Schiff bases of 4-aminontipyrine derivatives constitute another class
of compounds that show fascinating coordination and bio-inorganic
chemistry. 4-Aminoantipyrine and its derivatives have formed stable
complexes with many lanthanide metal ions. This literature review ex-
amines the lanthanide(lll) complexes of 4-aminoantipyrine derivatives
which were synthesized and characterized using various spectro-an-
alytical techniques from which various structures were proposed. An-
timicrobial applications of some of these lanthanide(lll) complexes
synthesized over the years have been reported. This review serves
as a guide for the development of new lanthanide(lll) complexes of
4-aminoantipyrine derivatives as potential antibacterial and antifungal
agents as well as other applications.

Keywords: 4-Aminoantipyrine, antimicrobial application, coordination
chemistry, lanthanides(Ill) complexes, Schiff bases, metal complexes

www.euchembiojreviews.com

86


https://orcid.org/0000-0002-0701-2085
https://orcid.org/0009-0009-9062-0142
https://orcid.org/0000-0003-0983-7758
https://orcid.org/0000-0002-7393-0263
https://orcid.org/0000-0002-7607-751X
https://orcid.org/0000-0001-8319-4979
https://ror.org/04tah3159
https://ror.org/01nkhmn89
mailto:npebosie%40gmail.com?subject=
https://doi.org/10.62063/rev-43

EUCHEMBI®J Review Euchembioj Rev., 2(2), Article 626006 (2026)

Introduction

Coordination chemistry is a fascinating branch of chemistry. Lanthanide(lll) complexes are garnering
heightened interest in bio-inorganic and coordination chemistry. The lanthanides comprise fifteen
elements, with atomic numbers spanning from 57 (lanthanum) to 71 (lutetium). They are silvery-white
metals, chemically reactive, and belong to the 4f inner transition series. The lanthanides predominantly
occur in the +3 oxidation state. The oxidation states of +2 and +4 are recognized. However, they
exhibit instability in aqueous conditions. The electrons in the 4f orbitals of lanthanide(lll) ions are
effectively shielded by the 5s and 5p orbitals, resulting in minimal environmental influence on the
4f electrons. The severity of f-f transitions is diminished because of their Laporte forbidden nature
(Purohit & Bhojak, 2013). The structure of lanthanide complexes is determined by the interplay of
several factors: maintaining spherical symmetry for the central metal ion, minimizing ligand-ligand
and metal-metal repulsion, and the steric demands of the ligand (Arora & Burman, 2009). The filling of
the 4f shell in the lanthanides results in a progressive reduction in the size of atoms and ions, referred
to as lanthanide contraction. This results from the inadequate shielding of one 4f electron by another.
The lanthanide ions possess higher coordination numbers, resulting in diverse coordination modes
of complexes (Tang et al., 2013). Lanthanide complexes exhibit great bioinorganic and coordination
chemistry. Research has revealed that ligands featuring nitrogen and oxygen donor atoms serve as
effective precursors for the synthesis of several lanthanide coordination compounds. The distinctive
magnetic, luminescent, and spectroscopic characteristics of lanthanide(lll) ions are the primary
factors contributing to the significance of these complexes in the industrial, chemical, biological, and
medical fields. They are attractive for organic synthesis because of their low toxicity and availability.
Numerous interesting and important properties of lanthanide(lll) complexes are being investigated.
In addition to their bonding interactions and structural variations, the extensive uses of lanthanide(lll)
complexes render them an interesting subject within coordination chemistry (Singh et al., 2010).

Recently, lanthanide compounds have garnered interest due to their characteristics and significant
potential in many applications, including catalysis, magnetism, optoelectronic devices, medicinal
separation, and ion recognition (Lama et al., 2010). Reviews on the various applications of lanthanides
have been made by various researchers in the areas of electroluminescence ((Dgssing, 2005: Werts,
2005: Jing & Zhang, 2013; Wei et al., 2018, Wang et al., 2019), biological applications (Céarac, 2017;
Prajapati et al., 2018, Tamanna and Mutreja, 2022; Evans, 1990; Cotton & Harrowfield, 2012; Misra,
et al. 2004; Cotruvo, 2019; Xian et al., 2023), antimicrobial (Kaczmarek et al., 2018), anticancer
(Kaczmarek, et al., 2018; Kostovo, 2005; Toe et al., 2016;; Chundawat et al., 2021; Patyal et al.,
2023, Madanhire et al., 2024, Wang et al., 2024), biomedical imaging application (Faulkner et al.,
2005; Bunzil, 2010; Chan & Wong, 2014; Blinzli & Eliseeva, 2013; Eliseeva & Blnzli, 2010; Monteiro,
2020), therapeutic application (Jastrzab et al., 2019; Bao, 2020; Woods et al., 2002; Thompson &
Orvig, 2006; Zhang et al., 2011), lanthanum based materials as target (Jadhav et al., 2025) (Table
1), green synthesis of lanthanide based organic compounds and its applications (Chaturvedi et al.,
2022).
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Table 1. Reviews on biological applications of lanthanides.

Biological applications

Title

References

Antimicrobial and
Anticancer agents

Anticancer agents

Therapeutic agents

Lanthanum based
materials as target

General biological
applications

Bioimaging application

Lanthanides: Schiff Base Complexes, Applications in Cancer
Diagnosis, Therapy, and Antibacterial Activity.

Lanthanides: Applications in Cancer Diagnosis and Therapy

Lanthanides as Anticancer Agents.
Lanthanide Complexes as Anticancer agents: A Review
Innovative Lanthanide Complexes: Shaping the Future of

Cancer/Tumor Chemotherapy

Lanthanides and Their Complexes/Nanoparticles: A Review of
Cancer Diagnosis, Therapeutics, Toxicity Considerations, and
Clinical Trials.

Current Development of Lanthanide Complexes for
Biomedical Applications

Targeted Complexes of Lanthanide(lll) lons as Therapeutic
and Diagnostic Pharmaceuticals.

Editorial: Lanthanide Compounds for Therapeutic and
Diagnostic Applications.

Recent Progress in Therapeutic and Diagnostic Applications of
Lanthanides

Lanthanide Complexes for Drug Delivery and Therapeutics.
DNA as a Target for Lanthanide(lll) Complexes Influence.
A Critical Review of Lanthanum and Lanthanum-Based

Materials: Synthesis, Applications, and Challenges.

Biological and Biomedical Applications of the Lanthanide
Compounds. A Mini Review.

A Review: Lanthanide Complexes and Their Biological
Importance.

Biomedical Applications of Lanthanide Complexes.

Past, Present, and Possible Future Clinical Applications of the
Lanthanides. In: Biochemistry of the Lanthanides.

Lanthanides: Biological Activity and Medical Applications.
Biological and Clinical Aspects of Lanthanide Coordination

Compounds.

The Chemistry of Lanthanides in Biology: Recent Discoveries,
Emerging Principles, and Technological Applications.

Functionalization of Luminescent Lanthanide Complexes for
Biomedical Applications

Lanthanide Complexes for Luminescence Imaging
Applications.

Kaczmarek et al.,
(2018)

Toe et al., (2016)
Kostovo (2005)

Chundawat et al.,
(2021)

Patyal et al.,(2023)

Madanbhire et al.,
(2024)

Wang et al., (2024)

Woods et al.,
(2002)

Thompson & Orvig
(2006)

Zhang et al., (2011)

Bao (2020)

Jastrzgb et al.,
(2019)

Jadhav et al.,
(2025)

Carac (2017)

Prajapati et al.,
(2018)

Tamanna &
Mutreja (2022)

Evans (1990)

Cotton &
Harrowfield (2012)

Misra et al., (2004)

Cotruvo (2019)

Xian et al., (2023)

Faulkner et al.,
(2005)
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Biological applications Title References

Lanthanide Luminescence for Biomedical Analyses and

. Bunzil (2010)
Imaging.

Recent Development in Lanthanide Coordination Compounds ~ Chan & Wong

for Biomedical Imaging Applications. (2014)

Intriguing Aspects of Lanthanide Luminescence. Bunzli & Eliseeva
(2013)

Lanthanide Luminescence for Functional Materials and Bio- Eliseeva & Binzli

sciences (2010)

Recent Advances in Luminescence Imaging of Biological Jorge & Monteiro

Systems Using Lanthanide(lll) Luminescent Complexes. (2020)

Schiff bases play a significant role as ligands in metal coordination chemistry (Aydogan et al., 2001).
Their metal complexes have garnered significant attention over the past decades and have greatly
contributed to the advancement of coordination chemistry. These contributions have resulted in
several publications, encompassing both pure synthetic research and contemporary physicochemical
and biochemically pertinent studies of metal complexes (Ribeiro Da Silva et al., 1997). Specifically,
owing to their facile synthesis (Mukhtar et al., 2021), extensive applications (Ghosh et al., 2021),
availability of various structural modifications, and their roles in biological modeling (Al-Zoubi,
2013), catalysis (Lacopetta et al., 2023), molecular ferromagnetic design, material chemistry, and
electroluminescence (Zhao et al., 2005; Wu & Tsai, 2006;, Li et al., 2025).

4-Aminoantipyrine (4-amino-1,5-dimethyl-2-phenyl-1,2-dihydro-3H-pyrazol-3-one) is a heterocyclic
compound (Figure 1) that possesses the pyrazolone ring which comprises two nitrogen atoms and one
carbonyl group. The presence of hetero atoms affects electron redistribution, hence demonstrating
an aromatic character, referred to as the hetero atom effect (Matczak & Domagala, 2017), which
contributes to reactivity, chelation, and other properties.

| Figure 1. 4-Amino-1,5-dimethyl-2-phenyl-1,2-dihydro-3H-pyrazol-3-one.

4-Aminoantipyrine has reacted with aldehydes, ketones, thiosemicarbazides and semicarbazides
etc. to give new Schiff ligands whose coordination properties have been modified (Agarwal et al.,
1997; Raman et al., 2007, Raman et al.,2007). Schiff bases derived from 4-aminoantipyrine have
been synthesized from diverse compounds including aromatic aldehydes, thiosemicarbazides,
semicarbazones, furfuraldehyde, aminothiazole, 2-hydroxy-1-naphthalaniline, isatin, triazole rings,
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amino acids, and pyrazolones (Dong-Dong et al., 2007; Piotr & Bogumit, 2002; Miao et al., 2003).
4-Aminoantipyrine and its derivatives have formed stable complexes with many transition and
lanthanide metal ions which have played many important roles in organic and inorganic chemistry.
Coordination chemists, medicinal chemists, and analytical chemists have conducted substantial
research on 4-aminoantipyrine. The Schiff base metal complexes of 4-aminoantipyrine and its
derivatives possess various applications in biological, clinical, analytical, and pharmaceutical areas
(Donia & EI-Saied, 1988; Maurya et al., 1992; Joseph et al., 1995; Chorpra et al., 2000, Agarwal &
Singh, 2003). The increase in antibiotic resistance in our environment has become a serious health
problem. The search for new and effective antimicrobial agents that would improve the effectiveness
of the current therapeutic drugs is a challenge to scientists (Cota et al. 2019, Cotruvo, 2019; Herlan &
Brase, 2020). This review serves as a useful guide for the development of lanthanide(lll) complexes
of 4-aminoantipyrine derivatives that possess different biological activities, which can be a promising
approach towards reducing the threat of antibiotic resistant infections.

There have been review works on the transition metals complexes of antipyrine (Madhu et al., 2003),
4-aminoantipyrine derivatives (Raman et al., 2009), and its biological applications (Krishnan et al.,
2022; Sakthivel et al., 2020; Marchetti et al., 2019, Deshmukh et al., 2015), transition and lanthanide
metal complexes of Schiff bases derived from salicylidene-4-aminoantipyrine and its biological
applications (Ebosie et al., 2021) (Table 2). Agarwal et al. (2012, 2013) reviewed all their research
work on lanthanide(lll) complexes formed with Schiff bases derived from 4-aminoantipyrine and their
properties. The present review constitutes the various lanthanide(lll) complexes of 4-aminoantipyrine
Schiff base derivatives synthesized over the years and some of their antimicrobial applications.

Table 2. Reviews on biological applications of Schiff bases derived from 4-aminoantipyrine and its

derivatives.
Biological applications Title References
Antibacterial and Transition Metal Complexes of 4-Aminoantipyrine Krishnan et al., (2022)
antifugal agents Derivatives and Their Antimicrobial Applications.
Antibacterial, antifungal,  Biological and Analytical Applications of Schiff Base Metal Ebosie et al., (2021)
anticancer. DNA binding Complexes Derived from Salicylidene-4-aminoantipyrine and
and cleavage agents Its Derivatives: A Review.
General biological Recent Advances in Schiff Base Metals Complexes Derived Sakthivel et al., (2020)
application from 4-Aminoantipyrine Derivatives and Their Potential

Applications

General biological 4-Aminoantipyrine: A Significant Tool for the Synthesis of Deshmukh et al., (2015)
application Biologically Active Schiff Bases and Metal Complexes

Antibacterial, antifungal, = Coordination Chemistry of Pyrazolone-Based Ligands and Marchetti et al., (2019)
anticancer agents Applications of Their Metal Complexes

Lanthanide(lll) complexes of 4-aminoantipyrine

This review reveals that both the amino nitrogen atom and the carbonyl oxygen of
4-aminoantipyrine are susceptible to certain reactions, allowing for the synthesis of diverse derivatives
by the introduction of appropriate functional groups at that site. 4-Aminoantipyrine functions as either
a uni dentate or bidentate ligand by coordinating through the amino nitrogen atom, the carbonyl
oxygen atom, or both. The derivatives of 4-aminoantipyrine encompass uni dentate and multidentate
ligands. The lanthanides can form stable and characterizable complexes with 4-aminoantipyrine and
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its derivatives, and numerous such complexes are known. This section presents several derivatives
of 4-aminantipyrine Schiff bases and its lanthanide(lll) complexes (Table 3).

Novel compounds of lanthanide(lll) perchlorates, nitrates and thiocyanates of 4-aminoantipyrine
(AAP) were obtained and characterized by Chacko et al. (1975,1976), Nair and Chacko (1978). The
general formula [Ln(AAP).]J(CIO,),, [Ln(AAP),(NO,).] and [Ln(AAP),(SCN),].4H,0O were assigned to
the nitrate and perchlorate complexes respectively where Ln represents La, Pr, Nd, Sm, Gd, Dy or Y.
4-Aminoantipyrine acted as a unidentate ligand by coordinating to the lanthanide ions through the
carbonyl oxygen only.

John and Radhakrishnan (1978) prepared yttrium and lanthanide(lll) iodide complexes of
4-aminoantipyrine (AAP). They were characterized using spectroscopic methods. The synthesized
complexes exhibited the general composition [Ln(AAP),L]I, with Ln representing La, Pr, Sm, Nd, and
Gd, and [Ln(AAP),l.] where Ln can be Y or Dy. The ligand, 4-aminoantipyrine (AAP), is described as
a neutral monodentate ligand coordinating via the carbonyl oxygen atom. In the complexes of La, Pr,
Nd, Sm, and Gd. Only one of the iodides was uncoordinated and acted as an outer sphere ligand.
Thermal analyses were conducted to determine the stability of the complexes.

Agarwal (1978) reported the synthesis and characterization of lanthanide(lll) chloride complexes of
4-[(N-benzoyl)aminoantipyrine]. The ligand, coordinated bidentately to the metal ion via the oxygen
atoms. The lanthanide ions were assigned a coordination number of seven. Agarwal et al. (1978) also
investigated the lanthanide(lll) iodide complexes of 4[N-(benzalidene)amine]antipyrine. Similarly,
Agarwal (1978, 1991, 1992) prepared and characterized lanthanide(lll) nitrates, thiocyanates,
and perchlorate complexes of 4-(N-acetyl)aminoantipyrine using various spectral and analytical
techniques.

Shankaretal. (1986) synthesized lanthanide(lll) nitrate complexes of acetylacetone-4-aminoantipyrine
(AAP), derived from acetylacetone and 4-aminoantipyrine. The resultant Schiff base ligand and its
lanthanide(lll) complexes were analysed with several spectro-analytical techniques. The complexes
possess a general formula of [Ln(AAP),](NO,), where Ln may be Pr, Nd, Sm, Gd, Dy, or Y. The ligand
AAP functions as a neutral tridentate ligand, coordinating via the azomethine nitrogen atom, carbonyl
oxygen atom, and hydroxyl oxygen atom. The nitrate ions did not coordinate with the metal ion but
remained ionic. The lanthanide ion in the complexes was assigned a coordination number of six

Sarivastava et al. (1989) synthesized and characterized a series of lanthanide(lll) chlorides and
bromides of 4-(N-acetyl)aminoantipyrine (NAAA). The ligand, 4-(N-acetyl)aminoantipyrine, was
synthesized through the acetylation of 4-aminoantipyrine. It functioned as a bidentate ligand,
coordinating to the lanthanide(lIl) ion via the oxygen atoms, thus creating a seven-membered chelate
ring. The complexes possessed the general formula, Ln(NAAA),X,, where Ln represented La, Ce,
Pr, Nd, Sm, Gd, Tb, Dy, Ho, or Yb, and X denoted CI- or Br. The lanthanide(lll) ions were assigned a
coordination number of seven.

Radhakrishnan and Indrasenan (1989) synthesized eighteen novel complexes of lanthanide(lll)
perchlorates and nitrates with the Schiff base, 4-(pyridine-3/-carboxalidene)aminoantipyrine
(P3CAAP) (Figure 2), which was derived from pyridine-3'-carboxaldehyde and 4-aminoantipyrine.
The complexes have the usual formulas, [Ln(P3CAAP),](CIO,), and [Ln(P3CAAP),(NO,).] where Ln
represented La, Pr, Nd, Sm, Eu, Gd, Tb, Dy, or Y. They were characterized through various spectro-
analytical techniques. The Schiff base, P3CAAP, functioned as a terdentate ligand with potential
coordination sites at the azomethine nitrogen atom, carbonyl oxygen atom, and pyridine nitrogen
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atom. The perchlorate ion was not coordinated to the metal ion but remains ionic, while the nitrate
ion was coordinated to the metal ion in a unidentate manner. The metal ions of the nitrate and
perchlorate complexes were assigned coordination numbers of seven and eight, respectively.

e
ch’ N ‘N

| Figure 2. Structure of 4-(pyridine-3’/-carboxalidene)aminoantipyrine.

Lanthanide(lll) nitrate and perchlorate complexes of the Schiff base, 4-(pyridine-2-carboxalidene)
aminoantipyrine (P2CAAP) synthesized from pyridine-2-carboxaldehyde and 4-aminoanti pyrine
were reported by Radhakrishnan and Indrasenan (1990). The complexes were reported to possess
the general formulas, [Ln(P2CAAP).](CIO,), and [Ln(P2CAAP).(NO,),] with Ln representing La, Pr,
Nd, Sm, Eu, Gd, Tb, Dy, or Y. The ligand, 4-(pyridine-2'-carboxalidene)aminoantipyrine (P2CAAP),
was reported to function as a bidentate ligand, cordinating to the metal ion via the azomethine
nitrogen atom and the carbonyl oxygen atom of the pyrazolone moiety. The perchlorate ions retained
their ionic nature, but the nitrate ions were coordinated in a unidentate fashion. The metal ions were
assigned a coordination number of nine.

Rajendran and Sreeletha (2001) investigated the coordination behavior of the Schiff base, 4-(pyridine-
2'-carboxalidene)aminoantipyrine (P2CAAP), in the presence of oxygen donor ligands such as
dimethylsulphoxide (DMSO). The complexes were determined to have the composition [Ln(P2CAAP)
(DMSO)](NQ,).], where Ln represented La, Pr, Nd, Sm, Gd, or Dy. In these complexes, the principal
ligand, P2CAAP, functioned as a neutral bidentate ligand coordinating through the carbonyl oxygen,
azomethine nitrogen, and pyridine nitrogen, while the secondary ligands, DMSO and the monovalent
nitrate anion, coordinated in a uni dentate fashion to produce adduct compounds.

Agarwal and Agarwal (1995) prepared a series of lanthanide(lll) nitrate, isothiocyanate, and perchlorate
complexes of the Schiff base, 4[(N-cinnamalidene)amino]antipyrine (CAAP), derived from the reaction
of cinnamaldehyde with 4-aminoantipyrine (Figure 3). The lanthanide(lll) complexes were analyzed
via physicochemical methods. The complexes exhibited a general composition of Ln(CAAP),(NG,),,
Ln(CAAP) (NCS), and Ln(CAAP),(CIO,),. The Schiff base, 4[(N-cinnamalidene)amino]antipyrine
(CAAP), functioned as a bidentate (N, O) ligand by coordinating via the carbonyl oxygen and azomethine
nitrogen. The nitrate ions possessed a non-ionic character and are located within the coordination sphere.
It exhibited a bidentate character with a coordination number of ten (Figure 4). The non-electrolytic
characteristic of the isothiocyanato indicated that its ions were coordinated to the lanthanide ion. Nd, Sm,
Gd, Tb, and Dy and a coordination number of nine was assigned to them (Figure 5A), whereas La and
Pr were allocated a coordination number of seven (Figure 5B). This was due to the increase in the ionic
potential of the lanthanide during the period which results in a stronger attraction of ligands by the heavier
lanthanides. All three perchlorate ions were located outside the coordination sphere. All its complexes
were assigned a coordination number of eight (Figure 6).
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| Figure 3. Structure of 4[(N-cinnamalidene)-amino]antipyrine (CAAP).

| Figure 4. Proposed structure of Ln(CAAP),(NO,),

NCS

I/

(N
e

A B

Figure 5. Structure of the isothiocyanate complexes, Ln(CAAP)
JNCS), for Nd, Sm, Gd, Tb or Dy (A) and for La and Pr (B).
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| Figure 6. Structure of perchlorate complexes, Ln(CAAP),(CIO,),

Seven novel lanthanide(lll) nitrate complexes of the Schiff base, 4-[N-(2-methoxybenzylimine) formyl]-
2,3-dimethyl-1-phenyl-3-pyrazolin-5-one (2MBFA) derived from 2-methoxybenzylamine and antipyrine-4-
carboxaldehyde (Figure 7), were prepared by Rijulal and Indrasenan (1995). The prepared compounds
were characterized by spectroscopic and analytical techniques. The Schiff base, 2MBFA, acted as
a neutral bidentate ligand, coordinating to the metal ions via the carbonyl oxygen and azomethine
nitrogen in the complexes. The lanthanide(lll) complexes were assigned a coordination number of
seven. The lanthanide(lll) complexes have a monocapped octahedral geometry and general formula,
[Ln(2MBFA),(NO,).], where Ln may represent La, Pr, Nd, Sm, Gd, Dy, or Y. The nitrate ions in these
complexes are coordinated in a uni dentate manner to the lanthanide ions (Figure 8).

HsCO

—

HaC )ﬁ"‘/\@
N
—
HiC™ Ny (o}

Figure 7. Structure of the Schiff base ligand, 4-[N-(2-methoxyben-
zylimine)formyl]-2,3-dimethyl-1-phenyl-3-pyrazolin-5-one (2MBFA).

| Figure 8. Proposed structure of the lanthanide(lll) nitrate complexes.
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Abid (2013) prepared the Schiff base, 4-tert-but-2,6-diformylphenolbis(4-aminoantipyrine) (HIL),
by reacting 2,6-diformyl-4-ter-butylphenol with 4-aminoantipyrine (Figure 9), along with its La(lll),
Ce(lll), and Gd(lll) complexes (Figure 10). The complexes were analyzed using spectro-analytical
techniques. The complexes were designated a coordination number of seven. The Schiff base acted
as a pentadentate donor ligand, coordinating two chloride ions to the lanthanide ion. The complexes
had a general formula of [LnL'CL].

N

CH3
CHjy
H
CH3
OH N P
H3C—N N—CHgs
\ /

H
H;C
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N N

| Figure 9. Structure of the ligand, L'H.
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Figure 10. Structure of lanthanide(lll) complexes, [LnL/Cl,], where Ln
can be La, Ce or Gd.

A novel series of yttrium and lanthanide(lll) iodide, perchlorate, and nitrate complexes of the Schiff
base, 1,2-(diimino-4’-antipyrinyl)ethane (GA) (Figure 11), derived from glyoxal and 4-aminoantipyrine,
were synthesized and characterized by Nair and Radhakrishnan (1995, 1995, 1996). The complexes
were assigned a general formula of [Ln(GA),(CIO,)](CIO,), and [Ln(GA),(NO,),] respectively, where
Ln could be Y, La, Pr, Nd, Sm, Eu, Gd, Dy, Ho, and Er. The Schiff base, GA, acted as a neutral
tetradentate ligand, coordinating through the carbonyl oxygen atoms and both azomethine nitrogen
atoms, leading to the formation of a five-membered ring that significantly enhances the stability of the
complexes. The iodide and perchlorate complexes were allocated a coordination number of nine, but
the nitrate complexes had a coordination number of eleven.
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| Figure 11. Structure of 1,2-(diimino-4/-antipyrinyl)ethane (GA).

Yu et al. (2002) reported six new lanthanide(lll) nitrate complexes of Schiff bases synthesized from
2,6-diformylpyridine-N-oxide and 4-aminoantipyrine. The complexes possessed a general formula of
LnL(NO,),, where Ln may represent La, Pr, Eu, Tb, Er, or Y.

Harraf et al. (2024) prepared and characterized promethium(lll), samarium(lll), gadolinium(lll),
dysprosium(lll), and holmium(lll) complexes of the Schiff base, (L) derived from 4-aminoantipyrine
and 5-bromosalicylaldehyde. The x-ray analysis revealed that all the crystals exhibited isomorphism.
All synthesized compounds were nine-coordinated. Their geometries were classified as distorted
tricapped trigonal prisms. The emission spectra indicated that the peak intensities vary. The emission
spectrum alters as the lanthanide ions change.

Table 3. Lanthanide(lll) complexes of 4-aminoantipyrine and its derivatives.

Schiff Base Constituents Anion Lanthanides CN Formula Ref.
erchlorates, Ln(AAP) (CIO Chako et al. (1975,
4-ami tipyri p't t d La, Pr,Nd, Sm, LS 1976), Nai 8fCh k
-aminoantipyrine nllra es an Gd, Dy, Y [Ln(AAP)S(NO3)3] ), Nair ako
thiocyanates N(AAP),(SCN),].4H,0 (1978)
) L. L La, Pr, Sm, Nd, [Ln(AAP),L]I John & adhakrishnan
4-aminoantipyrine iodide
Gd, Y, Dy [Ln(AAP),L] (1978)
4-[(N-benzoyl)amino- )
. . chloride 7 Agarwal (1978)
antipyrine.
4-[(N-benzalidene) o
i . iodide Agarwal et al. (1978)
amine] antipyrine.
. nitrate, thio-
4-(N-acetyl)aminoan- Agarwal (1978, 1991,
. . cyanates,
tipyrine 1992)

perchlorate

Acetylacetone-4-

i i ) 4-aminoantipyrine . Pr, Nd, Sm, Gd,
aminoantipyrine nitrate 6 [Ln(AAP),](NO.,). Shankar et al. (1986)
and acetylacetone Dy, Y 2 3%
(AAP)
. La, Pr, Nd, Sm,
4-(N-acetyl)aminoan- perchlorates, Eu Gd Tb 78 Ln(NAAA), X, Radhakrishnan &
u, , 10, )
tipyrine (NAAA) nitrates Dy Y Indrasenan (1986)
Y,

4-(pyridine-3/-carbox- 4-aminoantipyrine  chloride, bro-  La, Ce, Pr, Nd, )
[Ln(P3CAAP),I(CIO,), Sarivastava et al.

alidene) aminoanti- and pyridine-3'-car  mide Sm, Gd, Tb, Dy, 7
[Ln(P3CAAP),(NO,),] (1986)

pyrine (P3CAAP) boxaldehyde, Ho, Yb
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Schiff Base Constituents Anion Lanthanides CN Formula Ref.
4-(pyridine-2'-car- 4-aminoantipyrine La, Pr, Nd, Sm, )
. ) o nitrate, per- Ln(P2CAAP).|(CIO,), Radhakrishnan &
boxalidene) aminoan- and pyridine-2--car- Eu, Gd, Tb, 9
. ) chlorate [Ln(P2CAAP),(NO,), Indrasenan (1990)
tipyrine (P2CAAP) boxaldehyde Dy, Y
4-(pyridine-2'-carbox- ) o
A . ] 4-aminoantipyrine, .
alidene) aminoanti- Rajendran & Sreeletha
) ) pyridine-2/-carbox ) La, Pr, Nd, Sm, Ln(P2CAAP)(DMSO)]
pyrine (P2CAAP) with nitrate (2001)
N ) aldehyde and Gd, Dy (NO,),
dimethylsulphoxide ) )
dimethylsulphoxide
(DMSO)
4[(N-cinnamalidene)- 4-aminoantipyrine nitrate, isothio- 10, Ln(CAAP),(NO,),
. ) ) . Nd, Sm, Gd, Agarwal & Agarwal
amino] antipyrine and cinnamalde- cyanates and 5 D 7,9, Ln(CAAP) (NCS), )
(CAAP) hyde perchlorate Y 8 Ln(CAAP),(CIO,),.
4-[N-(2-
L 2-methoxybenzyl-
methoxybenzylimine) ) ) .
. ami ne and anti- ) La, Pr, Nd, Sm, Rijulal & Indrasenan
formyl]-2,3-dimethyl- ) nitrate 7 Ln(2MFA),(NO,),
! pyrine-4- carboxal- Gd, Dy, Y (1995)
1-phenyl-3-pyrazolin-
dehyde
5-one (2MBFA)
4-tert-but-2,6-di- ) L
) 4-aminoantipyrine
formylphenolbis ) ) )
) ) . and 2,6-diformyl-4-  chloride La, Ce, Gd 7 LnL/CI2 Abid (2013)
(4-aminoantipyrine)
ter-butylphenol
(HIL)
1,2-(diimino-4’-anti- ) o iodide, per- Y, La, Pr, Nd, Ln(GA), Il . .
inyl)eth (GA) 4-aminoantipyrine hiorate and Sm Eu. Gd. D Nair & Radhakrishnan
rinyl)ethane chlorate an m, Eu, Gd, Dy,
pyriny and glyoxal at o & ¥ 44 ILn(GA),(CIONICIO,), (1995, 1995, 1996)
nitrate 0, Ef, and [Ln(GA),(NO,).]
2,6-diformylpyri- 4-aminoantipyrine
. .y Py . P La, Pr, Eu, Tb,
dine-N-oxide with and 2,6-diformylpyri nitrate Er Yy LnL(NO,), Yu et al. (2002)
r,

4-aminoantipyrine dine-N-oxide

Lanthanide(lll) complexes of 4-N-(2/-furfurylidene)

aminoantipyrine and its derivatives

The Schiffbaseligand, 4-N-(2-furfurylidene)aminoantipyrine (FAA)was derived from4-aminoantipyrine
and furfural. It forms mixed Schiff base ligand with benzaldehyde (Teran et al., 2019), 2-aminobenzo
thiazole (Leelavathy and Anthony, 2013) and o-phenylenediamine (Suresh and Prakash, 2011). FAA
coordinates to metal ions to form stable complexes. There are few reports on the lanthanide(lIl)
complexes of the Schiff base, FAA (Table 4).

Vinodkumar and Radkrishnan (1997) developed and characterized yttrium and lanthanide(lll)
perchlorate complexes of 4-N-(2-furfurylidene)aminoantipyrine (FAA), derived from furfural and
4-aminoantipyrine (Figure 12). The complexes possessed the general formula, [Ln(FAA),(CIO,),]
ClO,, where Ln could be Y, La, Pr, Nd, Sm, Gd, Eu, Dy, Ho, or Er. The ligand, FAA, acted as a
neutral tridentate ligand by coordinating through the carbonyl oxygen atom, the azomethine nitrogen
atom, and the oxygen atom of the furan ring. Two perchlorate ions coordinated with the metal
ion in a unidentate fashion, while the third ion remained ionic (Figure 13). The metal ion in these
complexes was assigned a coordination number of eleven, enabling it to adopt the geometry of
an octadecahedron or its distorted form determined by steric requirements. The thermal analysis
indicated that the complexes remained stable up to 150°C and underwent decomposition in two
phases prior to the formation of the corresponding metal chlorides.
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Figure 12. Structure of the ligand, 4-N-(2/-furfurylidene)aminoantipy-
rine (FAA).
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Figure 13. Structure of the complexes where Ln can be Y, La, Pr, Nd,
Sm, Eu, Gd, Dy, Ho and Er.
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Vinodkumar et al. (2000) elucidated the mechanism and kinetics of thermal decomposition of
lanthanide(lll) nitrate complexes of the Schiff base, 4-N-(2-furfurylidene)aminoantipyrine (FAA),
employing thermogravimetric and derivative thermogravimetric techniques. The synthesized
complexes were characterized by spectroanalytical techniques. The complexes were assigned the
general formula [Ln(FAA)(NO,),INO,, where Ln represented La, Pr, Nd, Sm, Eu, Gd, Dy, Ho, and
Er. The metal ions in the complexes were assigned a coordination number of seven. The kinetic
parameters and mechanism of the thermal decomposition were derived using the Coats-Redfern
equation. The activation energy suggested that the metal-ligand bond was notably weak, while
the negative entropy of activation indicated that the activated complex possessed a more ordered
structure than the corresponding reactants. No definite trend was observed in the values of activation
energy and activation entropy.

A collection of lanthanide nitrate, perchlorate, and isothiocyanate complexes of 4-[(N-furfural) amino]
antipyrine (FFAP), synthesized through the reaction of furfural with 4-aminoantipyrine (Figure 14), were
prepared and characterized by Agarwal et al. (1996); Agarwal and Agarwal (2001). The complexes
exhibited a general composition of Ln(FFAP) X,, where Ln represented La, Pr, Nd, Sm, Gd, Tb, or Dy,
and X could be NO,, n=2;NCS",n=2 or 3; X=CIO,, n = 4. The ligand, FFAP acted as a bidentate
ligand. A coordination number of ten was proposed for all lanthanide ions in the nitrate complexes,
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[Ln(FFAP),(NO,),], (Figure 15) suggestive of a decahedron or bicapped square antiprism geometry
for each of the compounds. For the isothiocyanate complexes, [Ln(FFAP).(NCS),], a coordination
number of seven was proposed for La and Pr (Figure 16), indicative of pentagonal bipyramidal,
capped trigonal prism, or capped octahedral geometry, while a coordination number of nine was
assigned to Nd, Sm, Gd, Tb, or Dy (Figure 17), indicative of nonadecahedral or tricapped trigonal
prism geometry. For the perchlorate complexes, [Ln(FFAP),](CIO,), (Figure 18), a coordination
number of eight was proposed indicating square antiprism, dodecahedral, or cubic geometry.

Figure 14. Structure of the ligand 4-[(N-furfural)amino]antipyrine,
FFAP.

\\//”9

/
O/ \\o

Figure 15. Lanthanide(lll) nitrato complexes of FFAP, [Ln(F-
FAP),(NO,),] where Ln could be La, Pr, Nd, Sm, Gd, Tb or Dy.
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Figure 16. Lanthanide(lll) isothiocyanato complexes of FFAP [Ln(F-
FAP),(NCS),] where Ln can be La or Pr.
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Figure 17. Lanthanide(lll) isothiocyanato complexes of FFAP, [Ln(F-
FAP),(NCS),] where Ln can be Nd, Sm, Gd, Tb or Dy.
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Figure 18. Lanthanide(lll) perchlorate complexes of FFAP, [Ln(F-
FAP),1(CIO,), where Ln can be La, Pr, Nd, Sm, Gd, Tb or Dy.

Agarwal et al. (2004) obtained and characterized the lanthanide(lll) chloride complexes of the Schiff
base, 4[N-(furfural)amino]antipyrine (FDPPO). The ligand FDPPO functioned as a bidentate ligand,
coordinating through the azomethine nitrogen atom and carbonyl oxygen to form a five-membered
chelate ring. It had a composition of [Ln(FDPPO),CL], where Ln could be La, Pr, Nd, Sm, Gd, Tb,
Dy, or Ho (Figure 19). The chloride ions were ionic in nature and placed within the inner coordination
sphere. The complexes were assigned a coordination number of seven.

N/
C//\)

Figure 19. Proposed structure of [Ln(FDPPO),Cl,] where Ln could be
La, Pr, Nd, Sm, Gd, Tb, Dy or Ho.

Lanthanide(lll) complexes of 4-N-(2’-
thienylideneaminoantipyrine) and its derivatives

4-N-(2-thienylideneaminoantipyrine) (TAA) is a Schiff base prepared from the condensation reaction
of 4-aminoantipyrine and thiophene-2-carboxaldehyde. 4-N-(2-thienylideneaminoantipyrine (TAA)
coordinates to metal ions using its sulphur, oxygen and nitrogen atoms thereby forming stable
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complexes with interesting physicochemical properties and biological activity (Rahim et al, 2015). Very
few lanthanide(lll) complexes of the Schiff base, TAA, are known (Table 5).

Vinodkumar and Radhakrishnan (1996,1997) documented the synthesis and characterization of
lanthanide(lll) perchlorate complexes of the Schiff base, 4-N-(2-thienylideneaminoantipyrine) (TAA)
derived from thiophene-2-carboxaldehyde and 4-aminoantipyrine (Figure 20), using spectroanalytical
techniques. The proposed formula for the complexes was [Ln(TAA),(CIO,)](CIO,), where Ln may be
Y, La, Pr, Nd, Sm, Eu, Gd, Dy, Ho, or Er (Figure 21). The ligand, 4-N-(2’-thienylideneaminoantipyrine)
(TAA) functioned as a neutral tridentate ligand by coordinating through the carbonyl oxygen,
azomethine nitrogen, and the sulfur of the thiophene ring. Two perchlorate ions were ionic, while
the third coordinated monodentately to the metal center. The metal ion in these complexes was
assigned a coordination number of ten. The compounds exhibited stability up to 180°C and underwent
decomposition in two phases, yielding the corresponding metal halide.

H
C
CeHs

Figure 20. Structure of the Schiff base, 4-N-(2/-thienylideneaminoan-

tipyrine) (TAA).
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Figure 21. Tentative structure of the complexes where X is CIO, and
Ln could be Y, La, Pr, Nd, Sm, Eu, Gd, Dy, Ho or Er.

They also went further to develop and characterize lanthanide and yttrium perchlorate complexes of
the Schiff base, 4-N-(5-nitro-2/-thienylidene)aminoantipyrine (NTAAP), derived from 5-nitrothiophene-
2-carboxaldehyde and 4-aminoantipyrine using spectroscopic methods (Figure 22) (Vinodkumar and
Radhakrishnan, 1997). The complexes possessed the composition [Ln(NTAAP),(CIO,),]CIO,, where
Ln may be Y, La, Pr, Nd, Sm, Eu, Gd, Dy, Ho, or Er (Figure 23). The Schiff base, 4-N-(5"-nitro-2'-
thienylidene)aminoantipyrine (NTAAP) acted as a neutral tridentate ligand coordinating through the
azomethine nitrogen atom, carbonyl oxygen atom, and sulphur atom of the thiophene ring. Two
perchlorate ions coordinate with the metal ion in a monodentate manner, while the third is ionic. The
compounds exhibited thermal stability up to 110 °C and underwent decomposition in two phases.
The metal ions in the complexes were assigned a coordination number of eight.
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Figure 22. Structure of the Schiff base, 4-N-(5/-nitro-2/-thienylidene)amino-
antipyrine (NTAAP).
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Figure 23. Tentative structure of the complexes where X is CIO, and
Ln could be Y, La, Pr, Nd, Sm, Eu, Gd, Dy, Ho or Er.

Table 4. Lanthanide(lll) complexes of 4-N-(2/-furfurylidene)aminoantipyrine and its derivatives.

Schiff Base Constituents Anion Lanthanides CN Formula Ref.
4-N-(2'-furfurylidene) 4-aminoantipyrine  perchlorate Y, La, Pr, Nd, 1 [Ln(FAA),(CIO,),] Vinokumar and
amino antipyrine and furan-2- Sm, Gd, Eu, Dy, Clo, Radhakrishnan
(FAA) carboxaldehyde Ho, Er (1997)
4-N-(2/-furfurylidene)  4-aminoantipyrine nitrate La, Pr,Nd, Sm, 7 [Ln(FAA)(NO,),INO,  Vinokumar et
amino antipyrine and furan-2- Eu, Gd, Dy, al. (2000)
(FAA) carboxaldehyde Ho, Er
4-[(N-furfural)amino]  4-aminoantipyrine nitrate, per- La, Pr,Nd, Sm, 10, [Ln(FFAP),(NO,).] Agarwal
antipyrine (FFAP) and furfural chlorate and Gd, Tb, Dy [Ln(FFAP),(NCS),] (1978), Agarwal
isothiocyanate [Ln(FFAP)A](CIO4)3 & Agarwal
(2001)
4[N-(furfural)amino] 4-aminoantipyrine chloride La, Pr,Nd, Sm, 7 [Ln(FDPPO),CL] Agarwal et al.
antipyrine (FDPPO) and furfural Gd, Tb, Dy, Ho (2004)

Table 5. Lanthanide(lll) complexes of 4-N-(2/-thienylidene)aminoantipyrine and its derivatives.

Schiff Base Constituents Anion Lanthanides CN Formula Ref.

4-N-(2- 4-aminoantipyrine perchlorate Y, La,Pr,Nd, 10  [Ln(TAA),(CIO,)|(CIO,), Vinokumar and
thienylidene) and thiophene-2- Sm, Gd, Eu, Radhakrishnan
amino antipyrine  carboxalde hyde Dy, Ho, Er (1996, 1997)
(TAA)

4-N-(5"-nitro-2/- 4-aminoantipyrine perchlorate Y, La, Pr,Nd, 8 [Ln(NTAAP),(CIO,),] Vinokumar and
thienylidene) and 5-nitrothiophene- Sm, Eu, Gd, Clo, Radhakrishnan
aminoantipyrine  2-carbox aldehyde Dy, Ho, Er (1997)

(NTAAP)
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Lanthanide(lll) complexes of 4-N-(4/-antipyrylmethylidene)
aminoantipyrine and its derivatives

4-N-(4"-antipyrylmethylidene)aminoantipyrine (AA) is a Schiff base derived from 4-aminoantipyrine
and 4-antipyrinecarboxaldehyde (4-formylantipyrine). The structure of AA consists of two pyrazolone
rings, carbonyl oxygen donor atoms and imine nitrogen donor atom. AA forms stable complexes with
lanthanides (Table 6). There should be further studies on its biomedical potential.

Radhakrishna (1992) prepared lanthanide(lll) nitrate complexes of the Schiff base, 4-N-(4-
antipyrylmethylidene)aminoantipyrine (AA) The synthesized compounds were analyzed using
spectroscopic techniques. The ligand, 4-N-(4’-antipyrylmethylidene)aminoantipyrine (AA) acts
as a neutral tridentate ligand in all complexes, coordinating via the oxygen of both carbonyl
groups and the nitrogen of the azomethine group. Two nitrate ions were reported to coordinate in
a monodentate fashion, while the remaining nitrate remained uncoordinated. The lanthanide ion
in the complexes was assigned a coordination number of eight. Yttrium and lanthanide(lll) nitrate
complexes of the Schiff base, 4-N-(4’-antipyrylmethylidene)aminoantipyrine (AA), derived from
4-antipyrinecarboxyaldehyde and 4-amino antipyrine, were characterized by Muraleedharan
Nair and Radhakrishnan (1993). The complexes possess the composition, [Ln(AA),(NO,),INO,,
where Ln could be Y, La, Pr, Nd, Sm, Eu, Gd, Dy, Ho, or Er. The Schiff base, AA, acted as a
tridentate ligand by coordinating through the oxygen of the carbonyl groups and the azomethine
nitrogen. Only two nitrate ions were coordinated to the central metal ion in a monodentate fashion,
while the third remained uncoordinated. The thermal analysis indicated that the complexes can
maintain stabiity up to 220 °C. The coordination number of [Nd(AA),(NO,),INO, was designated
as eight.

Muraleedharan Nair and Radhakrishnan (1995) obtained and characterized twenty novel chloride
and bromide complexes of yttrium and lanthanides of the Schiff base, 4-N-(4’-antipyrylmethylidene)
aminoantipyrine (AA) The complexes possessed the general formulae [Ln(AA),Cl.] and [Ln(AA),Br,]
Br, where Ln represented Y, La, Pr, Nd, Sm, Eu, Gd, Dy, Ho, and Er. The Schiff base acted as a
terdentate ligand, coordinating via the oxygen atom of the carbonyl groups and the azomethine
nitrogen.

Muraleedharan Nair and Radhakrishnan (1995) synthesized yttrium and lanthanide(lll) iodide
complexes of the Schiff base, 4-N-(4-antipyrylmethylidene)aminoantipyrine (AA) obtained from
4-aminoantipyrine and 4-antipyrinecarboxyaldehyde (Figure 24) They were characterized using
spectroscopic techniques. The complexes possessed the general formula [Ln(AA),I]l,, where Ln
may be Y, La, Pr, Nd, Sm, Eu, Gd, Dy, Ho, or Er. The Schiff base, 4-N-(4’-antipyrylmethylidene)
aminoantipyrine (AA), acted as a neutral tridentate ligand, coordinating via the oxygen atoms of
the carbonyl groups and the azomethine nitrogen atom. Only one iodide ion coordinated with the
metal ion, while the other two remained ionic. The metal ion was assigned a coordination humber
of seven.
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Figure 24. Structure of the ligand, 4-N-(4/-antipyrylmethylidene)ami-
noantipyrine (AA).

Muraleedharan Nair and Radhakrishnan (1996) obtained and characterized rare earth perchlorate
complexes of the Schiff base, 4-N-(4'-antipyrylmethylidene)aminoantipyrine (AA), by spectroscopic
and analytical techniques. The perchlorate complexes exhibited a general formula of [Ln(AA),CIO,]
(CIO,), where Ln represented La, Pr, Nd, Sm, or Eu, and [Ln(AA),](CIO,),, where Ln denoted Gd,
Dy, Ho, Er, or Y. Perchlorate ions were observed to coordinate in a monodentate fashion solely in the
light rare earths, whi[e remaining uncoordinated outside the coordination sphere in the heavy rare
earth. The ligand, AA, functioned as a neutral terdentate ligand coordinating through the azomethine
nitrogen and carbonyl oxygen atoms, leading to the formation of two chelate rings: one five-membered
and one six-membered, which provided additional stability to the complexes. The light lanthanides,
comprising of La, Pr, Nd, Sm, and Eu, were assigned a coordination number of seven, while the
heavy lanthanide complexes, including Gd, Dy, Ho, Er, and Y, were assigned a coordination number
of nine.

Muraleedharan Nair and Radhakrishnan (1997) subsequently studied the thermal decomposition,
mechanism and kinetics of lanthanide(lll) perchlorate complexes of the Schiff base, 4-N-(4-
antipyrylmethyl idene)aminoantipyrine (AA). The complexes were previously characterized by
analytical and spectroscopic methods. They exhibited the general formula [Ln(AA),(CIO,)](CIO,),
where Ln represented La, Pr, Nd, Sm, or Eu, and, [Ln(AA),](CIO,), where Ln denoted Gd, Dy, Ho, or
Er. The perchlorate complexes of light lanthanides, namely La, Pr, Nd, Sm, and Eu exhibited greater
thermal stability than the corresponding heavy lanthanides, specifically Gd, Dy, Ho, and Er. This
phenomenon can be ascribed to steric strain due to the presence of three bulky ligand molecules in
the heavy lanthanides and two ligand molecules in the light lanthanides. The presence of the steric
strain led to lesser thermal stability in the heavy lanthanides.

They also went further to study the thermal decomposition of lanthanum complexes with perchlorate,
nitrate, chloride, bromide, and iodide of the Schiff base 4-N-(4/-antipyrylmethylidene)amino antipyrine
(AA) using TG and DTG techniques (Muraleedharan Nair & Radhakrishnan, 1995). The complexes
were analyzed via spectroscopic techniques. The complexes possessed the following formulas:
[La(AA),(CIO,)I(CIO,),, [La(AA),(NO,),I(NO,), [La(AA),CL], [La(AA)Br,]Br and [La(AA)Il,. The
Schiff base, 4-N-(4’-antipyrylmethylidene)aminoantipyrine (AA), acted as a neutral terdentate ligand,
coordinating via both the carbonyl oxygen and the azomethine nitrogen, resulting in the formation of
two ring systems (a five-membered ring and a six-membered ring). Thermal analysis revealed that
the breakdown characteristics depends on the anion present. The halide complexes exhibited lesser
thermal stability compared to perchlorate and nitrate complexes. The order of reduction, increase
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in the size of the halide ions and steric strain on the central atom followed the sequence: chloride
> bromide > iodide. The thermal stability of the lanthanum complexes was as follows: perchlorate =
nitrate > chloride > bromide > iodide.

Lanthanide(lll) complexes of 4-N-(2/-hydroxy-1/-

naphthylidene) aminoantipyrine and its derivatives

4-N-(2-hydroxy-1-naphthylidene)aminoantipyrine (HNAAP) is a Schiff base derived from the reaction
of 4-aminoantipyrine with 2-hydroxy-1-naphthaldehyde. The Schiff base ligand, HNAAP consists of
pyrazolone ring, naphthalene ring, hydroxyl group and azomethine group. Its reaction with metal ions
gave rise to complexes with enhanced biological properties (Table 7), Studies have shown that HNAAP
exhibited significant antibacterial and antifungal activity (Guo et al.,2007; Al-labban et al., 2019).

Radhakrishnan (1985) obtained a series of lanthanide(lll) nitrate complexes of 4-N-(2'-hydroxy-
1-naphthylidene)aminoantipyrine (HNAAP). These complexes were analyzed by spectroscopic
techniques. The complexes possessed the general formula [Ln(HNAAP),(NO,).], with Ln
representing La, Pr, Nd, Sm, Gd, Tb, Dy, Ho, or Y. The Schiff base, 4-N-(2-hydroxy-1-naphthylidene)
aminoantipyrine (HNAAP) acted as a bidentate neutral ligand coordinating to the metal ion via the
carbonyl oxygen and azomethine nitrogen, while the nitrate group coordinated in a monodentate
fashion. The complexes had a coordination number of seven. The thermal stabilities of the complexes
were examined.

Radhakrishnan (1986) reported the synthesis and characterisation of rare earth iodide complexes
with the ligand, 4-N-(2'-hydroxy-1-naphthylidene)aminoantipyrine (HNAAP,HL). The complexes
exhibited a general composition of [LnL,I] where Ln represented Nd, Sm, Gd, Tb, Dy, Ho, or Y.
The synthesized compounds were characterized by spectroanalytical techniques. The Schiff base,
HNAAP, acts as a monovalent terdentate ligand with coordination numbers of seven in La and Pr
complexes, and a neutral bidentate ligand with coordination number of nine in Nd, Sm, Gd, Tb, Dy,
Ho, or Y complexes. Thermal analysis was conducted on the synthesized complexes.

Radhakrishnan (1986) prepared and characterized lanthanide(lll) perchlorate complexes of 4-N-(2'-
hydroxy-1/-naphthylidene)aminoantipyrine [HNAAP(HL)]. The complexes possessed the general
formula, [Ln(L),CIO,] where Ln may be La, Pr, Nd, or Sm, and [Ln(HL),](CIO,), where Ln may be Gd,
Tb, Dy, Ho, or Y. The ligand, 4-N-(2'-hydroxy-1/-naphthylidene)aminoantipyrine (HNAAP) acted as a
monovalent terdentate ligand in the perchlorate complexes of the heavier lanthanides.

Agarwal et al. (1993) developed and characterized a variety of lanthanide(lll) bromo and perchlorate
complexes of 4-N-(2-hydroxy-1-naphthylidene)aminoantipyrine (HNAAP). The complexes had a
general formula of [Ln(HNAAP) X.], where X could be Br, n =2 or CIO,;, n = 3 and Ln could be La,
Pr, Nd, Sm, Gd, Tb or Dy. The Schiff base ligand (HNAAP) acts as a bidentate ligand, coordinating
via the carbonyl oxygen and azomethine nitrogen. The lanthanide ions were assigned coordination
numbers of six and seven in the bromo and perchlorate complexes, respectively.

Radhakrishnan and Radhakrishnan (1998) obtained five complexes of La, Nd, Gd, Ho and Er
bromides with the Schiff base, 4-N-(2'-hydroxy-1-naphthylidene)aminoantipyrine (HNAAP)
(Figure 25). They were characterized using spectral and analytical methods. The complexes had
a general composition of [M(HNAAP),Br,]Br (Figure 26). The Schiff base, HNAAP, acted as a
neutral tridentate ligand coordinating to the lanthanide ions through the azomethine nitrogen
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atom, carbonyl oxygen atom and hydroxyl oxygen atom. Two of the bromide ions coordinated
to the lanthanide ions in a uni dentate manner while the remaining one was ionic. A coordination
number of eight was assigned to the lanthanide ion. Thermal analysis was also carried out to
determine the kinetic parameter.

Figure 25. Structure of 4-N-(2/-hydroxy-1/-naphthylidene)aminoanti-
pyrine (HNAAP).
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| Figure 26. Tentative structure of the complexes.

Table 6. Lanthanide(lll) complexes of 4-N-(4-antipyrylmethylidene)aminoantipyrine and its

derivatives.

Schiff Base Constituents Anion Lanthanides CN Formula Ref.

4-N-(4'- 4-aminoan- nitrate Y, La, Pr, Nd, 8 [Ln(AA),(NO,),INO, Radhakrishnan

antipyrylmethylidene) tipyrine and Sm, Eu, Gd, (1992); Nair &
. . . 4-antipyrinecarboxy- Dy, Ho, Er. Radhakrishnan

aminoantipyrine (AA) aldehyde (1993)

4-N-(4’- 4-aminoan- chloride Y, La, Pr, Nd, [Ln(AA)ZCIs] , Nair &

antipyrylmethylidene) tipyrine and and bro- Sm, Eu, Gd, [Ln(AA),Br,]Br Radhakrishnan
. S 4-antipyrinecarboxy-  mide Dy, Ho, Er. (1995)

aminoantipyrine (AA) e

4-N-(4’- 4-aminoan- iodide Y, La, Pr, Nd, 7 [Ln(AA)ZI]I2 Nair &

antipyrylmethylidene) tipyrine and Sm, Eu, Gd, Radhakrishnan
. . . 4-antipyrinecarboxy- Dy, Ho, Er. (1996)

aminoantipyrine (AA) aldehyde

4-N-(4'- 4-aminoan- perchlo- La, Pr, Nd, 7,9 [Ln(AA),CIO,)] Nair &

antipyrylmethylidene) tipyrine and rate Sm, Eu, Gd, (Clo,), Radhakrishnan
. . q 4-antipyrinecarboxy- Dy, Ho, Er. (1996)

minoan rine (AA
aminoantipyrine (AA) aldehyde
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Table 7. Lanthanide(lll) complexes of 4-N-(2-hydroxy-1-naphthylidene)aminoantipyrine and its

derivatives.
Schiff Base Constituents Anion Lanthanides CN Formula Ref.
4-N-(2'-hydroxy- 4-aminoantipyrine and  nitrate La, Pr,Nd, Sm, 7 [Ln(HNAAP),(NO,),] Radhakrishnan
1-naphthylidene) 2-hydroxynaphthalde- Gd, Tb, Dy, (1985)
aminoantipyrine ~ hyde Ho, Y
4-N-(2'-hydroxy- 4-aminoantipyrine and  iodide Nd, Sm, Gd, 7,9 [LnL,] Radhakrishnan
1-naphthylidene) 2-hydroxynaphthalde- Tb, Dy, Ho, Y (1986)
aminoantipyrine  hyde
4-N-(2'-hydroxy- 4-aminoantipyrine and  perchlorate La, Pr, Nd, Sm [Ln(L),CIO,] Radhakrishnan
1’-naphthylidene) 2-hydroxynaphthalde- , Gd, Tb, Dy, [Ln(HL),J(CIO,), (1986)
aminoantipyrine ~ hyde Ho, Y
4-N-(2'-hydroxy- 4-aminoantipyrine and  bromide La, Pr,Nd, Sm, 6,7 [Ln(HNAAP) X] Agarwal et al.
1'-naphthylidene) 2-hydroxynaphthalde-  and per- Gd, Tb, Dy (1993)
aminoantipyrine  hyde chlorate
4-N-(2'-hydroxy- 4-aminoantipyrine and  bromides  La, Nd, Gd, 8 [M(HNAAP),Br,|Br Radhakrishnan
1-naphthylidene)  2-hydroxynaphthalde- Ho, Er &
aminoantipyrine hyde Radhakrishnan
(1998)

Lanthanide(lll) complexes of benzylidene-4-
aminoantipyrine and its derivatives

A lot of Schiff bases derived from the reaction of 4-aminoantipyrine with benzaldehyde or substituted
benzaldehydes and their metal complexes have been synthesized over the years. Their bioactivities
have been reported (Erbas et al., 2025; Salah et al., (2021). But less research work has been conducted
on the bioactivity of its lanthanide(lll) complexes. In this section, various lanthanide(lll) complexes of
benzylidene-4-aminoantipyrine and its derivatives synthesized over the years are presented (Table 8).

Agarwal and Sarin (1993) reported the synthesis and characterization of lanthanide(lll) nitrates
and isothiocyanate complexes of 4-[(N-4-methoxybenzalidene)aminolantipyrine (MBAAP) using
spectroanalytical techniques. The general compositions were [Ln(MBAAP),(NO,).] and [Ln(MBAAP)
JNCS),], where nis 2, Ln could be La or Pr; nis 3, Ln can be Nd, Sm, Gd, Tb, or Dy. The ligand acted
as a bidentate ligand, coordinating via the carbonyl oxygen and the azomethine nitrogen atom. The
coordination numbers of seven, nine, and ten were allocated to the complexes based on their anion.

Lanthanide(lll) perchlorate complexes of the Schiff base ligand, 4-[(N-4-methoxybenzylidene) amino]
antipyrine (MBAAP) and 4-[(N-4-hydroxy-3-methoxybenzylidene)aminolantipyrine (HMBAAP) derived
from 4-aminoantipyrine and 4-methoxybenezaldehyde/4-hydroxy-3-methoxybenzaldehyde were prepared
and characterized. These complexes were reported to have a general formula of [Ln(MBAAP),](CIO),), or
[Ln(HMBAAP),](CIO),),, where Ln could be La, Pr, Nd, Sm, Gd, Tb or Dy. Both ligands acted in a bidentate
manner, coordinating through the carbonyl oxygen and azomethine nitrogen. The perchlorate complexes
were ionic with a coordination number of eight assigned to the metal ions (Agarwal & Sarin,1993).

Agarwal and Sarin (1994) obtained lanthanide(lll) nitrate and isothiocyanate complexes of a Schiff
base, 4-[(N-4-hydroxy-3-methoxybenzalidene)amino]antipyrine (HMBAAP) derived from 4-hydroxy-
3-methoxybenzaldehyde and 4-aminoantipyrine. The synthesized compounds were characterized
by spectroscopic techniques. The complexes exhibited a general formula of [Ln(HMBAAP),(NO,).],
where Ln could be La, Pr, Nd, Sm, Gd, Tb, or Dy, and [Ln(HMBAAP) (NCS),], where n is 2 for La
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or Pr, and n is 3 for Nd, Sm, Gd, Tb, or Dy. The spectral data indicated that the ligand coordinated
at a molar ratio of either 3:1 or 2:1. The complexes acted as non-electrolytes in nitrobenzene and
exhibited greater thermal stability than the ligand.

Chaudhary (2016) developed and characterized the Schiff base, 4[N-4-ethoxybenzalidene)
aminoantipyrine (EBAAP) (Figure 27) and its isothiocyanate complexes. The complexes were
represented by the formula [Ln(EBAAP)n(NCS),], where n is 2, Ln could be La or Pr; nis 3, Ln can
be Nd, Sm, Gd, Tb, or Dy. The carbonyl group and the azomethine group participated in chelation
with the lanthanide ion. The coordination number of seven was designated for La and Pr, while a
coordination number of nine was designated for Nd, Sm, Gd, Tb, and Dy.
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Figure 27. Structure of 4[N-4-ethoxybenzalidene)aminoantipyrine
(EBAAP).

Agarwal et al. (1994) examined the lanthanide(lll) iodide complexes of 4[N-(p dimethylaminobenzalidene)
amino] antipyrine (DABAAP). Agarwal et al. (1992) reported the synthesis and characterization of
many lanthanide(lll) nitrate and isothiocyanate complexes of 4[N-(4-dimethylaminobenzylidene)amino]
antipyrine (DABAAP), derived from p-dimethylaminobenzaldehyde and 4-aminoantipyrine (Figure 28).
The synthesized compounds were characterized by spectroscopic and physicochemical methods. The
complexes exhibited a general formula of [Ln(DABAAP),(NO,).], with Ln represented as La, Pr, Nd, Sm,
Gd, Tb, or Dy, and [Ln(DABAAP) (SCN).], where n is 2 with Ln as La or Pr, and n is 3 with Ln as Nd, Sm,
Gd, or Dy. The Schiff base, DABAAP, acted as a bidentate ligand by coordinating through the carbonyl
oxygen and azomethine nitrogen atoms. In the isothiocyanate complex, a coordination number of seven
was designated for La and Pr (Figure 29A), while a coordination number of nine was assigned to Nd,
Sm, Gd, Tb, or Dy (Figure 29B). The nitrate complexes were given a coordination number of ten (Figure
29C). The varying coordination numbers occurred as a result of a reduction in the size of lanthanide ions
across the period. The impact of this effect ultimately leads to a decrease in the coordination number for
the heavier lanthanides. Furthermore, the heavier lanthanides attracted a larger number of ligands owing
to the increase in ionic potential across the period from La to Lu. The second factor was more prominent
than the first factor.

N(CH3)z
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Figure 28. Structure of the Schiff base ligand, 4[N-(4-dimethylamin-
obenzylidene)amino]antipyrine, DABAAP.
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Figure 29. Tentative structures of the lanthanide(lll) nitrate and iso-
thiocyanate complexes.

Agarwal and Sarin (1994) prepared and characterized lanthanide(lll) perchlorate complexes of the
Schiff base, 4-[(N-4-dimethylaminobenzalidene)amino]antipyrine (DABAAP), using spectrochemical
techniques. The complexes had a composition of [Ln(DABAAP),](CIO,),, where Ln could be La, Pr,
Nd, Sm, Gd, Tb, Dy, Ho, or Yb (Figure 30). All complexes were assigned a coordination number
of eight. The three perchlorate ions were located outside the coordination sphere. Their thermal
analysis was also studied.

).,
(AN

| Figure 30. Structure of the complexes.

Lanthanide(Ill) halides complexes of the Schiff base, 4-[N-(p-dimethylaminobenzylidene) amino]antipyrine
(DABAAP) were reported and characterized by Agarwal et al. (1995). The metal ion in these complexes
was assigned a coordination number of seven. The compounds were structured as [Ln(DABAAP),X.],
with Ln representing La, Ce, Pr, Nd, Sm, Gd, Tb, Dy, Ho, or Yb, and X denoting CI-or Br.

Chaudhary (2012) reported the synthesis of the Schiff base ligand, 4 [(N-4-diethylamino-2-
methylbenzalidene) aminolantipyrine (DAMBAAP), derived from 2-methyl-4-N,N-diethylaminobenz
aldehyde and 4-aminoantipyrine and its lanthanide(lll) nitrate complexes. The complexes possesed
the general formula Ln(DAMBAAP),(NO,), where Ln could be La, Pr, Nd, Sm, Gd, Tb, or Dy. A
coordination number of eight or nine was proposed for the metal ion in the complexes.
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Wang et al. (2001) developed a series of lanthanide(lll) nitrate complexes using the Schiff base,
4-(5-bromosalicylidenemine)-2,3-dimethyl-1-phenyl-3-pyrazolone (5-BSALADPPH), derived from the
reaction of bromosalicylaldehyde with 4-aminoantipyrine. Its characterization was carried out using
spectral and analytical methods. The complexes were formulated as [Ln(5-BSALADPPH),(NO.,),],
where Ln represented La, Eu, or Gd. The Schiff base functioned as a bidentate ligand, coordinating

via the carbonyl oxygen and the azomethine nitrogen.

Table 8. Lanthanide(lll) complexes of benzylidene-4-aminoantipyrine and its derivatives.

Schiff Base Constituents Anion Lanthanides CN Formula Ref.
4-[(N-4- 4-aminoan- nitrates La, Pr,Nd, Sm, 7,9,10 [Ln(MBAAP)(NO,),] Agarwal
methoxybenzalidene) tipyrine and and iso- Gd, Tb, Dy and [Ln(MBAAP) and Sarin
amino]antipyrine 4-methoxybenzal- thiocya- n(NCS).] (1993)
(MBAAP) dehyde nate
4-[(N-4- 4-aminoantipyrine perchlo- La, Pr,Nd, Sm, 8 [Ln(MBAAP),](CIO),),. Agarwal
methoxybenzylidene) and 4-methoxy- rate Gd, Tb, Dy [Ln(HMBAAP),(CIO), ., and Sarin
amino]antipyrine benezaldehyde/ (1993)
(MBAAP) and 4-[(N-4- 4-hydroxy-3-
hydroxy-3-meth oxy- methoxybenz alde-
. . hyde

benzylidene)amino]
antipyrine (HMBAAP)
4[N-4- 4-aminoan- isothiocy- La, Pr,Nd, Sm, 7,9 [Ln(EBAAP) (NCS).] Chaudhary
ethoxybenzalidene) tipyrine and anate Gd, Tb, Dy (2016)
aminoantipyrine 4-ethoxybenezal-
(EBAAP) dehyde
4[N-(4- 4-aminoan- iodide Agarwal
dimethylaminobenzyli tipyrine and etal.
dene)amino]anti- p-dimethylamino- (1994)
pyrine (DABAAP) benzaldehyde
4[N-(p- 4-aminoan- nitrate La, Pr,Nd, Sm, 7,9,10 [Ln(DABAAP),(NO,).] Agarwal
dimethylaminobenza tipyrine and and iso- Gd, Tb, Dy [Ln(DABAAP)Nn(SCN),] etal.
lidene)amino]anti- p-dimethylamino- thiocya- (1992)
pyrine (DABAAP) benzaldehyde nate
4-[(N-4- 4-aminoan- perchlo- La, Pr, Nd, Sm, 8 [Ln(DABAAP),]-(CIO,), Agarwal
dimethylaminobenz tipyrine and rate Gd, Tb, Dy, and Sarin
alidene)aminojanti-  P-dimethylamino- Ho, Yb (1994)
pyrine (DABAAP) benzaldehyde
4-[N-(p- 4-aminoan- halides La, Ce, Pr,Nd, 7 [Ln(DABAAP),X.] Agarwal
dimethylaminobenzyl tipyrine and Sm, Gd, Tb, etal.
idene)amino]anti- p-dimethylamino- Dy, Ho (1995)
pyrine (DABAAP) benzaldehyde
4[(N-4-diethylamino-  4-aminoan- nitrate La, Pr, Nd, Sm, 8,9 Ln(DAMBAAP),(NO,), Chaudhary
2-methyl benzalidene) tipyrine and Gd, Tb, Dy, (2012)
amino]antipyrine 2-methyl-4-N,N- Ho, Yb
(DAMBAAP) diethylamino benz-

aldehyde
4-[(N-4-hydroxy-3- 4-aminoan- nitrate La, Pr, Nd, Sm, [Ln(HMBAAP),(NO,),] Agarwal
methoxy benzalidene) tipyrine and andiso-  Gd, Tb, Dy and Sarin
amino]antipyrine 4-hydroxy-3- thiocya- (1994)
(HMBAAP) methoxybenz nate

aldehye
4-(5-bromo- 4-aminoan- nitrate La, Eu, Gd [Ln(5- Wang et
salicylidenemine)-2,3- tipyrine and bsaladpph),(NO,),] al. (2001)

dimethyl-1-phenyl-
3-pyrazolone;(5-
BSALADPPH)

bromosalicylalde-
hyde
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Lanthanide(lll) complexes of 4-aminoantipyrine
semicarbazone derivatives

Semicarbazones of 4-aminoantipyrine and its derivatives were obtained by the condensation
reaction between the carbonyl group of 4-aminoantipyrine and a semicarbazide. Semicarbazide
exhibits chelating ligand behavior forming transition metal and lanthanide complexes with biological
potentials (Dhabale et al., 2022; Mir et al., 2023). This section of the review presents lanthanide(lll)
complexes of various 4-aminoantipyrine semicarbazone derivatives (Table 9).

Agarwal et al. (1996) reported a series of lanthanide(lll) nitrate complexes of 4[N-(benzylidene)
aminoJantipyrine semicarbazone (BAAPS), synthesized from 4-aminoantipyrine, benzaldehyde and
semicarbazide hydrochloride (Figure 31). They were characterized by spectral and analytical methods.
The Schiff base, BAAPS, acted as a tridentate ligand by coordinating through the carbonyl oxygen
atom, hydrazine nitrogen atom, and azomethine nitrogen atom, while the nitrate ion exhibited bidentate
characteristics. The lanthanide(lll) complexes had a general composition of [Ln(BAAPS)(NO,),] where Ln
could be La, Pr, Nd, Sm, Gd, Tb, Dy and Ho (Figure 32). The complexes were allocated a coordination
number of nine. Thermal studies were also carried out.

HSC.-‘N "‘-. ~

@

Figure 31. Structure of 4[N-(benzylidene)amino)antipyrine semicar-
bazone (BAAPS).
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Figure 32. Structure of [Ln(BAAPS)(NO,),] where Ln could be La, Pr,
Nd, Sm, Gd, Tb, Dy and Ho.

Chakraborthy et al. (2002) investigated the influence of chloride and perchlorate ions on lanthanide(lll)
coordination compounds of 4[N-(benzalidene)aminolantipyrine semicarbazone (BAAPS). The
isolated compounds possessed the compositions, Ln(BAAPS),Cl, and Ln(BAAPS),(CIO,),, where Ln
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represented La, Pr, Nd, Sm, Gd, Tb, Dy, or Ho. The compounds were analyzed using spectroscopic
techniques. The coordination number of the central metal ion was either six or nine, indicating
octahedral or nonahedral geometry based on the type of anion present. The thermal characteristics
of these compounds were also examined.

Agarwal et al. (2001) documented the synthesis of chloro and thioisocyanate lanthanide(lIl)
complexes of 4[N-(p-dimethylaminobenzalidene)aminolantipyrine semicarbazone (DABAAPS),
derived from 4-aminoantipyrine, p-dimethylaminobenzaldehyde and semicarbazide hydrochloride.
The synthesized complexes were characterized by physicochemical techniques. The lanthanide
exhibited a general formula of [Ln(DABAAPS),X.], , where Ln could be La, Pr, Nd, Sm, Gd, Tb,
Dy, or Ho, and X denoted CI- or NCS-. The Schiff base, DABAAPS, acted as a tridentate (N,N,O)
ligand by coordinating via two nitrogen atoms and one oxygen atom. The metal ion in the complexes
was assigned a coordination number of nine. The thermal stabilities of these compounds were
examined.

Chakraborti and Goel (2003) synthesized and characterized lanthanide(lll) perchlorate and nitrate
complexes of 4[N-(4-dimethylaminobenzalidene)amino]antipyrine semicarbazone (DABAAPS)
(Figure 33). The complexes possess a general formula of Ln(DABAAPS) X, where X could be
ClIO, if nis 2, or NO, if nis 1, and Ln is La, Pr, Nd, Sm, Gd, Tb, Dy, or Ho. They had a general
formula of Ln(DABAAPS),(CIO,), and Ln(DABAAPS)(NO,),. The Schiff base, DABAAPS, acted
as a tridentate (N,N,O) ligand by coordinating via the carbonyl oxygen atom, hydrazinic nitrogen
atom, and azomethine nitrogen atom. The spectral data suggested a bidentate nitrate coordination.
The nitrate ions were located within the coordination sphere with coordination of nine assigned to
the complexes while the perchlorate groups were located outside the coordination sphere with a
coordination number of six existing in their complexes. This confirmed their ionic character.

N(CHg),

Figure 33. Structure of 4[N-(4/-dimethylaminobenzalidene)amino]an-
tipyrine semicarbazone.

The lanthanide(lll) chloro complexes of the Schiff bases, 4[N-(4-hydroxy-3-methoxybenzalidene)
amino]antipyrine semicarbazone (HMBAAPS) (Figure 34) and 4[N-(3/, 4/, 5-trimethoxy benzalidene)
aminoJantipyrine semicarbazone (TMBAAPS) (Figure 35) were developed by Agarwal et al. (2004).
The synthesized compounds were characterized by spectro-analytical methods and exhibited a
general composition of [Ln(L),CL], where Ln could be La, Pr, Nd, Sm, Gd, Tb, Dy, or Ho (Figure
36), and L could be (HMBAAPS) or (TMBAAPS). The Schiff bases, (HMBAAPS) and (TMBAAPS),
exhibited tridentate characteristics. The complexes were assigned a coordination number of nine.
Their thermal properties were studied.
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OH

Figure 34. Structure of 4[N-(4’-hydroxy-3’-methoxybenzalidene)ami-
nolantipyrine semicarbazone (HMBAAPS).

Figure 35. Structure of 4[N-(3/,4/,5/-trimethoxybenzalidene)amino]
antipyrine semicarbazone (TMBAAPS).

(¥
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CJ@

Figure 36. Structure of the complexes, Ln(L),Cl, where Ln could be
La, Pr, Nd, Sm, Gd, Tb, Dy or Ho. L could be HMBAAPS or TMBAAPS.

Agarwal et al. (2006) reported the synthesis and characterization of lanthanide(lll) nitrate, perchlorate,
and thioisocyanate complexes of 4[N-2-hydroxy-1-naphthalidene)amino]antipyrine semicarbazone
(HNAAPS) using spectroscopic techniques. The ligand, HNAAPS acted as a neutral tridentate
(N,N,O) ligand. The general formula was Ln(HNAAPS) X, , where X could be NO,, nis 1, or NCS- or
ClO,, nis 2, and Ln could be La, Pr, Nd, Sm, Gd, Tb, Dy, or Ho. The Schiff base, 4[N-2"-hydroxy-
1-naphthalidene)amino]antipyrine semicarbazone, behaved as a neutral tridentate N,N,O ligand.
The nitrate and isothiocyanate complexes were assigned a coordination number of nine, while the
perchlorate complexes were assigned a coordination number of six. The thermal analysis verified the
absence of both coordinated and uncoordinated water molecules in the complexes.

Agarwal et al. (2007) prepared a Schiff base from 4[N - (cinnamalidene) amino] antipyrine
semicarbazone (CAAPS), and diphenyl sulfoxide (DPSO) along with its nitrate, thiocyanate, and
perchlorate lanthanide(lll) complexes (Figure 37). The synthesized compounds were characterized
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using spectrochemical techniques. The general formula was LnX,.n(CAAPS).DPSO, where Ln could
be La, Pr, Nd, Sm, Gd, Tb, Dy, or Ho; X could be NCS- or CIO, if n is 2 and X could be NO, if
n is 1. The two prominent vibrations in the [Ln(CAAPS)(NO,),DPSQO] complex were attributed to
covalently bonded nitrate groups, indicating that the nitrate groups resided within the coordination
spheres. The nitrate groups in these compounds exhibited bidentate characteristics. In the
[Ln(CAAPS),(NCS),DPSQO] complex, the C-N and C-S stretching frequencies indicated that the
thiocyanate group was bound through a nitrogen atom. All the NCS- ions were coordinated to the
metal ion. In the thiocyanate and nitrate complexes, the CAAPS acted as a neutral tridentate (N, N,
O-donor), while the DPSO coordinated via its lone oxygen atom. A coordination number of seven and
ten were assigned to these complexes, as illustrated in the figs. 38A and 38B. The observation of two
prominent bands in the spectra of the perchlorate complexes, [Ln(CAAPS),DPSO] (CIO,),, indicated
that the perchlorate group resided outside the coordination sphere and confirmed the tetrahedral
geometry of the perchlorate ion, which was unbound to the Ln®* ion (Figure 38C).

C"-—-__"'c
HaC N:::-_C/ ﬁ
NH; ¢ >_5_< >

N~

N =/  ~C
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Figure 37. Structure of the Schiff base, 4[N-(cinnamalidene)amino]
antipyrine semicarbazone (CAAPS) and diphenyl sulfoxide (DPSO).
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The lanthanide(lll) perchlorate complexes of 4- [N-(4-ethylbenzalideneamino) antipyrine
semicarbazone (EBAAPS) as primary ligand and pyridine (py) as secondary ligand (Figure 39) were
investigated by Kaushik (2017). The complexes were analyzed using spectroanalytical techniques.
The general formula of the complex was [Ln(EBAAPS),py](CIO,),, where Ln could be La, Pr, Nd, Sm,
Gd, Tb, Dy or Ho. The primary ligand, (EBAAPS), acted as a neutral tridentate (O, N, N) ligand, while
the secondary ligand, pyridine (py), acted as a uni dentate nitrogen donor, coordinating to the metal
ion via its hetero-nitrogen atom. These complexes were assigned a coordination number of seven.
The thermal stabilities of the synthesized compounds were examined using thermogravimetric
analysis.

(ClQ4);

: N
/ \NQJS
Figure 39. The structure of the complex, [Ln(EBAAPS),py](CIO,),
where Ln is La, Pr, Nd, Sm, Gd, Tb, Dy or Ho.

Lanthanide(lll) complexes of 4-aminoantipyrine
thiosemicarbazone derivatives

Structurally, thiosemicarbazide was obtained by replacing the oxygen atom in a semicarbazide with
a sulphur atom. Thiosemicarbazones of 4-aminoantipyrine derivatives are derived by reacting the
carbonyl group of 4-aminoantipyrine with a thiosemicarbazide. The lanthanide(lll) ions cordinate to
the Schiff base ligands in a tridentate (N, N, S) form. Metal complexes of thiosemicarbazones have
garnered a lot of interest due to their diverse biological applications (Zahra et al., 2024, Veg et al.,
2025). Meanwhile, the various lanthanide(lll) complexes of thiosemicarbazone of 4-aminoantipyrine
derivatives are being reviewed (Table 10).

Singh et al. (1999) reported the synthesis and characterization of a new series of sixteen lanthanide(lll)
complexes of 4-[N-(benzalidene)amino]antipyrine thiosemicarbazone (BAAPTS) with the general
composition, Ln(BAAPTS) X, where X is ClI-and NO,, n is 2 and 1 respectively, Ln could be La, Pr,
Nd, Sm, Gd, Tb, Dy, or Ho. The Schiff base ligand, BAAPTS, acted as a neutral tridentate (N,N,S)
ligand, coordinating via the nitrogen atoms and the sulphur atoms. The nitrate ions are coordinated in
a bidentate fashion. The metal ions in these complexes were assigned a coordination number of nine.

Singh et al. (1999) went further to prepare lanthanide(lll) perchlorate and thioisocyanate complexes
of 4[N-(p-dimethylaminobenzylidene)amino]antipyrine thiosemicarbazone (3-NO,BAAPTS). The
lanthanide(lll) complexes were characterized by several spectroscopic and analytical methods. The
compounds exhibited a general formula of Ln(DABAAPTS),X,, where Ln could be La, Pr, Nd, Sm,

Gd, Tb, Dy, or Ho, and X could be CIO, or NCS'. The ligand acted as a neutral tridentate (N,N,S)
ligand.
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Lanthanide(lll) nitrate complexes of the Schiff base, 4[N-(4-(methoxybenzylidene)aminolantipyrine
thiosemicarbazone (MBAAPTS) were developed by Agarwal et al. (2001). The complexes possessed
a general formula of [Ln(MBAAPTS),(NO,),], where Ln represented La, Pr, Nd, Sm, Gd, Tb, Dy, or
Ho. The ligand, MBAAPTS, acted as a tridentate (N,N,S) ligand, while the nitrate ions exhibited
bidentate nature. Thermal properties of the complexes were also examined. Agarwal et al. (2002)
also documented the synthesis and characterization of the perchlorate complexes of the lanthanides
of the same Schiff base, MBAAPTS.

Chakraborti (2003) obtained a series of trivalent lanthanide(lll) perchlorate coordination
compounds of the Schiff base ligand, 4[N-(3-nitrobenzalidene)amino]antipyrine
thiosemicarbazone (3-NO,BAAPTS)characterized by the generalformula, [Ln(3'-NO,BAAPTS),]
(ClO,), where Ln represented La, Pr, Nd, Sm, Gd, Tb, Dy, or Ho. The spectroscopic study
indicated that the three perchlorate ions were located outside the coordination sphere. The
ligand, 3'-NO,BAAPTS, functioned as a neutral tridentate (N,N,S) ligand. The complexes were
assigned a coordination number of six. The conductance values in nitrobenzene indicated
that the complexes are ionic, with all three perchlorate ions located outside the coordination
sphere.

Chakraborti (2003) also developed and characterized a series of eight new nine-coordinated
lanthanide(l1l) nitrate complexes of the composition [Ln(L)(NO,),] where Ln could be La, Pr, Nd,
Sm, Gd, Tb, Dy or Ho and L is 4[N-(3-nitrobenzalidene)amino]antipyrine thiosemicarbazones
(3-NO,BAAPTS). A coordination number of nine was assigned to the lanthanide ions in the complex.
The thermal properties of the compounds were also studied. Possible structures of these complexes
were proposed.

Lanthanide(lll) chloride and thiocyanate complexes of 4[N-(3-nitrobenzalidene)amino]antipyrine
thiosemicarbazones (3-NO,BAAPTS) were obtained and reported by Chakraborti (2003). Their
general formulawas [Ln(3-NO,BAAPTS),X.], where Ln could be La, Pr, Nd, Sm, Gd, Tb, Dy, or Ho, and
X could be CI-and NCS-. The ligand, 4[N-(3'-nitrobenzalidene)amino]antipyrine thiosemicarbazones,
functioned as a neutral tridentate ligand.

Chakraborti (2003) reportedly prepared and characterized nine-coordinated lanthanide(lll)
complexes with 4[N-(p-methoxybenzalidene)amino]antipyrine thiosemicarbazone (MBAAPTS).
The complexes possessed the general formula Ln(MBAAPTS),X,, where Ln represented La,
Pr, Nd, Sm, Gd, Tb, Dy, or Ho, and X denoted CI- or NCS-. The metal ions of the complex
were assigned a coordination number of nine. The thermal stability of the complexes was
examined.

Agarwal et al. (2009) prepared and characterized a series of lanthanide(lll) chloro complexes of
a Schiff base, 4-[N-(4-nitrobenzalidene)amino]antipyrine thiosemicarbazone (4-NO,BAAPTS)
as the primary ligand and pyridine (py) as the secondary ligand. The overall composition was
Ln(4/NO2BAAPTS)2CI3.py] and Ln was La, Pr, Nd, Sm, Gd, Tb, Dy, or Ho (Figure 41). The
thiosemicarbazone (4-NO,BAAPTS) acted as a tridentate (N,N,S) ligand, while the pyridine
coordinated to the central metal ion via its hetero nitrogen atom. A coordination number of ten was
proposed for the complexes. The thermal analysis was also investigated.
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Figure 40. The structure of the Schiff base, 4-[N-(4/-nitrobenzalidene)
aminolantipyrine thiosemicarbazone (4'-NO,BAAPTS).
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Figure 41. The structure of [Ln(4-NO,BAAPTS),(py)Cl,], where Ln
could be La, Pr, Nd, Sm, Gd, Tb, Dy or Ho.

Trivalent lanthanide(lll) nitrate, thioisocyanate, and perchlorate complexes of 4-[N-(2-hydroxy-1’-
naphthylidene)aminolantipyrine thiosemicarbazone (HNAAPTS) (Figure 42) were synthesized
by Agarwal et al. (2005). The synthesized complexes were characterized by spectroanalytical
techniques. The complexes possessed a general formula of Ln(HNAAPTS) X,, where X could be
NO, if nis 1, X could be NCS™ or CIO, if n is 2 and Ln could be La, Pr, Nd, Sm, Gd, Tb, Dy or
Ho. The spectrum data indicated that HNAAPTS acted as a neutral tridentate (N,N,S) ligand. The
coordination number of these complexes depended on the characteristics of the anionic ligand.
The nitrate and isothiocyanate complexes were assigned a coordination number of nine, while the
perchlorate complexes were assigned a coordination number of six.
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Figure 42. Structure of the Schiff base, 4-[N-(2/-hydroxy-1/-naph-
thylidene)aminolantipyrine thiosemicarbazone (HNAAPTS).

On the other hand, Agarwal and Kumar (2010) investigated the influence of pyridine on the
stereochemistry of lanthanide(lll) nitrate, chloride, isothiocyanate, and perchlorate complexes of
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4[N-(2'-hydroxy-1/-naphthalidene)amino]antipyrine thiosemicarbazone (HNAAPTS). The Schiff
base, 4[N-(2'-hydroxy-1/-naphthalidene)amino]antipyrine thiosemicarbazone (HNAAPTS) acted as
the primary ligand, while pyridine acted as the secondary ligand. The general composition of the
complexes was determined to be Ln(HNAAPTS) X,.py where Ln was La, Pr, Nd, Sm, Gd, Tb, Dy
or Ho while X was NO, if n was 1 and CI, NCS- or CIO, if n was 2, py was pyridine (Figure 43-
46). All complexes were characterized using spectroscopic techniques. The HNAAPTS acted as
a neutral tridentate (N,N,S) ligand, while the pyridine coordinated via its heteroatom. Each nitrate
ion exhibited a bidentate nature. All nitrate, chloro, and thiocyanate groups except perchlorate ions
were coordinated to the lanthanide ion, resulting in a coordination number of ten. Perchlorate ions
exhibited a coordination number of seven.
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| Figure 43. The structure of the complex, [Ln(HNAAPTS)(NO,), py].
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| Figure 44. The structure of the complex, [Ln(HNAAPTS)CI, py].
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| Figure 45. The structure of the complex, [Ln(HNAAPTS)(NCS), py].
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| Figure 46. The structure of the complex, [Ln(HNAAPTS).py](CIO,),

Table 9. Lanthanide(lll) complexes of 4-aminoantipyrine semicarbazone derivatives.

Schiff Base Constituents Anion Lanthanides CN Formula Ref.
4[N-(benzylidene) 4-aminoanti- nitrate La, Pr,Nd,Sm, 9 Ln(BAAPS)(NO,), Agarwal et
amino] antipyrine pyrine, benzalde Gd, Tb, Dy, Ho al. (1996)
semicarbazone hydbe a_r;d She”d“"
carbazide hydro-
(BAAPS) chloride
4[N-(benzalidene)  4-amino- chloride  La,Pr,Nd,Sm, 69  Ln(BAAPS),Cl, Chakraborti
amino] antipyrine antipyrine, and per- Gd, Tb, Dy, Ho. Ln(BAAPS).(CIO.) et al. (2002)
semicarbazone, begzalde_hydbe chlorate 2 473
and semicarba-
(L zide hydrochlo-
ride
4[N-(p- 4-amino- chloride  La,Pr,Nd,Sm, 9 [Ln(DABAAPS),X,] Agarwal et
dimethylaminobenz antipyrine, andiso- Gd,Tb, Dy, Ho, al. (2001)
alidene)aminojanti- P-dimethylami-  thiocya-
. . nobenzaldehyde nate
pyrine semicarba- )
and semicarba-
zone (DABAAPS) ;4 hydrochlo-
ride.
4[N-(4'- .4-amino- perchlo- La,Pr,Nd,Sm, 96 Ln(DABAAF>S)2(ClO4)3 Chakraborti
dimethylaminobenz antipyrine, rateand Gd, Tb, Dy, Ho and Goel
) . . Ln(DABAAPS)(NO,,)
alidene)aminoJanti- p-dimethylami- nitrate 373 (2003)
. . nobenzaldehyde
pyrine semicarba- )
and semicarba-
zone (DABAAPS) zide hydrochlo-
ride
4[N-(4'-hydroxy- 4-aminoanti- chloro La, Pr,Nd,Sm, 9 [Ln(L),CL,] Agarwal et
3'-methoxy ben- pyrine, 4-hy- Gd, Th, Dy, Ho al. (2004)
zalidene)amino] droxy-3-me-
antipyrine semicar- L'oXybenz-
Py aldehye,
bazone HMBAAPS) 3/.4/5/-trime-
and 4[N-(3',4,5- thoxybenzal-
trimethoxy ben- dehyde and
zalidene)amino] semicarbazide
A . hydrochloride.
antipyrine semicar-
bazone (TMBAAPS)
4[N-2'-hydroxy-1'- 4-aminoanti- nitrate, La, Pr,Nd,Sm, 96 Ln(HNAAPS)nX3 Agarwal et
naphtha lidene) pyrine, 2-hydroxy perchlo- Gd, Thb, Dy, Ho. al. (2006)
amino]antipyrine naphthaldehyde raFe-and
. and semicarba- thioiso-
semi carbazone .
zide hydrochlo- cyanate

(HNAAPS)

ride.
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dene)amino]anti-
pyrine thiosemi-
carbazone
(MBAAPTS).

hyde and thiosemi-
carbazide

Schiff Base Constituents Anion Lanthanides CN Formula Ref.
4[N-(cinnamalidene)  4-aminoanti- nitrate,  La,Pr,Nd,Sm, 7,10 Ln(CAAPS) X,DPSO Agarwal et
amino] antipyrine pyrine, cinnamal thiocya-  Gd,Tb, Dy, Ho Ln(CAAPS)(NO,).DPSO al. (2007)
semicarbazone dehyde, and nate and 3'3
(CAAPS) and diphe- ;er;w:g?;li:rz]:jdee faet;chlo— Ln.(CAAPS),(NCS),DPSO]
nyl sulfoxide (DPSO) 4 Ln(CAAPS),DPS0](CIO,)
4-[N-(4'- 4-amino- perchlo- La,Pr,Nd,Sm, 7 [Ln(ebaaps),pyl(ClO,), Kaushik
ethylbenzalidene antipyrine, rate Gd, Tb, Dy, (2017)
amino)antipyrine 4-ethylbenz- Ho.
. aldehyde, and
semicarba zone . .
semicarbazide
(ebaaps) with pyri- 1,y qrochioride
dine (py)
Table 10. Lanthanide(lll) complexes of 4-aminoantipyrine thiosemicarbazone derivatives.
Schiff Base Constituents Anion Lanthanides CN Formula Ref.
4-[N-(benzalidene) 4-aminoantipyrine, chloride, ni- La, Pr,Nd, Sm, 9 Ln(BAAPTS) X, Singh et al.
amino] antipyrine benzaldehyde, trate Gd, Tb, Dy, Ho (1999)
thiosemicarba- and thiosemicarba-
zone (BAAPTS) Zide
4[N-(p- 4-aminoantipyrine, perchlorate La, Pr, Nd, Sm, Ln(DABAAPTS), X, Singh et al.
dimethylamino p-dimethyl amino- and thioisocy-  Gd, Tb, Dy, Ho (1999)
benzylidine) benzaldehyde and anate
amino]antipyrine thiosemicarbazide
thiosemicarba-
zone (DABAAPTS)
4[N-(4- 4-aminoantipyrine, nitrate, La, Pr, Nd, Sm, Ln(MBAAPTS),(NO,), Agarwal et al.
(methoxybenzy 4-methoxybenzalde- Gd, Tb, Dy, Ho (2001)
lidene)amino]an- hyde, and thiosemi-
tipyrine thiosemi- carazide
carbazone
(MBAAPTS)
4[N-(3'- 4-aminoantipyrine, perchlorate La, Pr,Nd, Sm, 6 Ln(3-NO,BAAPTS),] Chakraborti
nitrobenzalidene)  3-nitrobenzaldehyde Gd, Tb, Dy, Ho (2003)
amino]anti- and thiosemicarba- (C|O4)3
pyrine thiosemi-  Zi9€
carbazone
(3-NO,BAAPTS)
4[N-(3- 4-aminoantipyrine, nitrate La, Pr,Nd, Sm, 9 [Ln(L)(NO,),] Chakraborti
nitrobenzalidene) 3-nitrobenzaldehyde Gd, Tb, Dy, Ho (2003)
amino]anti- and thiosemicarba-
pyrine thiosemi-  Zde
carbazone
(3'-NO,BAAPTS)
4[N-(3'- 4-aminoantipyrine, chloride and La, Pr, Nd, Sm, [Ln(3-NO,BAAPTS), X, | Chakraborti
nitrobenzalidene) 3-nitrobenzaldehyde thiocyanate Gd, Tb, Dy, Ho (2003)
amino]antipyrine and thiosemicarba-
thiosemi- el
carbazones
(3-NO,BAAPTS)
4[N-(p- 4-aminoantipyrine, chloride and La, Pr,Nd, Sm, 9 Ln(MBAAPTS),X, Chakraborti
methoxybenzali 4-methoxybenzalde- thioisocyanate Gd, Tb, Dy, Ho (2003)
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Schiff Base Constituents Anion Lanthanides CN Formula Ref.
4-[N-(4'- 4-aminoantipyrine,  chloride La, Pr,Nd, Sm, 10 [Ln(4NO,BAAPTS),Py] Agarwal et al.
nitrobenzalidene) 4-nitrobenzaldehyde, Gd, Tb, Dy, Ho Cl3, (2009)
amino]anti- thiosemicarbazide

pyrine thiosemi-  and pyridine

carbazone

(4-NO,BAAPTS)

with pyridine (py)

4-[N-(2'-hydroxy-  4-aminoantipyrine, nitrate, thioiso- La, Pr, Nd, Sm, 9,6 LnX,.n(HNAAPTS) Agarwal et al.
1'-naphth ylidene) 2-hydroxynaphthal-  cyanate and Gd, Tb, Dy, (2005)
amino]antipyrine dehyde and perchlorate Ho.

thiosemicarba- thiosemicarbazide

zone (HNAAPTS)

4[N-(2'-hydroxy- 4-aminoantipyrine, nitrate, chlo-  La, Pr, Nd, Sm, 9,6 LnX,.n(HBAAPS).py Agarwal &
1'-naphtha lidene) 2-hydroxynaph- ride, isothio- Gd, Tb, Dy, Ho Kumar (2010)

amino]antipyrine  thaldehyde, cyanate and
thiosemicarba- thiosemicarbazide perchlorate
and pyridine

zone (HNAAPTS)

with pyridine

Lanthanide(lll) complexes of diazotized 4-aminoantipyrine
derivatives/hydrazo derivatives of 4-aminoantipyrine

Diazotization of 4-aminoantipyrine involves the conversion of the primary amine group of
4-aminoantipyrine into a diazonium salt using NaNO,/HCI at 0 — 5 °C. The diazonium intermediate
reacts with aromatic compounds such as naphthols, phenols, anilines etc. to give azo-Schiff derivatives.
Due to the emerging antimicrobial resistance, new therapeutic drugs are being synthesized to solve
the menace. Diazotized 4-aminoantipyrine is being considered a promising candidate/product due
to its antimicrobial properties (Mishra et al., 2024). Some of its lanthanide(lll) complexes are being
reported (Table 11).

Radhakrishnan (1995) prepared lanthanide(lll) nitrate complexes of the Schiff base ligand,
4-(2/,4/-dihydro xyphenylazo)antipyrine (DPAAP) derived from diazotized 4-aminoantipyrine and
resorcinol in an alkaline medium. The general composition was [Ln(DPAAP)2(NO,),], where Ln was La,
Pr, Nd, Sm, Gd, Tb, Dy, Ho, or Y. They were characterized by spectroscopic and analytical techniques.
These methods were employed to ascertain their proposed structural types. DPAAP cordinated as a
neutral bidentate ligand, coordinating via the carbonyl oxygen and one azo nitrogen atom, thereby
creating a five-membered ring. The nitrate group was coordinated in a monodentate manner.

Rare earth perchlorate complexes of 4-(2'4-dihydroxyphenylazo)antipyrine.(H-RAP) have been
reported by Abraham and Radhakrishnan (1990). The perchlorate group remained uncoordinated.

Alaudeen and Radhakrishnan (1990) described the synthesis of rare earth nitrates of
4-(2-hydroxynaphthylazo)antipyrine (H-NAP) derived from diazotized 4-aminoantipyrine and 2-naphthol
(Figure 47). The complexes possessed a general formula of [Ln(NAP),NO.], where Ln was La, Pr, Nd,
Sm, Gd, Tb, Dy, Ho, or Y. In these compounds, the NAP acted as a tridentate ligand, coordinating via the
carbonyl oxygen, phenolic oxygen, and one nitrogen of the azo group. The nitrate ions cordinated to the
metal ion in a bidentate fashion. The synthesized complexes exhibited thermal stability up to ~ 280°C.
Rare earth perchlorate complexes of 4-(2/4'-dihydroxyphenylazo)antipyrine (H-RAP) have been reported
by Abraham and Radhakrishnan (1990). The perchlorate group remains uncoordinated.
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Figure 47. The structure of the Schiff base, 4-(2/-hydroxynaphthyla-
zo)antipyrine (H-NAP).

Thomas et al. (1995) have synthesized rare earth iodide complexes (Figure 48) of 4-(2/,4/-dihydroxy-
phenylazo)antipyrine (H-RAP) obtained from diazotized 4-aminoantipyrine (Figure 49). The complex-
es were characterized via spectroanalytical methods. The complexes possessed a general formula
of [Ln(H-RAP),L]I, where Ln represented Y, La, Pr, Nd, Sm, Eu, Gd, Dy, Ho, or Er. The diazotized
compound, H-RAP, acted as a neutral bidentate ligand, coordinating via the carbonyl oxygen and
one of the azo nitrogens. Two iodide ions were coordinated, while the third ion is positioned outside
the coordination sphere. Thermogravimetric analyses indicated that the complexes were stable up to
440 K, and subsequently underwent complete breakdown between 440 and 1110 K, which led to the
formation of the respective metal iodides.

ook

CsHs

Figure 48. The structure of the Schiff base, 4-(2/,4/-dihydroxypheny-

lazo)antipyrine (H-RAP).
HaC = QOH
Hac”gr-ij;a=

HO

CsHs "'\
C3H5

N=CH3

Figure 49. The tentative structure of the complexes, M can be Y, La,
Pr, Nd, Sm, Eu, Gd, Dy, Ho or Er.

www.euchembiojreviews.com

122



EUCHEMBI®J Review

Euchembioj Rev., 2(2), Article e26006 (2026)

Mohanan etal. (2009) designed and characterized hydrazone derivative of 4-aminoantipyrine,  3-{[2-(N-1-
phenyl-2,3-dimethylpyrazol-3-in-5-on-4-yl)lhydrazone}pent-2,3,4-trione  (HAAP), derived by coupling
diazotized 4-aminoantipyrine with acetylacetone (Figure 50). The La(lll), Ce(lll), Pr(lll), Nd(Ill), Sm(lil),
and Gd(lIl) complexes of the heterocyclic ligand were represented by the formula, [Ln(HAAP),(NO,).]. The
ligand and lanthanide(lll) complexes were characterized by spectrochemical techniques. The spectrum
results revealed that the ligand was present in the hydrazo form rather than the azo-enol form, and this
structure persisted in the metal complexes. The ligand coordinated to the metal ion in a neutral tridentate
fashion via the carbonyl oxygen of the pyrazolone ring, the hydrazo nitrogen, and the carbonyl oxygen of
the acetylacetone moiety, without deprotonation, while the nitrate ions coordinated in a bidentate manner.
A coordination number of twelve was suggested for the lanthanide(lll) nitrate complexes. The thermal
analyses demonstrated that the lanthanide(l1l) complexes displayed higher stability relative to the ligand.

CHj
0 CHs
CH, o CH,
Y =
v 9 N
H3C N-..H W {O
' -
I
'

Hac-N}\Ni‘-d

Hydrazo form Azo form

Figure 50. Tautomeric structure of the ligand, 3-{[2-(N-1-phenyl-2,3-
dimethylpyrazol-3-in-5-on-4-yl)]hydrazone}pent-2,3,4-trione (HAAP).

Table 11. Lanthanide(lll) complexes of diazotized 4-aminoantipyrine derivatives/hydrazo derivatives
of 4-aminoantipyrine.

Schiff Base Constituents Anion Lanthanides CN Formular Ref.
4-(2',4-dihydroxyphe- diazotized Nitrate La, Pr, Nd, [Ln(DPAAP),(NO,).] Radhakrishnan
nylazo) antipyrine 4-aminoan- Sm, Gd, Tb, (1995)
(DPAAP) tipyrine and Dy, Ho, Y

resorcinol
4-(2'-hydroxynaph- diazotized nitrates  La, Pr, Nd, [L“(NAP)2N03] Alaudeen &
thylazo) antipyrine 4-aminoan- Sm, Gd, Tb, Radhakrishnan
(H-NAP) tipyrine and. Dy, Ho, Y (1990)

2-naphthol
4-(2',4-dihydroxyphe-  diazotized perchlo- Abraham &
nylazo) antipyrine. 4-aminoanti-  rate Radhakrishnan
(H-RAP) pyrine (1990)
4-(2/,4-dihydroxy- diazotized lodide Y, La, Pr, Nd, [Ln(H-RAP),L]i Thomas et al.
phenylazo) anti- 4-aminoanti- Sm, Eu, Gd, (1995)
pyrine(H-RAP) RYIIS Dy, Ho or Er.
3-{[2-(N-1-phenyl-2,3- diazotized Nitrate La, Ce, Pr, 12 [Ln(HAAP)z(Nos)s] Mohanan et al.
dimethylpyrazol-3-in- 4-aminoan- Nd, Sm and (2009)

tipyrine with Gd

5-on-4-yl)]hydrazone}
pent-2,3,4-trione
(HAAP)

acetylacetone
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Antimicrobial activities of lanthanide(lll) complexes of
some Schiff bases derived from 4-aminoantipyrine

In recent years, alot of 4-aminoantipyrine Schiff bases and their metals complexes have been synthesized.
Their spectroscopic and structural properties were studied inorder to understand their chemical and
biological activity (Cunha et al., 2005, Alam and Lee, 2021, Aguilar-Llanos et al., 2023). They were found
to exhibit antimalarial, anticancer, antimicrobial, anticonvulsant, anti-inflammatory, antiviral, antiprotozoal
activity etc. The antimicrobial activity has been the most encountered. Less research studies have
been carried out on the antimicrobial activity of lanthanide(lll) complexes of Schiff bases derived from
4-aminoantipyrine. This section of the review enlisted some of them (Table 12).

Agarwal et al. (1992) prepared and characterized lanthanide(lll) iodide complexes of the Schiff base,
4-[N-(m-methoxybenzilidene)amino]antipyrine (MBAAP), obtained from 4-methoxybenzaldehyde
and 4-aminoantipyrine. The complexes were reported to have the composition [Ln(MBAAP),L.], with
Ln represented as La, Ce, Pr, Nd, Sm, Gd, Tb, Dy, or Ho. The ligand (MBAAP) acts as a bidentate
ligand in the complexes coordinating through the carbonyl oxygen and azomethine nitrogen. A
coordination number of seven was assigned to the metal ions inside these complexes. Their thermal
stabilities were also studied. The antibacterial activity of the ligand and its lanthanide(lll) complexes
was investigated.

Alaudeen et al. (1995) obtained and reported rare earth perchlorate complexes of
4-(2-hydroxynaphthylazo)antipyrine (H-NAP) with the formula, [Ln(NAP),]CIO, where Ln represented
La, Pr, Nd, Sm, Gd, Dy, or Y. The ligand, H-NAP, acted as a monovalent tridentate ligand coordinating
through the carbonyl oxygen, phenolic oxygen, and one nitrogen of the azo group, thereby creating
two chelate rings: a five-membered ring and a six-membered ring, while the perchlorate ion
remained uncoordinated and ionic. The metal ions were assigned a coordination number of six. The
antibacterial activity was examined against the microorganism, Staphylococcus aureus (strain-H),
using a turbidimetric assay method. The synthesized compounds were shown to exhibit antibacterial
activity at a concentration of 0.05 mg/ml. The sequence of the activity was established as follows: Y
> Dy > Gd > Pr > La > Nd > Sm. The complexes exhibited more activity than the Schiff base ligand,
H-NAP, but were less active compared to 4-aminoantipyrine.

Rajendran and Sreeletha (2002) synthesized and characterized some mixed ligand complexes of
lanthanide(lll) ions with the Schiff base, pyridine-2-carboxaldehyde-4-aminoantipyrine (P2CAAP)
and different anions such as acetate, chloride, nitrate and thioisocyanate using various spectroscopic
methods. The composition of the complexes was found to be [Ln(P2CA4AAP),(an),] where Ln
could be La, Pr, Nd, Sm, Gd, Dy and a could be acetate, chloride, nitrate and thiocyanate ions.
In these complexes, the primary ligand acted as a neutral tridentate ligand while the secondary
ligands, namely the monovalent acetate, chloride, nitrate and thiocyanate anions were unidentate.
Antimicrobial analysis was conducted using the agar diffusion method against the following bacteria:
Staphylococcus aureus, Escherichia coli, Klebsiella pneumonia and Pseudomonas aeuruginosa.
It was observed that the activity of the synthesized compounds depended on the nature of the
substitutents. The chloro group increased its antibacterial activity while the nitro group decreased its
activity. The lanthanide(lll) complexes exhibited greater activity than the ligand.

Agarwal and Prakash (2005) investigated the influence of diphenyl sulphoxide (DPSO) on the
stereochemistry of lanthanide(lll) complexes of the Schiff base, 4-[N-(2-hydroxy-1-naphthylidene)
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amino] antipyrine semicarbazone (HNAAPS) (Figure 51) using spectral and analytical techniques. The
complexes were determined to have the composition Ln(HNAAPS) X,.DPSO, where Ln represented
La, Pr, Nd, Sm, Gd, Tb, Dy or Ho; X could be NO, when nis 1 and X could be NCS- or CIO,” when n is 2
(Figs. 52-54). The infrared analysis revealed that HNAAPS acted as a neutral tridentate (N,N,O) ligand,
while DPSO coordinated to the metal ion through its lone oxygen atom. The nitrate ions coordinated
in a bidentate fashion, while the thiocyanate coordinated via the strong nitrogen atom. The perchlorate
ions were outside the coordination sphere. The nitrato groups and isothiocyanate complexes were
assigned a coordination number of ten, whilst the perchlorate complexes were assigned a coordination
number of seven. Antibacterial studies and thermal analysis were also carried out.

HiC N= OH
- N_ A
«N\[\_S“\“N’ <
ch N NHZ

Figure 51. Structure of 4-[N-(2/-hydroxy-1/-naphthylidene)amino]an-
tipyrine semicarbazone HNAAPS).

| Figure 52. Structure of [Ln(L)(NO,),DPSO].

N
SCN \BL| 4/ NCS
n

SIS
NCS 0
/I\N \
>
| Figure 53. Structure of [Ln(L),(NO,),DPSO].

CgHs

| Figure 54. Structure of [Ln(L),DPSO](CIO,),
The synthesis of cerium(lll) mixed ligand complexes of 2,3-dimethyl-1-phenyl-4-salicylidene-3-
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pyrazolin-5-one (L) with oxalic acid (Ox) (Figure 55), 8-hydroxyquinoline (8-OHqu) (Figure 56), and
2-aminopyridine (2-ampy) using a deprotonating agent, LiOH was reported by Abd El-Wahab et al.
(2005). The mixed ligand cerium(lll) complex exhibited an octahedral geometry. The ligands were
coordinated to the central metal ion as either a monoanionic tridentate (O,N,O) or a monoanionic
tetradentate (O,N,O,N) ligand. The binuclear cerium(lll) complex was synthesized pyrolytically by the
thermal conversion of the mononuclear complex. The complexes and their respective thermal products
were separated and characterized by physical and spectroscopic methods. The antimicrobial activity
was examined against the bacterial species; Staphylococcus aureus, Bacillus subtilis, Pseudomonas
aeruginosa, Escherichia coli, and the fungal species; Aspergillus fumigatus, Penicillium italicum,
Syncephalastrum racemosum, Alternaria alternata, and Candida albicans. Chloramphenicol and
Terbinafin were used as reference drugs for antibacterial and antifungal activity, respectively. The
cerium(lll) complex exhibited reduced activity against Bacillus subtilis, Escherichia coli, and Candida
albicans in comparison to the Schiff base. The binary cerium (Ill) complex exhibited diminished
antifungal efficacy against Syncephalastrum racemosum and showed no activity against alternaria
alternata. The Schiff base ligand and its metal complexes exhibited higher antimicrobial efficacy
compared to some of the reference drugs.

c
I CH
C"O 7 N ’
C o T\O _N—CHj,
H

Figure 55. Proposed structure of the octahedral configuration of
Ce(lll) mixed ligand complex containing 2,3-dimethyl-1-phenyl-4-sal-
icylidene-3-pyrazolin-5-one and oxalic acid.

“\..

o/ ~0

N""""--...C
\3 I{l CH, | 2120

Figure 56. Proposed structure of the Ce(lll) mixed ligand complex-
es containing 2,3-dimethyl-1-phenyl-4-salicylidene-3-pyrazolin-5-one
and 8-hydroxyquinoline.

The Schiff base, 1-(4-aminoantipyrine)-3-tosylurea (H,L) synthesized from 4-aminoantipyrine with
ethyl-N-(3-tossulfonyl)carbamate and its lanthanide(lll) nitrate complexes, M(H,L),.3NO, where M
= Nd(II), Sm(lll) and Eu(lll) were reported by Xi et al. (2009). The antioxidant activity and DNA
binding studies were investigated. The complexes were found to possess potent antioxidant activity
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and DNA binding affinity. The findings portray the potentials of the lanthanides for biomedical
applications.

O HN—C
HN
I
\ N
CH,
HsC

| Figure 57. Structure of 1-(4-aminoantipyrine)-3-tosylurea (H,L).

Agarwal et al. (2011) investigated the influence of a, B, and y picolines on the stereochemistry of
lanthanide(lIl) nitrate complexes of 4[N-(furfural)amino]antipyrine semicarbazone (FFAAPS), derived
from 4-aminoantipyrine, furfural, and semicarbazone hydrochloride (Figure 58). The FFAAPS acted
as the primary ligand, and a, B, and y picolines acted as secondary ligands. The synthesized
compounds were characterized by spectroscopic techniques. The complexes exhibited a general
composition of [Ln(FFAAPS(NO,),Pic] with Ln represented as La, Pr, Nd, Sm, Gd, Tb, Dy, or Ho.
The ligand, FFAAPS, functioned as a neutral tridentate ligand, while the NO, coordinated in a
bidentate fashion, and the a, B, and y picolines coordinated via their heterocyclic nitrogen atoms.
The lanthanide(lll) ion was designated a coordination number of ten. The antibacterial efficacy of
the selected lanthanide(lll) complexes was evaluated against the gram-positive bacterial species,
Bacillus subtilis and Staphylococcus aureus, as well as the gram-negative species, Escherichia coli
and Salmonella typhi, utilising the agar-cup method. The reference drug used was tetracycline. The
Schiff base ligand, FFAAPS, and a-picoline demonstrated moderate antibacterial activity, but was
less active compared to the reference drug.

CH3

Figure 58. Proposed structure of [Ln(FFAAPS)(NO,),Pic], where Ln is
La, Pr, Nd, Sm, Gd, Tb, Dy or Ho.

Agarwal and Kumar (2011) prepared and characterized ten and seven coordinate complexes of
trivalent lanthanide(lll) with 4[N-(4’-dimethylaminobenzalidene)amino]antipyrine thiosemicarbazone
(DMBAAPTS) (Figure 59). DMBAAPTS and pyridine acted as the primary and secondary ligands,
respectively. The general molecular formula was Ln(DMABAAPTS)nX,.py expressed as LnL(NO,)..
py, Ln.L(NCS),.py and LnL(CIO,),.2py, where Ln denoted La, Pr, Nd, Sm, Gd, Dy or Ho; X is NO,- if
n=1; Xmay be NCSor CIO, if n = 2, with pyridine. The ligand, DMBAAPTS, functioned as a neutral
tridentate (N,N,S) ligand, coordinating via the nitrogen atoms of the two azomethine groups and the
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sulphur atom of the thioketo group, while the pyridine was coordinated with the metal by its lone pair
nitrogen atom. The thermal analysis and antimicrobial activity were also examined.

Figure 59. The structure of the Schiff base, 4[N-(4/-dimethylamin-
obenzalidene)amino]antipyrine thiosemicarbazone (DMBAAPTS).

Prasad et al. (2011) documented the synthesis of mixed ligand complexes comprising
lanthanide(lll) nitrate, thioisocyanate, and perchlorate of 4[N-(furfuralamino)antipyrine
semicarbazone (FFAAPS) as the primary ligand and diphenyl sulfoxide (DPSQO) as the secondary
ligand. The complexes exhibited a general composition of Ln(FFAAPS)X,.nDPSO, where X
could be NO, if n is 1; X could be NCS- or CIO, if nis 2 and Ln could be La, Pr, Nd, Sm, Gd,
Tb, Dy or Ho. The synthesized complexes were characterized by spectroscopic techniques. The
ligand, FFAAPS, functioned as a neutral (N,N,O) tridentate donor, whereas diphenylsulfoxide
(DPSO) served as a unidentate oxygen donor, and the NO," displayed bidentate characteristics.
The coordinating anion determines the coordination number of lanthanide(lll) complexes. The
coordination number assigned to the nitrate and thiocyanate complex was ten while that of the
perchlorate complexes was seven. The antimicrobial activity was examined on five bacterial
species: Escherichia coli, Staphylococcus aureus, Bacillus subtilis, Streptococcus pneumonia,
and Pseudomonas aeruginosa, and two fungal species, Aspergillus niger and Penicillium
notatum using the cup-plate method. The results of the antibacterial and antifungal activity of
the synthesized compounds demonstrated inhibitory effects against all examined species. This
was attributed to the variation of the conjugated system of the Schiff base resulting from the
coordination of the lanthanide ions. The thermal analysis was also carried out.

Aghav et al. (2011) designed and characterized cerium(lll) complexes of the Schiff base,
2,3-dimethyl-1-phenyl-4-salicylidene-3-pyrazolin-5-one (AAP) and several amino acids
(L), namely L-tryptophan, L-tyrosine, L-cysteine, L-leucine, and L-serine (Figure 60). The
Schiff base, 2,3-dimethyl-1-phenyl-4-salicylidene-3-pyrazolin-5-one (AAP) served as the
primary ligand, while the amino acids (L) functioned as secondary ligands, coordinating
via the carboxylate oxygen and amino nitrogen. The antibacterial activity was examined
against the following bacteria: Staphylococcus aureus, Corynebacterium diphtheriae,
Pseudomonas aeruginosa, and Escherichia coli. The antibacterial efficacy was assessed
via the agar cup method with tetracycline as the reference drug. The results demonstrated
that the cerium(lll) complexes displayed a better inhibitory effect compared to each of the
Schiff base ligands.
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Figure 60. Structure of [Ce(L)(AAP)] complex where L can trypto-
phan, tyrosine, cysteine, leucine or serine.

Aghav and Lokhande (2016) further elucidated and characterized lanthanum(lll) complexes of the
Schiff base, 2,3-dimethyl-1-phenyl-4-salicylidene-3-pyrazolin-5-one (HL) and various amino acids,
namely L-tryptophan, L-phenylalanine, L-isoleucine, L-proline, and L-serine (Figure 61,62).
The complexes were assigned a coordination number of six. The antibacterial efficacy was examined
against the following bacteria: Staphylococcus aureus, Corynebacterium diphtheriae, Pseudomonas
aeruginosa, and Escherichia coli. The antibacterial efficacy was assessed via the agar cup method,
with tetracycline as the control agent. The lanthanum(lll) complexes demonstrated better antibacterial
activity compared to the Schiff base ligands. This is attributed to the presence of the azomethine
group present on the structure of the ligand. The presence of nitrogen and oxygen atoms tend to
inhibit enzyme production. Enzymes tends to be deactivated by chelation to metal ions.
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Figure 61. Proposed structure of [La(L)(AAP)NO,].2H,O complex
where L could be tryptophan, phenylalanine, isoleucine, proline or
serine.
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Figure 62. Proposed structure of [La(Pro)(AAP)NO,]-2H,0 complex
where L was proline.

Abbas (2015) synthesized lanthanium(lll), cerium(lil), neodymium(lil), europium(lll), and gadolinum(lll)
complexes of the azo Schiff base ligand, 2-(4-aminoantipyren)-L-tryptophan (AAT), derived from
diazotized 4-aminoantipyrine and L-tryptophan. The ligand and its metal complexes were analyzed
utilizing spectral and physicochemical techniques. The formula of the complexes was proposed as
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[Ln(AAT),CL]. The ligand acted as a neutral bidentate ligand. The complex had a pentagonal bipyramidal
structure. The stability constant (K) and Gibbs free energy (AG) were determined. The synthesized Schiff
base, AAT, and its lanthanide(lll) complexes were evaluated against the bacterial species; Escherichia
coli and Staphylococcus aureus, as well as the fungal species; Candida albicans and Asperqgillus niger,
using diffusion technique. The lanthanide(lll) complexes showed better biological activity against the
examined bacteria and fungi compared to the Schiff base, AAT. This enhanced activity can be attributed
to chelation in which the metal ion adsorbed on the cell wall of the microorganism blocks the protein
synthesis. This is regarded as an important factor in the growth of microorganisms.

Philip et al. (2018) developed a novel heterocyclic ligand via the Knoevenagel method. The ligand,
1,2-dihydro-1,5-dimethyl-4-[(1-2-0x0-2H-1-benzopyran-3-yl)ethylidene]amino]-2-phenyl-3H-pyrazol-
3-one (ACAP) was prepared through the reaction of aminoantipyrine with 3-acetylcoumarin (Figure
63), along with its La(lll), Pr(lll), Sm(lIl), Ga(lll), and Dy(lll) complexes (Figure 64). The ligand and
the lanthanide(lll) complexes were analyzed using several physicochemical and spectroscopic
techniques. The complexes possessed the general formula, [Ln(ACAP)(H,0).CL.]. The spectral data
demonstrated that the Schiff base acted as a bidentate ligand, coordinating to the central metal ions
via the azomethine nitrogen and the oxygen atom of the pyrazolone ring. The a-amylase inhibitory
activity of the synthesized compounds was assessed using the Apostolidis method, while the
antioxidant property was evaluated using the DPPH assay. The metal complexes exhibited greater
inhibitory and antioxidant activity than the ligand, respectively. The a-amylase inhibitory activity was
enhanced due to its complexation with metal ions. The antioxidant activity provides useful information
for the study of lanthanide(lll) complexes as therapeutic agents based on their ability to mitigate
oxidative damage induced by free radicals in the body. Free radicals assault cellular structures,
leading to ailments including aging, cancer, and cardiovascular and neurological illnesses.

Figure 63. Structure of the ligand, 1,2-dihydro-1,5-dimethyl-4-[(1-2-0x0-2H-
1-benzopyran-3-yl)ethylidene]amino]-2-phenyl-3H-pyrazol-3-one (ACAP).

Figure 64. Structure of the lanthanide complex,
[Ln(ACAP)(H,0),ClL.].
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Hua et al. (2020) obtained and characterized a hexanuclear Nd(lll) complex of the Schiff base,
dihydroxybenzaldehyde-4-aminoantipyrine. The complex was of the formula, {[Nd (HL),L,X,(NO,),
(EtOH),].(EtOH)(H,0),}, where H,L was 2,3-dihydroxybenzaldehyde-4-aminoantipyrine and H,X was
2,3-dihydroxybenzaldehyde. The single crystal diffraction studies indicated that the Nd(lll) complex
formed a trinuclear cluster structure which further forms a hexanuclear monomer through two bridging
ligands, L,. The monomers had - interactions and a lot of intramolecular hydrogen bonds. The
Nd(Ill) complex exhibited significant antifungal activity against Candida albicans with an inhibitory
zone of 26mm. The IC, value of the Nd(lll) complex had ranges from 4.02 to 4.85 uM, which was
much smaller than that of the control drug, gemcitabin and free ligand (H,L).

Hussein and Shaalan (2022) studied the lanthanum(lll), neodymium(lll), europium(lll), gadoliium(lll),
and dysprosium(lll) complexes of the Schiff base, (L) synthesized from 4-aminoantipyrine and
dimedone (Figure 65). The ligand showed greater activity against gram-negative bacteria,
Escherichia coli and Pseudomonas aeruginosa than gram-positive bacteria, Staphylococcus aureus
and Streptococcous pyogenes. The sequence of activity is as follows: Nd** > La3* > Eu’* > Gd** >
Dy®*. Dy*" had no inhibitory activity against the examined bacterial species.

H3C CH
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Figure 65. Structure of Schiff base derived from 4-aminoantipyrine
and dimedone.

Hussein et al. (2023) synthesized and characterized a Schiff base, L from the condensation reaction
of 4-antipyrinecarboxaldehyde and ethylenediamine (Figure 66) and its lanthanide(lll) complexes
with the formula, [M,L,(NO,)].6H,O where Ln could be La, Nd, Er, Gd and Dy. The bioactivity of
the synthesized compound was examined against the following bacteria: Staphylococcus aureus,
Bacillius subtilis, Escherichia coli, Klebsilla pneumonia using agar well diffusion method. The
complexes showed higher antibacterial activity against Staphylococcus aureus and Bacillius subtilis
compared to the Schiff base ligand.
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Figure 66. Structure of Schiff base, L from 4-antipyrinecarboxalde-
hyde and and ethylenediamine.
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Rijulal et. al. (2024) evaluated the biological activity of fourteen lanthanide(lll) nitrate complexes of the
Schiff base, 4-[N-(3-methoxyphenylmethanamine)formyl]-2,3-dimethyl-1-phenyl-3-pyazolin-5-one
(BMPMAFA) and 4-[N-(4-methoxyphenylmethanamine)formyl]-2,3-dimethyl-1-phenyl-3-pyazolin-5-
one (4MPMAFA) (Figure 67) derived from the condensation reaction of 3-methoxybenzylamine/4-
methoxybenzylamine with antipyrine-4-carboxaldehyde. The lanthanide(lll) complexes (Figure 68)
had a general formula of [ML,(NO,),] where M could be La(lll), Pr(lll), Nd(lll), Sm(lil), Gd(lll), Dy(ll),
Yb(Ill) and L was 3AMPMAFA or 4AMPMAFA. According to the spectral data, the Schiff bases; SMPMAFA
and 4MPMAFA acted as neutral bidentate ligand coordinating through the carbonyl oxygen and
azomethine nitrogen. The compounds had a monocapped octahedral geometry with a coordination
number of seven. The antimicrobial screening was performed using the disc diffusion technique
against the bacteria species; Escherichia coli, Staphylococcus aureus, Bacillius subtilis and fungi;
Aspergillus niger and Penicillium notatum. The biological analysis revealed that the lanthanide(lll)
complexes exhibited a higher antimicrobial activity than the respective Schiff base ligands. This was
attributed to the characteistics of the metal ions which was being adsorbed on the cell wall of the
microorganisms thereby blocking the protein synthesis which is important for the further growth of

these organisms.
CHj
H3C""‘“~N X \N
\N R,
0

R

Figure 67. Structure of SMPMAFA where R, = OCH,, R,=H and 4MP-
MAFA where R, = H, R,= OCH,

Figure 68. Structure of the lanthanide(lll) nitrate complexes where
Ln = La, Pr, Nd, Sm, Gd, Dy and Y, R, = OCH,, R,= H for 3aMPMAFA
and R, = H, R,= OCH, for 4MPMAFA.
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Hussein et al. (2024) prepared a Schiff base, 4,4’-(((2E,5E)-hexane-2,5-diylidene)bis(azaneylylide
ne))bis(1,5-dimethyl-2-phenyl-1,2-dihydro-3H-pyrazol-3-one) from 4-antipyrinecarboxaldehyde
and aceto nylacetone (Figure 69) and its lanthanide(lll) nitate salts, [Ln(L),(NO,)].nH,O where
Ln could be La, Nd, Er, Gd and Dy. The synthesized compounds were tested on the following
organisms; S. aureus, E. coli, K. pneumonia and S. mutans. The results of the antibacterial
analysis revealed that the synthesized compounds were less active on E. coli compared to other
tested organisms.

CHj;
H4C CH,
G N H, CHy N/
O~ X Ne—Cx C;" / \
\ I C"’ N N
N H, N

Figure 69. Structure of the Schiff base ligand, 4,4’-(((2E,5E)-hex-
ane-2,5-diylidene)bis(azaneylylide ne))bis(1,5-dimethyl-2- phenyl-
1,2-dihydro-3H-pyrazol-3-one).

Lanthanide(lll) nitrate complexes of the Schiff base, L obtained from the condensation reaction
of 4-antipyrinecarboxaldehyde and 2-aminobenzothiazole (Figure 70) were reported by Hussein
et al. (2024). The general formula of the complexes was [Ln,(L),(NO,),].6H,O where Ln could
be La, Nd, Er, Gd, Dy. Antimicrobial analysis was examined on four strains of bacteria, namely
Staphylococcus aureus, Bacillius subtilis, Escherichia coli, Klebsilla pneumonia and three fungi
strains, namely; Candida albicans, tropical fungi and Scandal fungi using the diffusion method.
It was observed that the metal complexes showed higher activity in Klebsilla pneumonia and
Candida albicans.

G CHs,
N

N

T\

Figure 70. Structure of the Schiff base from 4-antipyrinecarboxalde-
hyde and 2-aminobenzothiazole.

Muraleedharan and Viswanathan (2025) reported the synthesis and characterization of lanthanide(lll)
chloride complexes of the Schiff base (L) derived from 4-antipyrinecarboxaldehyde and 2-aminophenol
(Figure 71) using a microwave irradiation method. The complexes had a general formula [Ln(L,),CL]
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Cl.4H,0 where Ln could be La, Sm, Eu Dy (Figure 72). Antimicrobial properties of the synthesized
compounds were assessed against the following bacteria species: E. coli, S. aureus, A. hydrophilia,
K. pneumoniae, V. chloerae, B. subtilis and fungi species; A. fumigatus, A. flavus and C. albicans
using disc diffusion method. Streptomycin and amphotericin were used as reference drugs for their
antibacterial and antifungal activity, respectively. The complexes showed higher activity against E.
coli with an 1ZD of 24 — 33 mm, while only La and Eu showed activity against A. fumigatus and A.
flavus with an 1ZD of 11 - 14 mm. Generally, the complexes exhibited increased bioactivity compared
to the Schiff base. This is attributed to chelation, which raises the lipophilic nature of the central metal

CH,
H4C
Ny {
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N A\
N
U O
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Figure 71. Structure of the Schiff base from 4-antipyrinecarboxalde-
hyde and 2-aminophenol.

on.

O/C]\‘ F cr

Figure 72. Proposed Structure of the lanthanide(lll) complex of the
Schiff base, L.
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Table 12. Antimicrobial activities of lanthanide(lll) complexes of some Schiff bases derived from
4-aminoantipyrine.

Constituents Lanthanides Formula Micro-organisms Antimicrobial Method  Reference Ref.

(Bacterial and Activity (MIC drug

fungi) or 1ZD)
4-aminoan- La, Ce, Pr, [Ln(MBAAP),|,] Agarwal et al.
tipyrine and Nd, Sm, Gd, (1992)
4-methoxybenz-  Tb, Dy or Ho.
aldehyde
Diazotized 4-ami- La, Pr, Nd, [Ln(NAP),]CIO,, Staphylococcus MIC= 0.05mg/ turbidi- Alaudeen et al.
noanti pyrine Sm, Gd, Dy aureus ml metric (1995)
and 2-naphthol orY assay

method

4-aminoanti- La, Pr, Nd, Ln(P2CA4AAP),(an), Staphylococcus Agar Rajendra &
pyrine and pyri-  Sm, Gd, Dy aureus, diffusion Sreeletha
dine-2/-carboxal- Escherichia method (2002)
dehyde. coli, Klebsiella

pneumonia,

Pseudomonas

aeuruginoas
4-amino- La, Pr, Nd, Ln(HNAAPS) X..DPSO  Staphylococcus Agarwal &
antipyrine, Sm, Gd, Tb, 9 aureus, Klebsiella Prakash (2005)
2-hydroxynaph- Dy or Ho pneumonia,
thaldehyde, Escherichia coli
semicarbazide Pseudomonas
hydrochloride aeruginosa
and diphenyl
sulphoxide
4-amino- Ce Staphylococcus diffusion  chloram- Abd El-Wahabi
antipyrine, aureus, phenicol et al. (2005)
2-hydroxy- Bacillus subtilis, and terbi-
benzaldehyde, Pseudomonas nafin
oxalic acid, aeruginosa,
8-hydroxy- Escherichia coli,
quinoline and Aspergillus fumi-
2-aminopyridine gatus, Penicillium

italicum,

Syncephalastrum

racemosum,

Alternaria alter-

nata, Candida

albicans.
4-aminoanti- La, Pr, Nd, [Ln(FFAAPS(NO,),Pic] Bacillus subtilis, MIC = 50pg/ml  agar-cup tetracy- Agarwal et al.
pyrine, furfural Sm, Gd, Th, Staphylococcus diffusion  cline. (2011)
semicarbazide Dy, Ho. aureus,
hydrochloride Escherichia coli,
anda, Bandy Salmonella typhi
picolines
4-amino- La, Pr, Nd LnL(NO,),.py, Staphylococcus Agarwal &
antipyrine, Sm, Gd, Dy, aureus, Kumar (2011)
p-methylamino-  Ho LnL,(NCS),.py and Corynebacterium
benzalde hyde, diphtheriae,
thiosemicarba- LnL2(CIO4)3.py Salmonella typhi,
zide and pyridine Pseudomonas

aeruginosa
4-aminoanti- La, Pr, Nd, Ln(FFAAPS) X.DPSO Escherichia coli, cup-plate Prasad et al.
pyrine, furfural Sm, Gd, Th, 17 Staphylococcus (2011)
and semicarba- Dy, Ho aureus, Bacillus
zide hydrochlo- subtilis, S.
ride pneumonia,

Pseudomonas

aeruginosa,

Aspergillus niger
Penicillium no-
tatum
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Constituents Lanthanides Formula Micro-organisms Antimicrobial Method  Reference Ref.
(Bacterial and Activity (MIC drug
fungi) or 1ZD)
4-amino- Ce [Ce(L)(AAP)] Staphylococcus MIC (ug/cm3) =  agar cup, tetracy- Aghav et al.
antipyrine, aureus, 300-350 (s.au-  Tube cline (2011)
2-hydroxybenz- Corynebacterium  reus), 400 dilution
aldehyde and diphtheriae, —500) (c.di
L-tryptophan, Pseudomonas phtheriae), 400
L-tyros ine, aeruginosa, and — 500 (p. aeru-
L-cysteine, Escherichia coli. gin osa), 250 —
L-leucine or L- 300 (e. coli)
serin 1ZD (mm) =
13 - 14 (s.aure
us), 11 -12 (c.
diphtheriae), 12
— 13 (p. aerugin
osa), 16 — 15
(e. coli)
4-amino- La [La(L)(AAP)] Staphylococcus MIC (ug/cm3) =  agar cup, tetracy- Aghav &
antipyrine, aureus, 300-350 (s.aure  Tube cline Lokhande
2-hydroxybenz- Corynebacterium  us), 400 - 500 dilution (2016)
aldehyde and diphtheriae, (c. diphtheriae),
L-tryptophan, Pseudomonas 400 - 500 (p.
L-phenyl alanine, aeruginosa, and aeruginosa),
L-isoleucine, Escherichia coli. 250 — 300 (e.
L-prol ine or coli)
L-serine 1ZD (mm) =13 -
14 (s.aureus),11
— 13 (c. diphth
eriae), 11 -13
(p. aeruginosa),
15— 16 (E. coli)
Diazotized La, Ce, Nd, [Ln(AAT)20I3] Escherichia coli MIC =1 mg/ml diffusion Abbas (2015)
4-aminoanti Eu, Gd Staphylococcus tech-
pyrine and aureus, Candida nique
L-tryptophan. albicans,
Aspergillus niger
4-aminoan- Nd {INdg(HL),L,X, Candida albicans ~ 1ZD =26 mm gemcit- Hua et al.
tipyrine and abine (2020)
2,3-dihydroxy- (NO,)g(EtOH)q]. (EtOH)
benzaldehyde
(H,0)5}
4-aminoanti- Nd, La, Eu, [Ln,(L),(NO.).]. 6H.,0 Escherichia 1ZD (mm) =1 - Hussein &
pyrine and dim-  Gd, Dy 2B A coli and 10 (E. coli), 1 — Shaalan (2022)
edone Pseudomonas 10 (S. aureus),
aeruginosa 6 - 10 (p. aeru-
Staphylococcus gin osa), 6 — 10
aureus, (s. pyogenes)
Streptococcous
pyogenes.
4-antipyrinecar- La, Nd, Er, [M_L.(NO,).].6H.O Staphylococcus 1ZD (mm) =24 —  agar well Hussein et al.
boxaldehyde and Gd and Dy 2727 e 2 aureus, 35 (S. aureus),  diffusion (2023)
and ethylenedi- Bacillius subtilis, 24 - 32 (B.
amine Escherichia coli, subtilis), 18 - 28
Klebsilla pneu- (E. coli), 18 —
monia 28 (K. pneumon
iae),
4-antipyrinecar- La, Pr, Nd, [ML,(NO,).] Escherichia coli, disc Rijulal et. al.
boxaldehyde Sm, Gd, Dy, 2 B Staphylococcus diffusion (2024)
and 3-methoxy- Yb aureus, Bacillius

benzylamine
/4-methoxyben-
zylamine

subtilis and
Aspergillus niger
and Penicillium
notatum
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Constituents Lanthanides Formula Micro-organisms Antimicrobial Method  Reference Ref.
(Bacterial and Activity (MIC drug
fungi) or IZD)
4-antipyrinecar-  La, Nd, Er, [Ln(L),(NO,)I-nH,0 S.aureus, E. coli,  1ZD (mm) =6 diffusion Hussein et al.
boxaldehyde and Gd and Dy K. pneumonia (E. coli), 12 -24  method (2024)
acetonylacetone and S. mutans (S. aureus),
7-12 (K. pneu-
monia), 13 — 22
(S. mutans)
4-antipyrinecar-  La, Nd, Er, [Ln,(L),(NO.).].6H,O Staphylococcus 1ZD (mm) = diffusion Hussein et al.
boxaldehyde and Gd and Dy NG aureus, 20-33(S. method (2024)
2-aminobenzo- Bacillius subtilis, aureus), 20 —
thiazole Escherichia coli, 30 (B. subtilis),
Klebsilla pneu- 18 - 25 (E. coli),
monia, Candida 27 - 34 (K.
albicans, tropical ~ pneumon iae),
fungi and Scandal C. tropical (10 —
fungi 12), C. scandal
(9-13), C. albi-
cans (10 -15)
4-antipyrinecar-  La, Sm, Eu, [Ln(L1)ZCI2]CI.4H20 Escherichia coli, 1ZD (mm) = 24 Diffusion  strepto- Muraleedharan
boxaldehyde and Dy Staphylococcus - 33 (E. coli), 8 mycinand  and
2-aminophenol aureus, A. hy- —10 (K. pneum amphoter-  Viswanathan
drophilia, K. on iae), 15 — 34 icin (2025)
pneumoniae, V. (V. chloerae),
chloerae B. subti- 10 — 30 (A. hy-
lis, A. fumigatus, droph ilia), 8 —
Candida albicans, 15 (S. aureus),
Aspergillus flavus 9 — 15 (B. subti-
lis), 19 — 26 (C.
albicans), 14 (A.
flavus), 11 (A.
fumigatus)
Conclusion

Lanthanide(lll) complexes of 4-aminoantipyrine-derived Schiff bases represent a compelling class of
coordination compounds due to their structural diversity and versatile bonding characteristics. Their
broad functional potential underscores their significance within coordination chemistry and highlights
the need for continued investigation. Future studies should focus on obtaining single crystals of these
ligands, their derivatives, and corresponding lanthanide(lll) complexes to enable detailed structural
elucidation via single-crystal X-ray crystallography. In parallel, comprehensive evaluation of their
biological activities—including antioxidant, antibacterial, antifungal, anti-inflammatory, antimalarial,
and anticancer properties—remains essential. Computational analyses will further support structure—
activity relationship insights, while investigations into their catalytic, surfactant, electrochemical, and
anticorrosive behaviors may reveal additional functional applications. Moreover, the application of
these Schiff base ligands in solvent extraction processes for various metal ions, as well as their
incorporation into nanoparticle systems, offers promising avenues for advanced material design.
Equally important is the development of green and environmentally sustainable synthetic approaches
to minimize the release of hazardous substances. Collectively, these research directions are expected
to significantly expand the applicability and scientific relevance of 4-aminoantipyrine Schiff base
derivatives and their lanthanide(lll) complexes across multiple disciplines.
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Abstract

Toxic metal contamination is a serious concern nowadays due to their per-
sistence, toxicity, and bioaccumulation properties. These metals cause
severe effects on human health and the environment, and even at low
concentrations, they may contribute to severe diseases, including cancer.
Phytoremediation is one of the eco-friendly and cost-effective methods for
the remediation of toxic metals. Hyperaccumulator plants absorb and tol-
erate higher concentrations of toxic metals through various mechanisms,
including chelation, antioxidant defense, compartmentalization, uptake, and
storage in their tissues. The mitigation of toxic metal contamination through
phytoremediation is a cost-effective approach. However, it must include
thorough assessments of its impacts on herbivores and humans during and
after the remediation process. Herbivores eating these hyperaccumulators
may develop toxic metal accumulation, which could lead to neurological,
developmental, and other disorders. Post-phytoremediation strategies for
managing biomass include incineration, pyrolysis, gasification, and com-
posting. Biomass management, such as thermal treatments like pyrolysis or
biological methods like composting are used to prevent contaminants from
re-entering the soil. However, the risk of secondary pollution persists if han-
dling protocols are not strictly regulated. Though phytoremediation presents
an encouraging solution to the problem of toxic metal pollution, successful
phytoremediation projects require the management of post-remediation bi-
omass. This review article focuses on the concept of phytoremediation of
toxic metal contamination, including the mechanism of metal binding and
sequestration in hyperaccumulator plants. It also focuses on sustainable
strategies for environmental protection and economic feasibility to promote
informed decision-making in phytotechnologies.

Keywords: Hyperaccumulator, Phytoextraction, Phytoremediation, Phy-
tostabilization, Toxic metals
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Introduction

The rapid industrial growth in recent decades has led to a substantial increase in the presence of toxic
metals in the environment, raising significant concerns worldwide (Angon et al., 2024). Toxic metals
such as cadmium (Cd), lead (Pb), chromium (Cr), arsenic (As), and mercury (Hg) persistently accu-
mulate, posing risks and causing adverse effects on both plants and animals (Alsafran et al., 2021;
Habiba et al., 2019; Xu et al., 2024). These metals enter the environment from different sources, both
natural and human-made, including oil and gas industries, building infrastructure, mining, smelting
practices, coal-fired power plants, synthetic fertilizers’ production, agricultural practices, etc. (Al-Thani
& Yasseen, 2020; Wan et al., 2024; Yan et al., 2020). In response to these challenges, understanding
the dynamics of toxic metal accumulation in plants is crucial. Strategies for accumulation and tolerance
depend on various factors, such as metal type and plant species. The excess accumulation of toxic
metals in plants results in a reduction of stomatal conductance, transpiration rates, growth, disruptions
in metabolism, etc. (Saifullah et al., 2014; Vasilachi et al., 2023).

Plants can remediate toxic metals through four key processes, i.e., exclusion, stabilization, removal, and
distinct organ localization. Permissible accumulation limits are crucial, and beyond the permissible limits,
toxic metals begin to accumulate and magnify within the food chain, which emphasizes the importance
of environmental preventive measures (Abid et al., 2025; Sharma & Pandey, 2014; Singh & Kalamdhad,
2011; Wuana & Okieimen, 2011). Cadmium (Cd) exposure causes the ltai-itai disease in humans, and
chromium (Cr) exposure causes cancer (Zohdi et al., 2012), and excess arsenic (As) may disrupt the im-
mune system (Islam, 2023; Duruibe et al., 2007). Remediation of toxic metal sites is a top priority, because
it reduces health-related risks and protects the soil from further degradation to sustain the production of
food.

Consequently, there is an immediate need for the development of highly economical remediation
technologies that are efficient and cost-effective. Global efforts to eliminate toxic metals often in-
volve high costs and pose risks of environmental contamination. Phytoremediation is a promising
environmental approach that effectively removes toxic metals from polluted soil in a sustainable and
cost-effective way (Deng et al., 2024).

Phytoremediation with hyperaccumulator plants is an effective method in which plants use their root
systems to stabilize, move, or translocate, or sequester nonessential metals from soil (Liu et al.,
2020). It depends on a number of processes, including phytoextraction, phytovolatilization, phyto-
stabilization, and phytofiltration to excrete or neutralize harmful pollutants (Kafle et al., 2022). Plants
employ one or more of these mechanisms to minimize the toxic metals concentration in the soil.
Despite this, toxic metals may persist in the edible parts of hyperaccumulator crops even after phy-
toremediation, posing risks to human health by entering the food chain. Thus, strict safety regulations
to monitor metal levels in food items are crucial to preventing the consumption of contaminated veg-
etables, thereby protecting public health at the national and international levels.

The growing use of hyperaccumulator plants in pollution sites requires complete knowledge of post-phy-
toremediation processes to maintain the longevity of this remediation method. This review paper dis-
cusses the relationships between hyperaccumulator plants and the toxic metals they absorb and their
possible health effects on human beings. It mainly deals with the identification and characterization of hy-
peraccumulator edible plants, mechanisms of action of phytoremediator plants, and the fate of pollutants
in post-phytoremediation conditions. It also further highlighted the possibility of tapping into nature-based
remediation that would benefit sustainable agriculture by utilizing natural detoxification methods.
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Methodology

This review was conducted using a structured systematic review framework based on the PRISMA guide-
lines (Page et al., 2021). A comprehensive literature search was performed across multiple electron-
ic databases, including PubMed, Scopus, Web of Science, ScienceDirect, SpringerLink, and Google
Scholar. The search covered studies published between 2000 and 2026. Boolean operators (AND, OR)
were used with keywords such as: “phytoremediation”, “heavy metals”, “toxic metals”, “hyperaccumulator
plants”, “phytoextraction”, “phytostabilization”, “phytovolatilization”, “phytofiltration”, “edible hyperaccumu-
lators” “phytoremediation of heavy metals”, and “Potentially Toxic Elements.” To ensure a rigorous and
focused review, the study was guided by specific inclusion and exclusion criteria designed to isolate the
most relevant data. We prioritized peer-reviewed research articles and high-impact reviews that specif-
ically investigated the remediation of toxic metalloids, namely Cadmium (Cd), Lead (Pb), Mercury (Hg),
Arsenic (As), and Chromium (Cr) within terrestrial edible plants. This focus allows for a critical analysis
of both the phytoremediation mechanisms and the subsequent food safety implications. Conversely, we
excluded non-terrestrial species like aquatic plants and mosses, as well as studies centered solely on es-
sential micronutrients (Zn, Fe, Cu) or purely technical remediation methods like bioadsorption, ensuring
the findings remain applicable to soil-to-crop contamination scenarios. A total of 7800 records were initial-
ly identified. After removing duplicates, 5600 articles were screened based on title and abstract. Following
a full-text assessment, 240 studies were included in the final analysis. A PRISMA flow diagram has been

included (Figure 1) to illustrate the study selection process.

[ Identification of studies via databases ]
M
c
2
§ . . Duplicate records removed
= Records identified from : _
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-
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| Figure 1. PRISMA flow diagram for literature search of the study (Page et al., 2021).
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Origin and impact of toxic metal contaminants on plant
and human health

Toxic metals are metallic elements or metalloids that harm living organisms even at low exposure,
typically having high density and atomic numbers above 20, though toxicity mainly depends on dose
and chemical form. Although naturally occurring in soil, they can accumulate to high levels and cause
toxicity in various living organisms, such as plants, animals, humans, and microbes (Ahmed et al.,
2021). Essential metals such as Fe, Mn, Co, Zn, and Mo are required in trace amount and are crucial
for supporting a broad range of biological processes (Bhattacharya et al., 2016), and also non-es-
sential toxic metals, including Hg, As, Cd, Cr, and Pb are considered pollutants and are harmful to
the environment (Sumiahadi & Acar 2018).

Toxic metals are consistently introduced into the soil and water through natural processes of the
earth’s crust. However, anthropogenic activities, such as industrial waste accumulation, urbaniza-
tion, mining, atmospheric deposition, sludge dumping, smelting, electroplating, and the extensive
use of pesticides and chemical fertilizers in agriculture containing toxic metals, have significantly in-
creased their release into the ecosystem (Abdelsalam et al., 2019; Angon et al., 2024; Adamu et al.,
2013). Many of these metals accumulate in plants, enter the food chain, and subsequently transfer to
consumers, adversely affecting consumer health (Awa and Hadibarata, 2020). The different sources
and impact of toxic metals on plants and human beings are shown below in Figure 2.

The exposure of plants to toxic metals induces changes in physiological and biochemical properties.
Plants must evolve or adopt a sequence of methods to cope with the detrimental effects of toxic met-
als toxicity. For example, Imran et al. (2013) reported a reduction in plumule and radicle length in
Helianthus annuus L. seedlings exposed to As. Additionally, As has been reported to reduce photosyn-
thetic pigments, destroy chloroplast membranes, reduce enzyme activity, and modify nutrient balance
and protein metabolism (Martinez-Castillo et al., 2022; Li et al., 2006; Singh et al., 2009; Ahsan et al.,
2010. Similarly, Hernandez et al. (2012) observed that AlfaAlfa roots exposed to toxic metals such as
Hg and Cd induce oxidative stress and glutathione depletion. Furthermore, Chatterjee et al. (2004) re-
ported that the accumulation of Pb caused negative impacts on biochemical and physiological process-
es responsible for grain quality in Oryza sativa. Pb not only disrupts cell organelle integrity, including
the membrane stability index, but also lowers the concentration of chlorophyll in leaves and reduces
the number and size of leaves, tillers, and inflorescence. The adverse effects of toxic metals are not
only limited to the botanical world but also impact human health significantly. Plant exposure to these
metals not only determines the physiology and biochemical reactions of plants, but also predetermines
possible consequences of the impact on the wider ecosystem. High concentrations of toxic metals
disrupt human metabolic processes, entering the body through food, skin contact, or inhalation. Park et
al. (2004) have shown that exposure of human beings to dust and mist of hexavalent chromium Cr(VI)
is associated with life risks of lung cancer and possible death. Postmenopausal breast cancer is more
likely when people consume Cd-contaminated rice and other foods (Itoch et al., 2014). Similarly, As ex-
posure causes different health issues such as respiratory, renal, neurological, and cardiovascular (Lin
et al., 2013). Table 1 provides a summary of anthropogenic sources and adverse effects of selected
toxic metals on plant and human health.

Toxic metal contaminants have complex interactions with plant physiology and human health, high-
lighting the need for a detailed understanding of these environmental challenges. The high level of
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toxic metal concentration is a great threat to life. The cellular dynamics underlying the uptake of toxic
metals in eukaryotic cells is essential to understand the mechanisms by which metals interact with
living systems in providing an enlightenment on how these contaminants are absorbed, transported
and detoxified in the cells.

Source of heavy metals - Effect on Plant ! Effect on Human
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Figure 2. Sources of Toxic Metals and Their Impact on Plants and
Human being.

Table 1. Human-induced origins and detrimental impact of specific Toxic metals on plant and human

health.
Toxic Threshold | Source Harmful impact on Harmful Impact | References
Metals limits (soil plant health on Human
(mg/kg) Health
Arsenic 20 Industrial Disturb the normal Carcinogen, Chen & Olsen,
(As) activities functioning of plant cellular damage, | 2016;
and trans- metabolism. and cell death Kabir et al., 2016

ferred by air

Usage of

pesticides
and wood
preserva-
tives.

Stunted growth and
low crop productivity.
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Cadmium | 0.8 Batteries, Decreases seed Causing irrevers- | Laghlim et al.,
(Cd) ceramics, germination, lipid con- | ible damage to 2015; Pulford &
electronic tent, and plant growth. | the renal tubules | Watson 2003;
and met- Disturb enzyme ac- Rubio et al., 2018;
al-finishing _ WHO 1996
. . tivities.
industries,
electro- Interfere with the
plating symbiosis between
industries, microbes and plants.
pigments, Increase plant pre-
petroleum disposition to fungal
products, invasion.
textiles, in-
secticides,
television
sets, met-
allurgical
industries.
Mercury 0.1-1.0 Mining, pet- | Conflicts with electron Rezae et al., 2005;
(Hg) rochemical, | transport. Disrupt ox- | Neurological and | Wang et al., 2012;
painting idation reactions and renal disorders Ha et al., 2017
industries, the photosynthesis
fertilizers, process.
and medical
instruments
Lead (Pb) | 85 Melting Reduces chlorophyll. Respiratory, Laghlim et al.,
and smelt- Chlorosis. Necrosis cardiac, neuro- 2015; Zulfigar et
ing of ores, ’ ’ logical, and renal | al., 2019; WHO
automo- Inhibit root and shoot | disorders. 1996
biles, growth.
pest|C|de§, Less biomass produc-
urban soil tion.
waste
Affect seed germina-
tion.
Chromium | 100 Leather Stunted plant growth. Skin disorders Laghlim et al.,
(Cr) tanning, Causes membrane 2015; Almeidaa
metallurgy, damage etal., 2019; WHO
.electroplat- Chlorosis 1996
ing, and
refractory Root damage.

Toxic metal uptake and its intracellular dynamics in eu-

karyotic cells

Certain elements such as Zn, Cu, and Fe are essential micronutrients required in trace amounts,
whereas metals such as Cd, Cr, Pb, Hg, and As have no known biological function and are toxic
even at low concentrations and disturb biochemical and physiological activities by destabilizing the
enzymatic reactions and acting reactively (Cheng et al., 2025; Tchounwou et al., 2012; Rahman et
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al., 2012). Plants that exhibit a greater ability to absorb and transport the toxic metal into their shoot-
ing system are termed hyperaccumulators (Akinbile & Mbohwa, 2025). These plants have devel-
oped internal and complex mechanisms, including uptake, transportation, and detoxification of toxic
metals. A comprehensive array of investigations has been undertaken on Thlaspi caerulescens and
Arabidopsis halleri, by considering these as a model organism for elucidating toxic metal tolerance
strategies (Milner & Kochian 2008; Frérot et al., 2010). Existing evidence claims that hyperaccu-
mulation is attributed to the differential expression of shared genes in both hyperaccumulator and
non-hyperaccumulator plants, rather than arising from the presence of novel genes (Verbruggen et
al., 2009). The comprehensive elucidation of the intricate mechanisms governing toxic metal uptake,
transportation, and detoxification in eukaryotic cells is further explained in the subsequent section.

Uptake and transport of toxic metals

Hyperaccumulator plants have a remarkable ability to absorb toxic elements, even under varied
concentrations of toxic metals in the soil. This uptake process is influenced by multiple factors, in-
cluding pH, soil moisture content, soil physical conditions, and the presence of organic substances
(Tangahu et al., 2011). A study indicates that organic acid substances released from the rhizosphere
impact the solubility of Cd by forming Cd complexes (Krishnamurti et al., 1997). Consequently, the
pH and organic acid compounds released from a hyperaccumulator rhizosphere stimulate toxic met-
al absorption, thereby increasing their uptake (Pan et al., 2010). Additionally, transporters located in
the plasma membrane play a crucial role in facilitating the uptake of toxic metal ions from the soil.
Specifically, transporters from the ZIP family (ZRT-IRT-like proteins) are involved in the accumu-
lation of toxic metals through the uptake and transport of various cations, such as Fe?*, Mn?*, and
Zn?*, from the root to the shoot (Guerinot 2000). Hyperaccumulator plants like T. caerulescens and
A. halleri have increased Zn uptake in comparison to non-hyperaccumulator plant species, a phe-
nomenon associated with increased expression of several ZIP family members in hyperaccumula-
tors (Assuncgao et al., 2001). Another important metal transporter family, named P1B-type ATPases
of toxic metal transporting ATPases (HMAs), is widely present across different taxa, dependent on
the transportation of toxic metals such as Zn, Cd, Co, and Pb, playing an essential role in metal
tolerance (Axelsen & Palmgren 2001; Williams & Mills 2005). The HMA4 transporter is involved in
the translocation of Zn and Cd from the root to the shoot of the plant. The Cd and Zn efflux from the
root system into xylem vessels enhanced the metal tolerance due to the overexpression of HMA4
(Verret et al., 2004). Further, NRAMPs (naturally resistant associated macrophage proteins), a type
of transporters, utilize the proton gradient in the transmembrane to facilitate transportation of divalent
cations like Mn?* and Fe?* to the cytoplasm (Cailliatte et al., 2010). It has been demonstrated that the
iron transporter found at the plasma membrane of Oryza sativa, regulated by OsNramp1, exhibits
Cd influx activity (Takahashi et al., 2011). Additionally, another type of transporter named the metal
transporter proteins (MTPs) family are involved in the transportation of Zn and Ni towards the internal
cell chamber and extracellular space (Gustin et al., 2011). Zn accumulation and its tolerance are
regulated by MTP1, a vacuolar Zn?*H* antiporter that is situated at both the vacuolar and plasma
membrane (Desbrosses-Fonrouge et al., 2005). In Thlaspi goesingense, the members of the MTP
family are engaged for Ni vacuolar storage (Persans et al., 2001). Furthermore, cation exchanger
(CAX) transporters situated at the tonoplast are involved in vacuolar accumulation/sequestration
of Cd (Sharma et al., 2016). The expression of CAX4 and CAX2 in Nicotiana tabacum plays an
important role in Cd transport and its selectivity in tonoplast vesicles (Koren’Kov et al., 2007). Lead
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(Pb) is available to plants through natural and anthropogenic sources. Several studies demonstrat-
ed that root hairs have a high capability to adsorb Pb due to its association with polysaccharides of
root epidermal cells (Nareshkumar et al., 2015). Various plant species, including Brassica juncea,
Vigna unguiculata, and Festuca rubra, have provided insights into the absorption of lead (Pb) on
their root surfaces (Pourrut et al., 2011). Ca-permeable channels are the primary route through which
Pb enters the root (Kumar et al., 2017). Transgenic tobacco plants overexpress a protein named
calmodulin-binding protein 4 (NtCBP4), which has a possible role in Pb uptake across the plasma
membrane (Zeng et al., 2015).

Detoxification / Efflux of toxic metal ions

Detoxification of toxic metals is an indispensable mechanism for phytoremediation (Thakur et al.,
2016). In case there is excessive assembly of toxic metal ions in the cytosol, the plants are obligated
to get rid of them through detoxification to minimize their detrimental effects (Manara 2012). This
process works through chelation, where toxic metal ions bind with ligands to form stable complex-
es. In the cytoplasm, several organic and inorganic ligands are present to facilitate the chelation of
toxic metal ions. The organic compounds, such as organic acids, amino acids, phytochelatins (PCs),
and metallothioneins (MTs), are engaged in toxic metal ion chelation (Hall 2002; Sharma and Dietz
2006). Organic acids present inside the cells neutralize the effect of toxic metals as free ions in the
cytoplasm by minimizing their bioavailability to plants. For instance, in the leaves of T. goesingense,
citrate mediates the chelation of Ni (Kramer et al., 2000), whereas in the leaves of Solanum nigrum,
acetic and citric acids bind to Cd (Sun et al., 2006). Moreover, chelation of Zn in A. halleri through
malate organic acid (Sarret et al., 2002). Similarly, stress from toxic metals induces the accumulation
of various types of amino acids. For instance, in Arabidopsis thaliana, the production of cysteine can
be stimulated by Cd (Dominguez-Solis et al., 2004), whereas the production of proline is stimulated
by high stress of Cd, Pb, Zn, and Cu (Roy and Bera 2002). These aforementioned amino acids have
the competency to remove toxic metals through chelation inside the cells and xylem sap (Rai 2002).
After chelation, toxic metal ligand complexes are actively transported from the cytosol into dormant
compartments, such as the vacuole, where they are stored without any harmful effect (Tong et al.,
2004). The harmful effects of toxic metals are reduced by sequestration and vacuolar compartmen-
talization that aids the flushing out of toxic metals from cellular sites involved in metabolic processes
(Sheoran et al., 2010).

Furthermore, various genes are involved in the detoxification mechanism of toxic metals. For exam-
ple, in O. sativa nodulin 26-like intrinsic protein 2:1 (OsNIP2:1) is involved in the uptake as well as
removal of As®* (Zhao et al., 2010). Similarly, Saccharomyces cerevisiae exhibits ACR3 proteins for
the removal of As®* (Wysocki et al., 1997). One of the transporters located at the plasma membrane
of the cell, named P1B-type heavy metal ATPases (HMAs), play an essential role in metal homeo-
stasis. For example, in O. sativa, OsHMAS9 is associated with the efflux of various metals such as
Zn, Pb, and Cu (Lee et al., 2007). The gene for the cucumber CsMTP9 member of the MTP family,
is a plasma membrane-bound antiporter that effluxes Mn?* and Cd?* from the endodermis into the
vascular tissue by the influx of hydrogen ions (Pedas et al., 2014). Apart from this, the detoxification
of toxic metals in a hyperaccumulator also depends on gene overexpression associated with antioxi-
dant activity, such as reduced glutathione (GSH), cysteine, and O-acetylserine (Anjum et al., 2008). A
study revealed that in Noccaea goesingense, overexpression of NgSAT resulted in increased levels
of GSH that help in the tolerance of Ni, Co, Zn (Freeman et al., 2004).
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Toxic metal uptake and intracellular dynamics in eukaryotic cells involve complex mechanisms,
but these strategies have limitations when environmental metal levels become too high. The
insufficiency of these strategies highlights the need for more comprehensive remediation ap-
proaches. Phytoremediation technology has emerged as a promising and environmentally friend-
ly, sustainable solution to combat the escalating challenges posed by toxic metal pollution. By
leveraging the unique capabilities of hyperaccumulator plants, phytoremediation offers a green
strategy that goes beyond intracellular processes, addressing the broader ecological impact of
toxic metal contamination.

Phytoremediation technology: a green solution to the
problem of toxic metal contamination

Phytoremediation is a feasible and eco-friendly green technology that can effectively reduce toxic
metal pollution in soil. It is an environmentally friendly method because it reduces the risk of contam-
inant spread and maintains primary or individual ecotypes without excavation (Yan et al., 2020; Kafle
et al., 2022; Cristaldi et al., 2017). The future of phytoremediation lies in harnessing the potential of
hyperaccumulator plant species that can accumulate a wide range of toxic metals (Reeves et al.,
2008). The new solution involves not only the use of hyperaccumulator plants but also rhizospheric
microbes to transform, mobilize, or even sequester elemental pollutants within the soil (Cao et al.,
2025; Liu et al., 2020). Hyperaccumulator plants, due to their remarkable competency, employ di-
verse mechanisms to absorb elemental pollutants from the environment, thus mitigating detrimental
effects on consumers. The comprehensive details of hyperaccumulator plants are given below (Table
2 & S1)

Among these hyperaccumulator plants, the Brassicaceae family has gained recognition and is
displaying its significance in the phytoremediation process, with numerous hyperaccumulator spe-
cies. The extensive use of Brassicaceae in phytoremediation is also emphasized in various studies
(Ali et al., 2017; Gurajala et al., 2019). Research found that Brassica juncea can absorb lead (Pb)
at a concentration of 10300 mg/kg via phytoremediation (Koptsik 2014; Yan et al., 2020). The po-
tential of other species, e.g., B. carinata, B. napus, B. nigra, B. rapa, B. oleracea, to accumulate
toxic metals has been explored as well (Zeremsk et al., 2021). Moreover, varied species, including
Sedum alfredii, which has a high capacity to accumulate Cd (Zhou and Qiu 2005), and Trifolium
alexandrinum, can absorb toxic metals, including Cd, Pb, Cu, and Zn through phytoremediation
(Ali et al., 2012), are also illustrations of the vast possibilities of this remediation process. The
emerging popularity and societal acceptance of phytoremediation over the past decades’ under-
score soil remediation research.

Strategies of phytoremediation

The remediation of toxic metal-polluted soil through phytoremediation involves a number of plant-driv-
en strategies. The effectiveness of these strategies is intricately linked to the metals’ chemical com-
position, with the bioavailability of these pollutants playing a crucial role in achieving effective reme-
diation outcomes (Usman et al., 2020). Phytoremediation encompasses a spectrum of techniques,
including phytoextraction (or phytoaccumulation), phytofiltration, phytostabilization, and phytovolatil-
ization (Aryal, 2024; Usman et al., 2018; Wei et al., 2021). Different phytoremediation strategies for
toxic metals’ removal are shown below (Figure 3).
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Phytoextraction

Phytoextraction, a fundamental component of phytoremediation, involves the use of plants to absorb
elemental pollutants or toxic metals from the soil through their root systems. These metals are subse-
quently translocated and accumulate in the aboveground parts of the plants (Jacob et al., 2018; Yan
et al., 2020). This strategic approach has gained significance as an important method for reclaiming
potentially toxic elements (PTEs) or toxic metals from contaminated soil (Ali et al., 2013; Sarwar et
al., 2017). In this process, toxic metals undergo efficient extraction, accumulation, and transportation
to the aerial parts of the plant. Notably, phytoextraction presents an advantageous alternative to oth-
er remediation methods, permitting the extraction of toxic metals from the aboveground plant com-
ponents (Jeyasundar et al., 2021). Numerous plant species exhibit proficiency in the phytoextraction
of specific toxic metals, exemplified by Pteris vittata for As and Cr (Salido et al., 2003), Pelargonium
hortorum for Pb (Manzoor et al., 2020), and Thlaspi caerulescens for Cd and Zn (Cosio et al., 2004).

Phytostabilization

Phytostabilization involves the use of plant species with high metal tolerance to induce inactivation or
immobilization of toxic metals, either within the roots or in the rhizosphere. This process is utilized to
reduce the bioavailability of toxic metals, blocking their migration into the ecosystem and mitigating
the entry of elemental pollutants into the food chain (Alsafran et al., 2022). The mechanism involves
the stabilization of toxic metals in the soil through various processes, including the adsorption of met-
als by the root cell wall, reduction of metal valence in the rhizosphere, and sequestration of metals in
the root tissue (Gerhardt et al., 2017; Kumpiene et al., 2012). Despite its advantageous properties,
phytostabilization is less prevalent in practice compared to phytoextraction, mainly due to the tem-
porary immobilization of toxic metals (Radziemska 2018). Various studies indicate that numerous
plant species exhibit phytostabilization of potentially toxic elements, such as Silene vulgaris for Hg,
Cd (Pérez-Sanz et al., 2012; Gardea-Torresdey et al., 2004), Poa pratensis for Hg (Sas-Nowosielsk
et al., 2008), Athyrium wardii for Pb (Zhao et al., 2016), etc.

Phytofiltration

Phytofiltration is a method for extracting toxic metals from contaminated wastewater by using plant
roots (rhizofiltration), shoots (caulofiltration), or seedlings (blastofiltration) (Jadia and Fulekar, 2009).
In this technique, plant roots absorb or adsorb toxic metals, and root exudates play a pivotal role in
altering the pH of the rhizosphere, leading to the precipitation of toxic metals on plant roots (Javed et
al., 2019). Consequently, this process reduces the mobility of toxic metals in groundwater or surface
water. For effective rhizofiltration, plants must possess characteristics such as a compact root sys-
tem, hyperaccumulator traits, and high biomass production. Numerous aquatic plant species, includ-
ing water hyacinth, Azolla, and duckweed, demonstrate proficiency in rhizofiltration (Hooda 2007).
Additionally, terrestrial plants like B. juncea and Helianthus annuus exhibit rhizofiltration capabilities
due to their dense hairy roots and ability to accumulate toxic metals (Dhanwal et al., 2017; Rezania
etal., 2016).

Phytovolatilization

Phytovolatilization stands as a phytoremediation strategy wherein plants absorb toxic metal pollut-
ants from the soil, subsequently converting them into volatile forms and releasing them into the atmo-
sphere (Zhakypbek et al., 2024). This technique finds applicability for organic pollutants and specific
potentially toxic elements such as Se, Hg, and As (Mahar et al., 2016). B. juncea is recognized as
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a proficient phytovolatilizer of Se (Zhang et al., 2020). A distinctive advantage of phytovolatilization
over other techniques lies in its capacity to extract toxic metals from the soil and disperse them in
gaseous forms into the atmosphere. It is essential to note that phytovolatilization does not result in
the complete removal of pollutants, as these toxic elements persist in the environment.

The list of different hyperaccumulator plants along with their methods used for the remediation of
toxic metals is given in Table 2.

(Sunflower)
PHYTOSTABILIZATION PHYTOEXTRACTION

Figure 3. Different phytoremediation strategies for toxic metals re-
moval.

Table 2. List of the top toxic metal accumulator plants along with their phytoreme-
diation mechanism (Other accumulator plant details in Supplementary file S1).

S.No. | Plants Name Family Heavy | Max. con- | Type of Mechanism of | Reference
metals | centration | Plant phytoremedi-
of H.M. ation
accumu-
lated (mg/
kg)
1 Solanum pho- | Solanaceae Cd 544,132 Muthusaravanan
teincarpum etal., 2018
2 Medicago sa- Fabaceae Pb 43,300 Edible Phytoextraction | Koptsik 2014
tiva
3 Thlaspi Brassicaceae Zn 39,600 Edible Phytoextraction | Cosio et al.,
caerulescens 2004
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4 Dicoma nicco- Asteraceae Cr 30,000 Thangavel and
lifera Subbhuraam
2004
5 Arabidopsis Brassicaceae Zn 30,000 Weed Phytoextraction | Cosio et al.,
halleri 2004
6 Minuartia verna | Caryophyllaceae | Pb 20,000 Perennial Thangavel and
herb Subbhuraam
2004
7 Leptospermum | Myrtaceae Cr 20,000 Edible Thangavel and
scoparium medicinal Subbhuraam
2004
8 Aeollanthus Lamiaceae Cu 13,700 Phytoextraction | Chaney et al.,
biformifolius 2010
9 Agrostis tenuis | Poaceae Pb 13,490 Weed (Thangavel and
Subbhuraam
2004.
10 Ipomoea alpine | Convolvulaceae | Cu 12,300 Weed Phytoextraction | Lasat 2002
1 Alyxia rubri- Apocynaceae Mn 11500 Phytoextraction | Koptsik 2014
caulis
12 Phytolacca Phytolaccaceae | Cd 10,700 Weed Phytoextraction | Peng et al.,
american 2008
13 Brassica juncea | Brassicaceae Pb 10,300 Edible Phytoextraction | Koptsik, 2014
14 Pteris vittate Pteridoideae Cr 10,232 Fern Phytoextraction | Salido et al.,
2003; Kalve et
al., 2011
15 Haumaniastrum | Lamiaceae Co 10200 Phytoextraction | Sheoran et al.,
roberti 2010; Lasat,
2002

The compiled dataset encompasses 120 hyperaccumulator plant species exhibiting diverse phy-
toremediation capabilities, including phytoextraction, rhizofiltration, and phytostabilization. Among
these, 6 species are aromatic, 55 are edible, and 24 possess medicinal value. In terms of metal
specificity, cadmium (Cd) hyperaccumulation is most prevalent (34 species), followed by lead (Pb)
(22 species), arsenic (As) (8 species), mercury (Hg) (6 species), and selenium (Se) (3 species).
Edible hyperaccumulators are predominantly distributed across the families Brassicaceae (18 spe-
cies), Lamiaceae (11 species), and Asteraceae and Poaceae (7 species each). From the total
dataset, top 15 metal hyperaccumulator plants (>10,000 mg/kg) are presented in Table 1 while the
remaining 105 are provided in Supplementary File S1. Table 2 highlights key high-capacity accu-
mulators, with Solanum photeinocarpum showing exceptionally high Cd accumulation (544,132
mg/kg). The findings emphasize phytoextraction as the dominant remediation mechanism across
major plant families such as Solanaceae, Fabaceae, and Brassicaceae. Importantly, the inclusion
of edible species like Medicago sativa and Brassica juncea underscores both their remediation
potential and associated food safety concerns. Additionally, the dataset spans plants of varied
utility, including medicinal species like Prosopis laevigata and common weeds such as Phytolacca
americana, indicating that effective phytoremediation can be achieved across diverse ecological
and functional plant groups.
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Post-phytoremediation effects of toxic metals accumula-
tor edible plants on consumers

Various technologies are being employed to eliminate toxic metals from contaminated soil, and phy-
toremediation stands out as a major one among them. This method relies on hyperaccumulator plant
species known for their capacity to withstand toxic metals in the environment and contaminated
soil. Hyperaccumulator plants demonstrate a high ability to translocate and accumulate toxic met-
als in roots and shoots. It facilitates the movement of toxic metals from roots to shoots for subse-
quent harvesting (Nedjimi, 2021). However, it's imperative to recognize the numerous limitations of
phytoremediation for edible plants, as it may potentially have adverse effects on consumer health.
One significant concern lies in the risk of unintended consequences related to the bioaccumulation
process. Even though hyperaccumulator plants are adept at concentrating toxic metals, there is a
possibility that certain contaminants might be stored in edible parts of the plant in forms that are still
harmful to humans. Inadequate understanding of the complex interactions between different metals,
soil conditions, and plant physiology could lead to the unintentional introduction of toxic elements into
the food chain. Furthermore, the long-term effects of consuming hyperaccumulator plants need thor-
ough examination, as chronic exposure to even low levels of certain toxic metals can have adverse
health consequences. The success of phytoremediation with hyperaccumulator edible plants also
depends on careful monitoring and management to prevent contamination of surrounding areas and
water sources (Tamma et al., 2025). Thus, the understanding of the constraints and potential risks
associated with utilizing these plants in edible crops is crucial.

In this context, several case studies have been explored to elucidate the post-phytoremediation neg-
ative impacts on consumers. One such case study involved Colocasia esculenta, a hyperaccumulator
plant grown in mercury (Hg) contaminated soil. After 28 days of planting, the concentration of Hg in
the soil decreased. However, the toxic metal Hg accumulated in the plant tissue, and the translocation
factor (TF) was calculated, revealing higher TF in the shoot part compared to other plant parts. The
average Hg concentration in this study was 42.7 ug/kg body weight, considerably exceeding the stan-
dard Hg value of 1.6 ug/kg body weight. This study suggests that the consumption of C. esculenta may
pose toxicity risks to humans and be hazardous to human health (Asare et al., 2021). The exposure of
Hg to humans may cause autoimmune disease, anxiety, hair loss, and fatigue (Ali et al., 2013). Another
research study was conducted on Ocimum basilicum that was grown on metal-polluted soil. The levels
of Cd and Pb were found beyond the permitted limit, i.e., 0.3 mg/kg and 10 mg/kg, respectively. The Cd
and Pb accumulated in mature plant leaves are highly toxic. These toxic metals constitute a constraint
for human consumption of the studied plant (Dinu et al., 2020). If Cd is consumed by humans, it can
cause lung disease or accumulate in the kidneys & damage the filtration mechanism, and cause osteo-
porosis (Fatima et al., 2019). Similarly, if there is prolonged exposure to Pb, it may decrease the poten-
cy in males, affecting the cardiovascular and central nervous system (Debnath et al., 2019). There are
several members of the family Brassicaceae, which include important vegetables consumed across the
world and play a vital role in the human diet (Cartea et al., 2010). These vegetables, such as B. oler-
acea, B. rapa, and B. napus, absorb toxic metals from contaminated soil. A case study conducted on
irrigated urban and industrial wastewater, soil, and vegetables for the presence of toxic metals revealed
that the levels of Cr?* Pb?* and Cd?* in vegetables exceeded the allowed threshold value, indicating the
possible threat to human health, routing via food chain contamination (Mahmood & Malik et al., 2014).
When the quantity of Cr reaches a significant level, it becomes toxic and carcinogenic to humans
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(Achmad et al., 2017). Another empirical data explains that two varieties of Brassica crops, such as
B. oleracea var. ltalica (broccoli), and B. oleracea var. Gemmifera (Brussels sprouts), when irrigated
with municipal wastewater, the concentration of toxic metals was found to be above the permissible
limit. The value of toxic metals found in broccoli as: Ni 3.91—-4.15 mg/g, Pb 9.82—10.4 mg/g, whereas,
in brussels sprouts, Cd 0.8-1.17 mg/g, Co 2.35-2.70 mg/g, and Ni 5.70-6.17 mg/g, which was found
quite high. These aforementioned concentrations of toxic metals in Broccoli and Brussels sprouts are
detrimental for human consumption (Kalavrouziotis et al., 2008). The highly polluted ecosystem by Ni
gives rise to different pathogenic effects in humans, such as lung cancer, headache, nasal cancer, and
epigenetic disorders (Genchi et al., 2020). Literature data have revealed that various crops, including
Z. mays (corn), Lycopersicon esculentum (tomato), B. oleracea (cabbage), and B. chinensis (pakchoi),
grown in soils contaminated with electronic wastes, exhibit varying levels of toxic metal accumulation.
Specifically, it has been observed that B. chinensis accumulates high quantities of toxic metals such as
Pb, Cd, and Cu above the established threshold limits. The elevated presence of these toxic metals,
namely Pb, Cd, and Cu, can lead to multiple chronic diseases or comorbidities in humans. This accu-
mulation poses a risk as these contaminants may enter the food chain, posing health threats to con-
sumers. (Liu et al., 2012; Liu et al., 2012a). Therefore, caution is advised to prevent the adverse health
effects associated with the consumption of crops grown in soils contaminated with electronic waste.

In light of the findings presented in the aforementioned studies, it is essential to recognize the po-
tential risks associated with the consumption of hyperaccumulator plants used in phytoremediation
strategies. The elevated concentration of toxic metals in the edible parts of these plants poses health
hazards to consumers, necessitating an urgent need to effectively address these issues. Considering
the intricate interplay between environmental sustainability, agricultural practices, and human health,
the following section explores proposed solutions to mitigate the adverse effects of utilizing hyper-
accumulator plants and provides insights into achieving a balance between phytoremediation efforts
and safeguarding public health. In conclusion, although the use of hyperaccumulator edible plants
for phytoremediation is an innovative approach, the potential negative impacts on consumers and
ecosystems underscore the importance of thorough research, regulation, and responsible implemen-
tation to ensure the overall success and safety of this strategy.

Strategies for sustainable management of hyperaccu-
mulator plant biomass: post-phytoremediation

Phytoremediation contributes to soil stabilization by eliminating pollutants, improving the quality of
soil, and deterring soil erosion (Aftab et al., 2021; Afzal et al., 2019). The successful use of these
phyto-technologies, which are environmentally friendly, however, depends on the effectiveness of
the post-phytoremediation measures regarding the biomass containing toxic metals (Khan et al.,
2021). Several technologies target this problem by placing the accent on the economic valorization of
biomass by means of bioenergy production (Gomes 2012). Incineration, pyrolysis, gasification, com-
bustion, and composting are some of the techniques used in the treatment of contaminated biomass.

Incineration

It is the process of burning forced air with the combustion reaction to the biomass of the plant that
contains toxic metals, and it is a process of high-pressure oxidation. The product of this process is
lighter ash, which is easy to transport and store. But, incineration creates fly ash that has hazardous
toxic metals that cause secondary pollution. According to Wu et al. (2021), the total weight of S. al-
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feradii declined to 58.6 percent following the procedure of incineration. Furthermore, Hazotte et al.
(2020) found that the Ni hyperaccumulator plant, Odontarrhena chalcidica, generated ash with Ni
content of 13.5g/kg compared to the fresh biomass with Ni content of about 10 g/kg. Generally, as
the temperature for incineration rises, the rate of toxic metal vaporization will also increase, leading
to a higher concentration of toxic metals in fly ash. As the toxic metal content in fly ash surpasses the
permissible limit set by authorities, therefore, fly ash is unsuitable for subsequent reuse. Meanwhile,
Zhu et al. (2019) revealed that by increasing the incineration temperature, leaching of toxic metals
might be reduced. Additives such as kaolin, zeolite, and montmorillonite are used to increase the
retrieval of toxic metals in bottom ash and reduce the transportation to gas-phase fly ash. Lu et al.
(2015) showed that the addition of kaolin in fly ash removed 91.2 and 88.1% of Cd and Zn, respec-
tively, from the fly ash, with the increased sequestration efficacy attributed to physical and chemical
adsorption mechanisms of toxic metal sequestration during incineration.

Pyrolysis

Another technique that is being used to manage contaminated hyperaccumulated plant biomass is py-
rolysis. Pyrolysis is the oxygen-free degradation of hyperaccumulated biomass of plants at elevated tem-
peratures, which yields bio-oil, biochar, and pyrolysis gases (H,, CO,, CO) depending on the time and
temperature (Tayibi et al., 2021). Although effective, a couple of challenges are present in pyrolysis, such
as high operational costs and technological complexity. The potential offsets to economic impact are
possible products such as biochar and bio-oil. However, (Alcazar-Ruiz et al., 2022). Hyperaccumulator
biochar presents a necessity to assess the authenticity of toxic metals’ toxicity. Zhang et al. (2021) carried
out research on the hyperaccumulator plant Sedum plumbizincicola for Cd and Zn by pyrolysis treatment
to determine the pyrolysis risk assessment on biochar towards the environment. They demonstrated
that 80.95 percent Cd and 95.56% Zn recovery were achieved at a pyrolysis temperature of 350 °C, and
this highlighted the high efficiency of the pyrolysis treatment in enclosing the toxic metals in the biochar.
Certain additives, such as calcium dihydrogen phosphate, sodium hydroxide, calcium carbonate, and iron
(1) chloride, are able to mitigate the amount of toxic metals leeching throughout the process of pyrolysis
to stable compounds (Liu et al., 2020; Liu et al., 2020a). Pyrolysis of the cotton stalk biomass was cata-
lyzed by additives, like potassium carbonate, that accelerated the rate of the reaction, leading to a remark-
able increase in the lead (Pb) content by 51.5 to 93.4%, an effect due to the formation of a stable lead
hydroxide (Wang et al., 2021). The disadvantages of pyrolysis are that it requires low moisture (<10%)
to achieve favorable yields and calorific values, and high expenses on rehabilitating blocked pipelines
because of tar formation, which inhibits its adoption at an industrial scale.

Gasification

It is an important process in the search for sustainability in the management of hyperaccumulator
plant biomass following phytoremediation. The process entails exposing solid substances to high
temperatures, which causes them to convert into syngas, a mix of carbon monoxide and hydrogen.
Significantly, the generated syngas are utilized in gas turbines or fuel cells to generate electricity. Cui
et al. (2018) have shown that the gasification of the Sedum alfredii in a range of temperatures, 500
to 800 °C produced a syngas with an optimal ratio of hydrogen and carbon monoxide (1.26 to 2.46),
which was later used in the Fischer Tropsch process in producing a sustainable fuel. The transfor-
mation and migration of toxic metal content in the biomass plant in the gasification process should
be thoroughly studied to ensure the sustainability of the phytoremediation efforts. Duan et al. (2017)
studied the behavior of transformation of arsenic (As) in ladder brake (Pteris vittata L.) during gas-
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ification, revealing a significant release of about 60% of As at a temperature of 600 °C. Additionally,
Zhang et al. (2019 & 2019a) highlighted the advantages of incorporating iron oxide compounds
during the gasification of stonecrop (Sedum plumbizincicola) and ladder brake (Pteris vittata L.),
enhancing gas yields of hydrogen and carbon monoxide while efficiently removing toxic metals using
activated carbon. To secure the sustainable management of hyperaccumulator plant biomass, it is
crucial to conscientiously tackle the challenges linked to the formation of excessive tar dust contain-
ing toxic metals during the gasification process. Such challenges can lead to energy waste, reduced
gasification efficiency, as well as corrosion and blockage of gas pipelines (Cui et al., 2018).

Compaction

Apart from the above-mentioned methods, compaction emerges as an alternative disposal method for the
post-phytoremediation sustainable management of hyperaccumulator plant biomass. This is carried out
by pressing the contaminated plant biomass, and the subsequent collection of the leachates separately.
The resulting particulate discarded products, however, have a large quantity of toxic metals, which require
additional treatment as hazardous waste at an appropriate disposal site. It is interesting to note that as-
sessment studies have not been done on the recovery of valuable toxic metals by utilizing the leachate
obtained during the compaction of contaminated plant biomass (Oladoye et al., 2022). Further research
activities can be very helpful in trying to come up with a way to retrieve toxic metals in the collected leach-
ate to add to the overall sustainability of hyperaccumulator plant biomass handling techniques.

Composting

It is another methodology that is used in the sustainable management of hyperaccumulator plant biomass.
The biochemical conversion of concentrated and compacted toxic metal-enriched portions of the plant
biomass. Composting is done by reducing the volume and weight through the digestion process. This pro-
cedure promises to be cost-effective in transportation. Although it has historically been used on agricultural
waste, regardless of the current application, compost processing is vulnerable to the remobilization of toxic
metals due to microbial activities and solid waste (leachates). An appropriate confinement procedure is of
the utmost concern to reduce the potential of leaching toxic metals (Viaene et al., 2016; Mohanty, 2016;
Muthusaravanan et al., 2020). Song and Park (2017) conducted a research study that included the devel-
opment of compost made with the plant biomass of Phragmites australis and Typha angustifolia after phy-
toremediation. The outcome of this process was better soil qualities, in particular, soil moisture. Microbial
decomposition was found to increase nitrogen availability, which is beneficial to plant growth. Even though
the biomass of hyperaccumulator plants that have undergone phytoremediation may be utilized as com-
post to increase the fertility of soil, more studies are required since the biomass of plants is structurally
complex and is degraded by microbial communities in a diverse way (Wei et al., 2012).

Metal oxide nanoparticles synthesis

The green synthesis of metal oxide nanoparticles (MONP) through the utilization of phytoremedia-
tion plants has gradually emerged as a novel approach for managing the biomass generated after
the phytoremediation process. Wang et al. (2016) accomplished the successful synthesis of zinc
oxide nanoparticles using the Zn hyperaccumulator, S. alfredii. The resulting zinc oxide nanoparti-
cles demonstrated the ability of photocatalytic degradation. Even though little to no research activity
is being carried out on the theme of green synthesis of MONP using hyperaccumulator plants en-
dowed with toxic metals following phytoremediation. Current research efforts are more focused on
giving general accounts of the incorporation of plant extracts and phytochemicals into green synthet-
ic processes, without explaining the mechanisms underlying these reactions. Therefore, transition-
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