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Introduction: Nanotechnology has emerged as a promising field of study, aiming to revolutionize healthcare through the innovative
development of drugs, diagnostic tools, and medical devices. As a result, healthcare professionals in training are constantly faced with
the challenge of understanding and applying these emerging technologies. The objective of this study is to determine the factors to
consider for including the teaching of nanotechnological tools in medical specialty postgraduate programs.

Methods: A study based on the Nominal Group Technique (NGT) was conducted to identify the factors that promote and hinder the
implementation of nanotechnology in certain postgraduate programs where nanotechnology is employed, such as Internal Medicine,
Critical Care Medicine, Family Medicine, and Clinical Pharmacology at the School of Medicine of Universidad de La Sabana. A
framework analysis was used to analyze the collected data.

Results: Based on the two research questions, several aspects were identified for the inclusion of nanotechnology in the medical
practice of specialties. Key challenges include lack of knowledge and resource availability, misinformation, and lack of knowledge, as
well as paradigmatic analysis as the main obstacles to the use of nanotechnology.

Conclusion: The findings provide a first-time study on nanotechnology curricula within medical specialty programs in Colombia,
with potential extrapolation to similar situations in other medical schools. These insights can inform the global development of
medical education curricula by highlighting the need for structured nanotechnology training, fostering interdisciplinary collaboration,
and addressing resource and knowledge gaps to prepare future healthcare professionals for advancing medical technology worldwide.
Keywords: nanotechnology, nominal group technique, NGT, medical education

Introduction
The current era is witnessing a profound scientific revolution, markedly diverging from the First Revolution’s focus on
large-scale projects such as expansive operating rooms and skyscrapers. Today, the emphasis lies in developing smaller,
more precise, and highly utilitarian tools. Nanotechnology epitomizes this shift, involving the design and manipulation of
objects ranging from 1 to 100 nanometers—dimensions so minute they are one-hundredth the thickness of a sheet of
paper.'”

As a result, contemporary medicine is undergoing an unprecedented phase of innovation. The convergence of various
scientific disciplines is pushing the boundaries of disease diagnosis, treatment, early detection, and prevention. Within
this context, nanotechnology has emerged as a pivotal force, substantially transforming clinical practice and medical

education in institutions worldwide, both in the West and the East, that have integrated it into their medical-surgical
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curricula.* > The concept of “nanomedicine” represents a paradigm shift, offering novel insights into the translation of
advanced medical technologies from the laboratory to clinical practice.

The COVID-19 pandemic underscored the value of nanomedicine by accelerating the development of more effective
diagnostic tools, therapeutic strategies, and vaccine delivery systems.®’” This global health crisis has emphasized the
urgent need for modern medical education to incorporate innovative technologies.”> Integrating nanotechnology into
medical education not only enhances students’ understanding of disease diagnosis and treatment but also fosters practical
skills in utilizing advanced medical technologies.

Nanotechnology has impacted various medical domains, including drug delivery systems®’ and medical imaging.”'°
In drug delivery, nanotechnology has facilitated the development of systems that interact at cellular and molecular levels,
improving therapeutic efficacy while minimizing side effects. Moreover, its focus on quality by design stresses the need
to ensure both the efficacy and safety of treatments with minimal immune reactivity.®

In medical imaging, nanotechnology has revolutionized current technologies by enhancing image contrast and
specificity, enabling more accurate and earlier disease diagnoses through advanced imaging agents.'® Nanotechnology
also presents significant opportunities in preventing nosocomial infections and improving public health outcomes through
faster diagnostics and timely responses to critical patient conditions.” Research on antimicrobial nanoparticles is
pioneering new strategies to combat hospital-acquired and opportunistic infections.®”*

However, the advancement of nanotechnology also raises ethical and regulatory challenges. The potential toxicity of
nanoparticles and their impact on human health and the environment are growing concerns. Establishing appropriate
regulatory frameworks and safety standards is crucial to ensuring the safe and sustainable application of nanotechnology
in medicine.*’

In the realm of precision and personalized medicine, nanotechnology plays an essential role in biomarker discovery,
improving diagnostic accuracy, and optimizing individualized treatments, including advanced technologies such as
CRISPR.*7'"!'? Incorporating nanotechnology into postgraduate medical-surgical education programs is crucial for
preparing healthcare professionals to fully leverage these innovations.® However, while the transformative potential of
nanotechnology in healthcare is well-documented and its importance is completely recognized, there remains a critical
gap from empirical studies in understanding how to effectively integrate these advancements into postgraduate medical
specialty training and curricula, particularly in resource-limited settings such as Latin America.

The reason behind that regional impact is the biased existing literature focusing on high-income countries or
theoretical frameworks, where robust infrastructure, interdisciplinary collaborations, partnerships with nanotechnology
research hubs, and funding mechanisms appear to facilitate curricular updates, leaving some context-specific barriers
such as curricular rigidity that prioritizes traditional and urgent medical subjects over emerging and innovative
technologies, adding the lesser faculty expertise, and infrastructural limitations that hinder implementation in countries
like Colombia.

This gap is further exacerbated by a lack of participatory research involving the medical residents, which, as frontline
trainees, possess firsthand insights into curricular relevance and practicality, yet their perspectives are underrepresented in
pedagogical reforms. Without empirical data grounded in their experiences, efforts to modernize medical education risk
misalignment with on-the-ground realities, perpetuating disparities in technological adoption.

By mastering both the foundational principles of nanomedicine and the practical use of diagnostic and therapeutic
technologies, healthcare professionals trained in this field will be better equipped to meet future challenges. Therefore,
incorporating nanotechnology into medical education is essential for equipping healthcare professionals with the skills
and knowledge to lead in modern medicine, which increasingly influences diverse specialties and informs clinical
decision-making considering future innovations.'*"'®

By advancing understanding of cutting-edge medical technologies and fostering the practical skills necessary for their
clinical application, nanotechnology is paving the way for a new era in healthcare, where precision, efficacy, and
innovation serve as the cornerstones of patient care.>>'”'® Despite its widely acknowledged transformative potential in
medicine, diagnostics, and education, nanotechnology also involves substantial financial demands. These include
significant investments in infrastructure, specialized equipment, research and development, skilled personnel, and
regulatory compliance. As noted by Alardawe et al (2022), nanotechnology reshapes the structure of production costs
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by increasing fixed and indirect expenditures, thereby necessitating the implementation of advanced cost management
strategies to ensure sustainability. Within the context of medical education, such economic requirements may pose
challenges to scalability and equity, particularly in low-resource environments. Consequently, any effort to integrate
nanotechnology must be accompanied by a critical assessment of its financial viability and logistical feasibility within the
constraints of existing institutional systems.'® This article aims to identify the enabling factors and systemic obstacles
perceived as essential by medical residents in medical-surgical specialties at our institution for implementing nanotech-
nology education within the medical curriculum and to assess key aspects of its impact on daily professional practice and
medical education, through Nominal Group Technique (NGT) focus groups as a structured and participatory methodol-
ogy fostering equitable participation by minimizing dominance by vocal individuals, and generating consensus-driven
priorities within the iterative rounds of idea generation, discussion, and ranking.

Beyond curricular reform, we aim to reshape residents training in nanotechnology applications and embedding it into
competency-based assessments, reassuring that future clinicians not only understand nanoscale innovations but also
apply them ethically and effectively. Then, it bridges a methodological and regional void in the literature, offering a
replicable model for institutions navigating one of the complexities of 21st-century medical education, advocating for an
equitable technology access.

Materials and Methods

A qualitative study was conducted using the adapted NGT,?>?' which could help identify the most important aspects of
the challenge of implementing nanotechnology in the curricula of medical specialties. The rationale for using the NGT
methodology in our study is that it enables small teams to participate and, through consensus, prioritize ideas and
opinions on a common topic. This approach provides highly valuable qualitative information. This methodology is
widely reported in the literature.?'>* The study was carried out at the Universidad de La Sabana, Chia, Colombia, and
was approved by Research Ethics Committee of Universidad de La Sabana (protocol 01 18 May 2021), as part of the
framework of a macro research project “Nanobiosensor platform for therapeutic drug monitoring (TDM) as a strategy in
minimizing antimicrobial resistance”. The Nominal Group Technique (NGT) was planned and prepared during the
second half of 2024, with its implementation carried out over a period of six weeks. This timeframe included the
preparation of materials, recruitment and coordination of participants, the structured discussion sessions, and the
subsequent thematic analysis.

The implementation of the Nominal Group Technique (NGT) took place within 120 minutes, providing sufficient time
to complete all the planned phases: from the selection of experts to the analysis and validation of the consensus reached.
It involves a sequential process composed of distinct phases: introduction and clarification of the research question, silent
individual idea generation, structured round-robin sharing of ideas, group clarification and consolidation, followed by
individual ranking or voting to prioritize responses.”' >**° This method fosters equitable participation, minimizes
groupthink, and enables the systematic collection of expert opinions.”' ?® NGT is particularly valuable in medical
education and health research for identifying priorities, evaluating curricular content, or eliciting expert consensus on
emerging topics such as nanomedicine or artificial intelligence integration. The total duration of the technique’s
implementation was adequate to ensure the experts’ active reflection and participation, as well as to consolidate the
results of each phase without compromising the quality of the consensus. In this study, thematic analysis was integrated
as an essential phase of the methodological process based on the Nominal Group Technique (NGT).

Indeed, as part of the methodological design, participants were previously provided with a selected introductory
reading on nanotechnology applied to medicine, extracted from updated scientific literature and relevant to the objective
of the study.> This strategy aimed to ensure a minimum common knowledge among experts, promote informed
participation, and facilitate a richer and more focused discussion during the Nominal Group Technique (NGT) session.

After the idea generation session by the expert participants, each idea was recorded verbatim and preliminarily

grouped into tentative categories by the facilitators' *

was carried out, allowing the identification of recurring patterns
within the set of prioritized ideas.
This analysis consisted of several stages: (1) familiarization with the data generated in the TGN sessions, (2) initial

coding of the ideas and associated observations, (3) grouping of codes into preliminary themes, (4) review of the themes
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based on their internal coherence and relevance to the study objectives, and (5) definition and final naming of the
emerging themes. Each phase of the analysis was carried out independently by two researchers and consensus was
subsequently reached through discussion, thus ensuring the validity and reliability of the process.

This methodological approach allowed for the rigorous systematization of the information obtained, consistent with
the participatory and structured foundations that characterize the TGN. The statistical classification of ideas was
complemented by this thematic analysis to offer a richer and more contextualized interpretation of the findings.

Participants
The participants for the NGT were medical residents from various specialties at Universidad de La Sabana. Recruitment
was conducted through an open call inviting voluntary participation in the study (Figure 1S).

Prior of the NGT, each participant received a formal invitation to participate in the study, which explained the
objectives, the voluntary nature of their participation, and the confidentiality conditions. Subsequently, all participants
signed an informed consent form duly approved by the institutional ethics committee. The informed consent obtained
from participants included their agreement to the publication of anonymized responses and direct quotes.

Before beginning the session, it was reiterated that the comments, interpretations, and positions expressed would be
treated with strict confidentiality, and that no information would be used to individually identify the participants. It was
also explicitly agreed that the verbal information shared during the clarification of the written documents would be
systematized anonymously, without personal attribution, thus ensuring respect for the privacy of the contributions and the
integrity of the process. These precautions created an atmosphere of trust and openness, in which participants felt safe to
express their opinions freely, contributing to the quality of the consensus reached.

A total of 12 residents participated in the NGT, representing the specialties of internal medicine, critical care, family
medicine, and clinical pharmacology (3 residents from each specialty). In this context, a small, intentional sample, such
as 12 participants, is appropriate and consistent with the methodological approach, as it allows for effective interaction

without compromising the diversity of ideas or the depth of analysis.?*>*

Data Collection
The NGT Was Conducted in Three Phases

Phase I: The objectives of the NGT were shared with participants before starting the activity. The multiple purposes of
the technique were explained, as it provides participants with the opportunity to begin thinking about their contributions
to the topics discussed. A discussion about these topics followed. Additionally, participants were given time to ask
clarifying questions about their role, their participation, and what would be expected of them.?'

Phase II: The purpose of the meeting and the value of participants’ contributions were emphasized, as well as the
voluntary and anonymous nature of their participation. Participants provided written informed consent before the focus
group session began (Supplementary material 1). The information was anonymized and treated according to ethical

principles of confidentiality. All participants agreed to be recorded during the NGT session.

Targeted questions were formulated following a thorough literature review and consultations with specialists in
addiction treatment and nominal group technique methodologies. The questions were designed to address two key
decision points in the treatment process:

Question 1 (Q1): “In your medical specialty residency, what are the factors that promeote the use of nanotechnology?”

Question 2 (Q2): “In your medical specialty residency, what are the factors you believe hinder the implementation of
nanotechnology?”’

The participants were asked to write their ideas in silence for about 10 minutes. Subsequently, a turn-by-turn idea
collection was carried out, where the moderator wrote each point mentioned on a whiteboard, allowing the entire group
to see the growing list of ideas and be stimulated to think of additional ones.

This method of data collection served multiple purposes: it freed the facilitator from influencing group opinions,
protected the anonymity of those presenting ideas, and focused on the idea rather than the author. This approach helped to
address anchoring bias, a bias where participants attempt to align their responses with the group’s opinion, and also
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minimized social desirability bias, where respondents attempt to provide answers that present themselves in a socially
favorable manner.

Afterward, forms were collected, and the participants’ comments on the listed elements were transcribed. The
facilitator ensured that the information was complete and clearly explained to all participants. If there were questions
about what was written, participants clarified the meaning. The session continued with the structured discussion of ideas
for a limited time, followed by additional rounds of questions and idea generation until responses were saturated. Finally,
a selection and ranking of ideas (voting) was conducted.

In some cases, a brief clarification dialogue took place.?® This step ensured that participants understood the meaning
of each idea, allowing individuals to make informed decisions when ranking their priorities.”® The moderator ensured
that dominant participants did not unduly influence the group.

Phase III (Analysis): In the third phase, participants were asked to silently rank the top five ideas (5 = highest priority
and 1 = lowest priority). Votes were tallied, and ideas were ranked.?” A final discussion was held to determine if the
group supported the top-ranked priorities. The nominal group session was audio-recorded and transcribed verbatim to aid
in understanding and retaining participants’ considerations.

Our findings were reported in accordance with the RATS guidelines for qualitative research, which evaluate the
relevance of the study question, appropriateness of the qualitative method, transparency of procedures, and soundness of
the interpretive approach.”®

Results

A total of 12 residents from 4 medical specialties participated in the NGT. Based on the questions asked, three key
elements were highlighted: a) Aspects to consider for the inclusion of nanotechnology in medical-surgical education
(MSE); b) Mechanisms for introducing nanotechnology into MSE; c¢) Competitive advantages of incorporating nano-
technology into MSE.

Before starting with the questions, basic aspects and concepts of nanotechnology were discussed to provide context
for the questions. The concept of nanotechnology, although seemingly simple, proved to be a difficult term to define and
was mostly based on the idea of scale.

Each resident received 3 votes for question 1 and 5 votes for question 2 for each of the established categories. The
data obtained are presented in Table 1, which contains some of the participants’ narratives, categories, and thematic
analysis in response to questions Q1 and Q2. Likewise, Figure 1 represents the representative percentage of each
category designated for questions Q1 and Q2. In the first question, aimed at identifying factors that promote the use of
nanotechnology, five main categories were obtained. The most notable was the construction of quality of knowledge and
its application, with 17 votes (47.22%), followed by the availability of resources, with 9 votes (25%). Thirdly, two factors
with equal weight were identified: cost-effectiveness of implementation and policies for its implementation, each with 4
votes (11.11%). Finally, interdisciplinary and intradisciplinary work received 2 votes, representing 5.6% of the total.
Regarding the factors that hinder the implementation of nanotechnology, the most voted category was misinformation
and lack of knowledge, with 27 votes (44.26%). This was followed by paradigmatic paralysis with 10 votes (16.39%),
and the structure and security of the health system, with 7 votes (11.47%). Other obstacles noted included curricular
articulation in practice (6 votes, 9.83%), approval of the national nanotechnology system (5 votes, 8.19%), industry
influence (3 votes, 4.92%), conflict of interest (2 votes, 3.28%) and, finally, lack of critical judgment, with 1
vote (1.64%).

The categories analyzed for each of the responses using NGT provide valuable insights into the challenges and
obstacles in the implementation of nanotechnology in medical specialty curricula.

A relationship was established between each emerging category and its potential curricular implications, highlighting
how the elements prioritized by experts can guide the design of content, methodologies, and strategies for medical
training in nanotechnology. This approach strengthens the applicability of the results by providing concrete evidence that
can be used by decision-makers and curriculum designers to promote the effective inclusion of nanotechnology in
specialized medical training. Table 2 presents a comparison of the different categories analyzed within the NTG.
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Table | Some Narratives From the Participants, Categories, and Thematic Analysis in Response to Questions QI and Q2

Participant’s Voices Categories Thematic Analysis Votes
Question |

“I have heard very little about nanotechnology, especially as it applies to Quality Construction of Relevance of 17
medicine, but | believe that what is fundamental here is that it is part of Knowledge and its Nanotechnology in Specialist

what is known as translational medicine. From basic medicine to applied application Medical Training

medicine, to surveillance, which is what we are doing right now, and | think
this point is vital for the transition to what we now know as personalized

medicine, which | believe is the future.”

“Actually, | had never heard of nanotechnology until we were sent the
articles.”

“I believe that what the article mentioned is very, very close to our reality. Both Teaching expertise
professors, whether at the undergraduate or graduate level, lack knowledge
about nanotechnology, even though it is used in everyday life.

What they propose is that we need environments where people can learn about
the basis of nanotechnology and what it can achieve. This way, individuals can
start to create or innovate things where | can gradually begin to apply it, aiming
to develop different avenues—whether for treatment, diagnosis, or other
applications—that can be implemented.”

“I also mentioned that, since we are more clinical in this field, the time allocated Resource Availability 9
for assistance activities may sometimes overshadow these types of activities, and
I believe that could also be a limitation.

Furthermore, many times, budget constraints at the different faculties
significantly limit research in these areas, so | think that should also be taken into

account.”

“In diabetes, nanotechnology is also being used for early diagnosis and timely Cost-effectiveness of implementation 4
treatments. If you have knowledge of what exists, then great, you can use it. But
in my view, | do not just want to know that it exists and use it; | want to know
how I can help my patients in other ways. If | can conduct more research on this,
then | would really like to know.

| believe that in both undergraduate and graduate programs, we can provide this
range of possibilities for doctors so they can decide. For example, they might
choose to be clinical and only know about it, applying it as needed. Alternatively,
they could also gain an understanding of how it works, which allows them to
approach it in a better way and maximize the benefits of that process.

So, in redlity, both points are valid. If someone just wants to use it because it
exists, that’s fine.”

“There are certainly doctors who are not very interested in the applicability of Policies for implementation 4
this; they simply want the knowledge to practice professionally based on what
they learned. However, | believe in the importance of this topic in education,
starting from undergraduate studies, to provide tools for doctors.

We are doctors, but we are also researchers, and we can each choose our own
path and decide how we want to shape our professional focus and profile. | think
it’s very useful for medical schools to provide these tools and this education so
that in the future, all these resources can support each individual’s approach,
especially since we do not fully understand the concept yet.”

(Continued)
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Table | (Continued).

Participant’s Voices

Categories

Thematic Analysis

Votes

“It’s important to emphasize multidisciplinarity and change it to
interdisciplinarity. We cannot remain isolated; honestly, | am not
particularly interested in understanding those machines or in engineering
and mathematics. However, it is essential to understand that there are
processes that exist. Just as some people learn in different ways—through
kinesthetic channels or more visual ones—there are others who need to
understand things differently.”

Interdisciplinary and interprofessional Teamwork

Total

36

Question 2

“Perhaps this is something that will be the next step, and in a few years,

everyone will know about it.”

“People lack knowledge about nanotechnology, even though it is used in
everyday life. What they propose is to create environments where people
can understand the basis of nanotechnology and the potential it holds. This
way, individuals can start to create or innovate things that they can
gradually apply to develop different avenues—whether for treatment,
diagnosis, or other applications—that can be implemented.”

“Well, | had also seen it more in subspecialties, for example, in
gastroenterology and other specialties where there is ongoing work based
on nanotechnology. In subspecialties like pathology, it wasn’t something we

perceived as being so close.”

“In total, the specialties that form the basic sciences are super important
for countries to achieve better adherence. Now, they are bringing the
concept into universities, so if we can incorporate it at some point into

our research, that would be great.”

Misinformation and Lack of

Knowledge

Need for Nanoeducators

Nano-Literacy

Challenges for Educators

27

“We often do not realize how we sometimes start to adjust our
understanding of what should be because we are presented with benefits
and shown very promising results. It’s almost like brainwashing, as they tell
us that this new thing is the best of the best. That’s why we need to be
very critical. As young people, we often fall into this trap of being

influenced too easily.”

Paradigmatic Paralysis

Resistance to change

This is one factor, reassurance, which is independent of the approval of

technology by regulatory entities.”

Structure and Reassurance of the Health System

“The articulation of the curriculum in the practical environment, utilizing

technological resources to educate in practice spaces.”

“Comparatively, | would add two things directed at the university, which is the
one managing my academic curriculum. The university has the capacity—or how
should | put it?—the academic arm to guide these projects.

Yes, and if the university were to have a greater presence in my practice area, it

would be easier to implement nanotechnology as a basic concept, not just for you

but for everyone. | mean, | thought of it as directed towards us, the ICU staff.”

Curriculum Articulation in Practice

(Continued)
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Table | (Continued).

Participant’s Voices Categories Thematic Analysis Votes

“So that they can have, as you have mentioned, | am not sure if you can Approval of the Nanotechnology System 5
implement these concepts and introduce them into training programs, both in
basic information for undergraduate studies.

Creating spaces such as discussions and open talks initially would ensure that the
basic concepts are included within a program as minimum common
requirements. Additionally, there should be opportunities for anyone who wants

to delve deeper into the topic.”

“But how much does the industry, beyond just pharmaceuticals, Influence of Industry 3
particularly in industrial sales, influence us not only to learn about it but

also to use it”

“We can address that point as well. Yes, as you mentioned from Conflict of Interest 2
experiences, it could also become compact, which could hinder the
process. How many clinical trials are needed to prove that nanotechnology
is effective? For example, | will not look into anything else because | already
know that mechanical ventilation driven by neural impulses works. On the
other hand, evidence-based medicine is influenced by what the

pharmaceutical companies present.”

“| believe that the problem here is related to that, but the disaster is a Critical Judgment |
factor in the sense that I'm not sure if it relates to access to technology on
that front.”

Total 60

Discussion

This section presents an analysis of the significance of the results obtained from the NGT activity, focusing on the main
challenges faced by medical specialty residents in implementing nanotechnology in their curricula, as well as the key
aspects for promoting the use of nanotechnology. The analysis is subdivided according to the questions posed.

Question |

Category I: Quality Construction of Knowledge and its Application

This category addresses critical aspects of the educational process initiated at the undergraduate level, highlighting that a
solid foundation in basic sciences is essential to understand the role and applications of nanotechnology in medicine.

Nanotechnology is often referred to as a pillar of the next industrial revolution, due to its potential to transform
multiple sectors through precise manipulation of matter at the nanoscale. To ensure that its research, development, and
social implications achieve a meaningful impact, it is essential to promote continuing education programs that address its
risks, benefits, limitations, and ethical considerations.”” These advances present significant challenges for academic
institutions—not only in content delivery but also in the pedagogical approaches required to train new generations of
professionals capable of leading in this emerging field.

The demand for a scientifically literate workforce, equipped to understand and apply nanotechnological tools, is
growing in response to this technological shift. Nanotechnology is not limited to medicine; its relevance extends to
consumer goods, electronics, energy, environmental solutions, and data technologies.3 31 This breadth underscores the
need for educational systems to adapt and to prepare learners for a society deeply intertwined with nanoscale innovations.

In the medical field, nanotechnology has enabled novel applications under the umbrella of nanomedicine, including
nanoparticles for drug delivery, advanced imaging agents, diagnostic systems, implants, and tissue engineering
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(b)

(@)
26% 11,48%

8,2%

4,92%
28%
1,64%
47,22% 44,26%
- Misinformation and lack of knowledge
B Construction of quality knowledge and its application -
- Availability of resources Paradigmatic paralysis
Cost-effectiveness of its implementation Health system structure and reassurance

I Policies for its implementation - Curriculum integration into practice
B Work in interdisciplinary and intradisciplinary teams
- Approval of nanotechnology systems

- Influence of industry
- Conflict of interest

3 Critical judgment

Figure | Percentage diagram of the analyzed categories from participants’ responses to Q| (a) and Q2 (b) using the Nominal Group Technique (NGT).

solutions.”!” For instance, chemotherapeutic drugs can now be administered more safely, with reduced systemic toxicity.
Wearable and implantable nanodevices offer real-time monitoring of physiological parameters and early detection of
pathological changes, such as infections or cancer. These technologies position clinicians closer to the source of disease
signals, enabling faster and more precise interventions. Furthermore, the convergence of nanotechnology with artificial
intelligence and predictive analytics expands the frontiers of personalized and preventive medicine.*® During the NGT
plenary session, participants strongly emphasized the need for nanotechnology to be integrated transversally across the
medical curriculum. They suggested that this integration be both horizontal and vertical, allowing for the progressive
accumulation of knowledge throughout medical education, culminating in its consolidation during postgraduate training.
The MEDICUS curricular model at our institution reflects this integrated vision.>? This approach is aligned with the

Table 2 ComparativeAnalysis of Categories for Question | and Question 2

Question | Categories Question 2 Categories | Comparison

(Promoting Factors) (Hindering Factors)

Quality Construction of Knowledge Misinformation and Similarity: Both address knowledge-related factors, but Q| emphasizes
and its Application Lack of Knowledge building knowledge for application (eg, translational medicine), while Q2

highlights deficiencies in knowledge as a barrier.

Teaching Expertise Nano-Literacy Similarity: Both focus on educational capacity. Q| stresses the need
for expert educators, while Q2 underscores the broader need for
literacy among students and faculty.

Resource Availability Challenges for Difference: QI views resource availability as a facilitator if addressed,
Educators while Q2 identifies educator-specific challenges (eg, lack of training) as a
distinct barrier.

Cost-effectiveness of Paradigmatic Paralysis | Difference: QI highlights cost-effective implementation as a motivator,
Implementation whereas Q2 points to resistance to change due to entrenched paradigms

as a hindrance.

(Continued)
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Table 2 (Continued).

Question | Categories Question 2 Categories | Comparison
(Promoting Factors) (Hindering Factors)
Policies for Implementation Structure and Similarity: Both relate to systemic support. Q| focuses on proactive
Reassurance of the policy development, while Q2 emphasizes the need for health system
Health System stability to enable adoption.
Interdisciplinary and Curriculum Similarity: Both underscore the importance of collaboration and
Interprofessional Teamwork Articulation in Practice | practical integration. Q| emphasizes interdisciplinary teamwork, while

Q2 focuses on embedding nanotechnology in practical training

environments.

- Approval of the Difference: Q2 uniquely identifies regulatory approval as a barrier, not
Nanotechnology explicitly addressed in QI.
System
- Influence of Industry Difference: Q2 highlights industry influence as a potential conflict, not
raised in QI.
- Conflict of Interest Difference: Q2 notes conflicts of interest (eg, pharmaceutical

influence) as a barrier, absent in QI.

- Critical Judgment Difference: Q2 emphasizes the need for critical evaluation of

nanotechnology, not explicitly addressed in QI.

principles of spiral integration, wherein complex subjects are introduced at a basic level and revisited through successive
stages of increasing depth and complexity. Such a curriculum promotes deeper learning by reinforcing knowledge over
time, applying it in different contexts, and building strong connections between theoretical foundations and clinical
practice.®

In this context, an integrated curriculum is defined as one that delivers synchronized, transdisciplinary content across
all years of medical education, bridging fundamental and clinical sciences and supporting the real-world application of

innovations like nanotechnology.**

Subcategory: Relevance of Nanotechnology in Specialist Medical Training

Basic biomedical sciences continue to face challenges in maintaining relevance within medical curricula. A solid
command of these sciences is a prerequisite for medical training success, as many modern diagnostic and therapeutic
tools are built on their principles.” In this context, However, significant disparities exist in students’ baseline knowledge,
which can hinder their ability to grasp complex concepts such as nanotechnology.® When foundational understanding is
insufficient, students may struggle with biochemical, physiological, and pathophysiological concepts, which can com-
promise clinical reasoning and lead to academic disengagement or dropout.®’ This situation underscores the importance
of improving the quality of basic science instruction, especially as it relates to emerging fields. Ensuring students are
adequately prepared during early training phases increases their capacity to transfer and apply this knowledge in
advanced, context-specific domains such as nanomedicine.

Subcategory 2: Teaching Expertise
Participants also highlighted the crucial role of educators in enabling meaningful learning of scientific content. They
emphasized that instructors should not only transmit knowledge but also cultivate critical thinking, ethical reasoning, and
the ability to interpret complex information relevant to nanotechnology and healthcare. Medical educators must be
equipped to help students understand how emerging technologies work, what their limitations are, and how they can be
responsibly applied within the healthcare system.

Nanotechnology itself can serve as a powerful pedagogical tool—one that fosters engagement in STEM fields by
stimulating curiosity and innovation. Integrating nanotechnology into formal curricula can contribute to more inclusive,
dynamic, and interdisciplinary educational experiences, preparing students to navigate and lead within the highly
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interconnected world of the Society 5.0 paradigm, where human-centered innovation is key.*® Thus, incorporating
nanotechnology into medical education is not merely about adding content; it requires a shift in educational philoso-
phy—one that prepares future physicians to engage with complex systems, make informed decisions, and contribute to
global healthcare innovation.

Category 2: Resource Availability

This category emphasizes the importance of aligning educational strategies with national and regional development
priorities. Participants noted that the successful integration of nanotechnology into medical education requires a clear
understanding of the country’s scientific, technological, and healthcare needs. This includes coherence with public
policies, institutional missions, and national innovation agendas.” Participants also highlighted the value of promoting
multidisciplinary and cross-sectoral research, as well as fostering partnerships between universities and industry. These
alliances enable the development of applied research, the transfer of technology, and the creation of innovation
ecosystems necessary for implementing nanotechnology in real-world medical settings. In this sense, the formation of
research consortia and collaborative networks is essential for consolidating critical mass and maximizing available
resources.”’ Importantly, building scientific and technological capacity should occur within a robust legal and institu-
tional framework, capable of responding dynamically to market demands and innovation cycles. Without such support
systems, the integration of nanotechnology into curricula risks being disconnected from broader national strategies and
lacking the institutional sustainability needed for long-term impact.

Category 3: Cost-Effectiveness of Implementation

This category addresses one of the most pressing concerns for policymakers and academic institutions: the economic
feasibility of integrating nanotechnology into healthcare and education systems. The group discussions acknowledged
that the advancement of nanotechnology is closely tied to the evolution of the knowledge society and the specific policies
that each country implements based on its socio-political context.

In high-income countries, the growing costs of healthcare—driven by demographic changes such as population aging,
increasing prices of medications and treatments, and inefficiencies in service delivery—have led to significant pressures
on public health systems. In this context, cost-effectiveness becomes a central argument for promoting innovations that
can enhance efficiency and outcomes.*® Nanotechnology offers promise in reducing long-term costs through improved
diagnostics, personalized treatments, and early interventions. However, its integration into medical curricula and practice
also involves substantial initial investments in infrastructure, human resources, and regulatory adaptation. Therefore,
policymakers and health administrators must evaluate whether these investments yield proportional benefits in patient
care and system-wide performance. Although nanotechnology is expected to improve healthcare efficiency and out-
comes, its implementation poses significant economic challenges. The integration of nanotechnology into industrial and
health systems leads to a cost restructuring process that increases fixed and indirect costs, particularly in production,
human resource training, and quality assurance. These shifts require a transition from traditional to strategic cost
management models to avoid inaccurate pricing and potential loss of competitiveness. Therefore, it is essential that
educational institutions and health systems assess whether the long-term benefits of nanotechnology justify its substantial
initial investment, especially in resource-constrained environments.'’

Category 4: Policies for Implementation

Participants emphasized the need for coherent and supportive public policies to facilitate the implementation of
nanotechnology in both educational and healthcare systems. In particular, they noted the absence of a critical mass of
specialized professionals—including economists, legal experts, and administrators—who can guide processes such as
technology foresight, regulatory compliance, intellectual property management, and market access.*' In Colombia, and in
many similar settings, nanotechnology remains largely confined to academic and scientific research environments, with
limited empbhasis on its translational potential to improve population health, industrial development, or clinical practice.**
This gap underscores the importance of articulating national innovation policies with curricular reform efforts, ensuring
that educational advances are aligned with long-term economic and societal goals. Moreover, integrating nanotechnology
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into medical training requires clear regulatory guidelines, funding mechanisms, and quality assurance systems. These
conditions are necessary to ensure safe, ethical, and equitable access to emerging technologies across the healthcare
system.

Category 5: Interdisciplinary and Interprofessional Teamwork

Participants also highlighted the lack of a collaborative culture among healthcare professionals as a barrier to innovation.
Effective integration of nanotechnology into practice requires interdisciplinary and interprofessional collaboration,
bringing together experts from medicine, engineering, basic sciences, business, and public health. The absence of such
alliances limits the formation of research teams and innovation clusters capable of addressing local or regional health
challenges using nanotechnological approaches.*® Therefore, building networks, bioregions, and strategic alliances is
critical for promoting knowledge exchange and technological development. This includes not only clinical and academic
actors, but also professionals in resource management, health economics, and commercialization, who play a key role in
scaling and sustaining innovation.** Strengthening these ecosystems will accelerate the translation of nanotechnology
from academic discourse into impactful, real-world healthcare solutions.

Question 2 (Q2)

Category |: Misinformation and Lack of Knowledge

A key obstacle to integrating nanotechnology into medical education is the lack of accessible, accurate information. The
rapid evolution of nanoscience has outpaced the adaptation of medical curricula, leaving students with limited exposure
to foundational concepts. As this field becomes increasingly relevant across multiple domains—from diagnostics to
therapeutics—there is an urgent need to prepare a new generation of professionals, including clinicians, scientists,
educators, and policymakers, who are competent in its principles and applications. Participants highlighted the impor-
tance of establishing direct connections with national and international nanotechnology research centers to foster
experiential learning. Such interactions would allow students to gain practical insights and contextualize the role of
nanotechnology in 21st-century healthcare.

Subcategory: Need for Nanoeducators

To bridge this gap, institutions must prioritize the training of educators who possess not only subject-matter expertise in
nanoscience but also pedagogical strategies tailored to emerging scientific content. The inclusion of specialists from
engineering, material sciences, and biomedicine could facilitate cross-disciplinary knowledge transfer and ensure
curricular alignment with technological advances. Furthermore, nanoeducators should serve as catalysts for institutional
partnerships with industry and research centers, enhancing both instruction and translational research.

Subcategory: Nano-Literacy

Developing nano-literacy entails more than imparting content—it requires the cultivation of metacognitive, procedural,
and critical-thinking skills. Teachers must continuously update their knowledge and incorporate tools for conceptual
modeling, simulation, and problem-solving that reflect the complexity and interdisciplinarity of nanotechnology.
Instructional designs should promote collaborative learning environments that allow students to articulate, reassess,
and deepen their understanding, linking nanoscience to clinical reasoning and public health impact.

Subcategory: Challenges for Educators
The incorporation of nanotechnology into medical curricula necessitates rethinking core competencies for future
physicians. This includes adopting innovative pedagogical approaches, reconfiguring assessment strategies, and integrat-
ing the social and ethical implications (SEI) of nanotechnological applications. As educational programs rapidly evolve,
there is a narrow but critical opportunity to shape curricula that reflect best practices in nanotechnology and prepare
students to address real-world healthcare problems.*’

Most medical faculty are trained in disciplines outside of nanoscience, underscoring the need for professional
development focused on the content and pedagogy of nanoeducation. Building nano-literacy among faculty can promote
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innovation, foster engagement with research centers, and ensure the delivery of high-quality, inclusive, and impactful
learning experiences. Effective teaching in this area also requires fluency with diverse technological tools and platforms,
combined with sound pedagogical and evaluative strategies.

In this context, education must extend beyond knowledge transmission. It should empower students to select,
interpret, and apply knowledge in ways that strengthen higher-order cognitive functions such as planning, creativity,

reflection, and problem-solving.***

Category 2: Paradigmatic Paralysis

Participants identified a significant level of paradigmatic paralysis within institutions—understood as rigid belief systems
regarded as unquestionable truths, often invoked to resist new ideas. These entrenched mental models obstruct the
assimilation of emerging knowledge, hinder change, and delay efforts to integrate nanotechnology into medical
education.*® To address this, institutions must adopt new paradigms based on empowerment, belonging, and intrinsic
motivation. These values can drive risk-taking and innovation in research and resource management. Developing
mechanisms for students to acquire skills related to nanotechnological advancement is essential.*’ One strategy to
overcome resistance is to introduce incremental change—“doing something different every day”—thus embedding
innovation within the culture of medical education. Organizational processes must also evolve to support research,
collaboration, and technology implementation, while enhancing adaptability, teamwork, and responsiveness to environ-
mental and technological needs.

Subcategory: Resistance to Change

Resistance to change, often expressed as discomfort or hesitancy in adopting new methods or technologies, is a common
phenomenon in academic institutions. Despite nanotechnology’s relevance and potential, some faculty prefer to remain
within the bounds of familiar content. This reluctance may limit the inclusion of innovative material such as nanoscience
in medical curricula.

As dynamic organizations, educational institutions must anticipate and manage resistance to change. Effective
strategies include identifying institutional incentives and creating pathways for professional development. Successful
curricular innovation depends on the motivation and engagement of faculty and staff—a responsibility that lies with
institutional leadership.’® To overcome resistance, broad participation across all organizational levels is necessary.’' In
addition, some educators question the relevance of nanoscience to medical training, asserting that there is no space for
such content within an already saturated curriculum.*’

Category 3: Structure and Reassurance of the Health System

This category emphasizes the potential benefits of nanotechnology for patients, healthcare providers, and health systems.
These include improved medication management, time efficiency, more rational therapeutic decisions, and cost contain-
ment. The approach aims to enhance access, quality, and outcomes in care delivery. However, participants acknowledged
that current political and regulatory dynamics, such as changes to health insurance systems, may hinder the development

and implementation of improved diagnostic and therapeutic technologies.>>

Category 4: Curriculum Articulation in Practice
Participants stressed the importance of aligning nanotechnology instruction with clinical practice. They highlighted the
role of technological resources in training and the need for curricular coherence in practical settings. This is aligned with
the ongoing MEDICUS curricular reform,*” and frameworks such as Entrustable Professional Activities (EPAs), which
enable competency-based evaluations in workplace contexts. The use of instructional models like 4C/ID promotes logical
and structured progression in knowledge and skills acquisition.

Teaching proposals for incorporating nanotechnology into medical and postgraduate training must be dynamic,
flexible, and participatory. These approaches not only support innovation and research but also contribute to closing
the implementation gap in nanoeducation.
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Category 5: Approval of the Nanotechnology System
Medicine is undergoing a paradigmatic shift toward personalization, supported by nanotechnology and other converging
technologies. Advances such as electrochemical nanobiosensors enable real-time monitoring of biomarkers at the
molecular level, facilitating individualized health assessments.>

Smart diagnostics are central to the development of Healthcare 4.0, encompassing big data analytics, IoT, machine
learning, and mobile health technologies. These systems promise greater efficiency and accessibility but face challenges
related to scalability, cost, and integration with existing infrastructures.”*

Implementing these technologies on a large scale requires strategic planning and cost-benefit analyses. Precision
medicine, supported by nanotechnology, has the potential to reduce clinical trial costs, patient risk, and timelines.
However, systemic adoption hinges on demonstrating clear clinical and economic advantages.

Category 6: Influence of Industry

Participants noted that the commercialization of nanotechnology products outpaces the educational preparation of
healthcare professionals, complicating decision-making regarding their use. This reflects a disconnect between innova-
tion supply and clinical demand. There is a need for structured educational content that prepares students and practi-
tioners to critically evaluate products, understand their mechanisms, and apply them responsibly.

Category 7: Conflict of Interest

The integration of nanotechnology in healthcare introduces ethical complexities related to data ownership, surveillance,
and industry influence. As technologies enable real-time biomedical data generation and analysis, it is essential to ensure
transparency and protect patient rights. Educational efforts must emphasize the importance of ethical literacy and
conflict-of-interest management. Precision and translational medicine are at the forefront of this shift, converging
multiple disciplines to accelerate innovation. Collaboration among clinicians, scientists, engineers, epidemiologists,
and regulators is critical to ensuring that technological advances benefit both individual and public health.

Category 8: Critical Judgment

Participants stressed that critical judgment is indispensable in the implementation of nanotechnology. Healthcare
professionals must be equipped to analyze and apply basic scientific concepts to assess the risks, uncertainties, and
societal implications of emerging technologies. This includes scrutinizing innovations through ethical, clinical, and
contextual lenses to support safe, effective, and socially responsible healthcare delivery.

In the context study, incorporating nanotechnology into medical education is essential for equipping healthcare
professionals with the skills and knowledge needed to navigate the rapidly evolving field of nanomedicine. By focusing
on foundational principles, practical applications, and interdisciplinary training, medical education can prepare the next
generation of healthcare professionals to harness the full potential of nanotechnology to improve patient outcomes and
address global health challenges. However, current educational offerings are often inadequate, highlighting the necessity
for standardized, high-quality training to ensure future professionals are well-prepared in this evolving field.?

Based on the emerging categories of this study, an explicit link has been established between each category and its
potential curricular implications, highlighting how the elements prioritized by experts can guide the design of content,
methodologies, and strategies for medical training in nanotechnology. This study provides a novel perspective by
identifying, through expert consensus, the critical factors that influence the integration of nanotechnology into medical
specialty programs, a topic still underexplored in the literature.

The combination of the Nominal Group Technique (NGT) with thematic analysis not only allowed for the prioritiza-
tion of key ideas but also revealed practical connections between identified challenges and opportunities for curricular
improvement. This approach reinforces the applicability of the results by providing concrete evidence that can be used by
decision-makers and curriculum designers to promote the effective inclusion of nanotechnology in specialized medical

training.
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In this sense, the integration of nanotechnology in health science programs has been addressed through similar
participatory methodologies, such as focus groups and expert panels, also reporting institutional barriers, lack of specific
teacher training and poor curricular articulation as common challenges, as evidenced in other studies.” >’

The incorporation of emerging content such as nanotechnology into medical curricula necessitates the development of
flexible and collaborative curricular frameworks that respond to evolving scientific and societal demands. This aligns
with the emergent thematic categories identified in our study. In this context, the engagement of subject-matter experts
through structured consensus methodologies—particularly the Nominal Group Technique (NGT)—has proven to be an
effective strategy for identifying curricular priorities and formulating educational proposals that are contextually relevant
and responsive to local needs. Establishing this connection highlights the broader applicability of our findings within the
global landscape of medical education. The convergence between the expert-prioritized factors in our study and those
reported in other international educational settings reinforces the validity and robustness of our methodological approach,
positioning our results as a meaningful contribution to the ongoing international discourse on the integration of
nanotechnology in medical training.

Limitations

This study was conducted at a single university center in Colombia, which may limit the generalizability of the
conclusions. However, the number of participating residents and the results found in the literature allow the results to
be extrapolated to other contexts. However, similar multicenter studies with different educational conditions should be
conducted.

Conclusions

This study presents preliminary insights based on the opinions of a small group of 12 medical residents from a single
university in Colombia. We recognize that these findings are context-specific and exploratory, and therefore should not be
generalized without further research. Despite these limitations, the growing importance of nanotechnology as a trans-
formative scientific and industrial frontier—often described as the next “industrial revolution”—makes it critical to
establish clear educational objectives to foster success in research, development, and societal engagement. Immediate
action is required to integrate nanotechnology education, as delays could hinder scientific progress by limiting the
number of qualified researchers and informed consumers. It is essential to develop policies that support new standards,
curricula, teacher training, and informal education related to nanoscale science. Moreover, designing interdisciplinary
courses and medical programs that integrate nanotechnology is vital. The field faces several educational challenges,
including the need for learning standards, curricular materials, and teacher training in nanoeducation, as well as the
expansion of informal science education. The healthcare professionals must engage in lifelong learning through
continuing education and professional development programs, particularly in nanoscience, to ensure they can critically
assess and implement nanotechnology in their medical practice.

To translate these imperatives into practice, we propose the following actionable recommendations:

1. Curriculum Development: Medical schools should form interdisciplinary committees, including nanotechnology
researchers, medical educators, and clinicians, to design courses that integrate nanoscale science principles with
clinical applications, such as targeted drug delivery and diagnostics. These courses should be piloted within 2—3
years, with outcomes evaluated through student performance metrics, such as competency in nanotechnology
applications.

2. Educator Training Programs: Universities and professional organizations should establish certified training pro-
grams for medical educators, focusing on nanotechnology pedagogy. These programs should include workshops,
online modules, and hands-on laboratory sessions to build expertise in teaching nanoscale science. Implementation
could begin within 1-2 years through partnerships with nanotechnology research centers.

3. Policy and Resource Allocation: Policymakers should allocate funding for nanoeducation initiatives, including
curriculum development, teacher training, and informal science education programs. National medical education
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bodies should update accreditation standards to include nanotechnology literacy as a core competency, with
guidelines developed within 3-5 years to ensure consistency across institutions.

4. Informal Education Expansion: Informal science education platforms, such as science museums, public lectures,
and online courses, should be leveraged to increase public and professional awareness of nanotechnology’s
medical applications. Collaborative initiatives with educational outreach programs could be launched within 1-2
years to enhance accessibility.

5. Lifelong Learning Infrastructure: Continuing education programs for healthcare professionals should incorporate
nanotechnology-focused modules, offered through online platforms, professional conferences, and hospital-based
training. These modules should emphasize critical evaluation of nanotechnology’s clinical utility, ethical con-
siderations, and safety protocols, with regular updates to reflect emerging advancements.

The proposed recommendations are designed to be scalable and adaptable to diverse medical schools and regions. In
high-resource settings, such as urban academic medical centers, institutions can invest in advanced laboratory facilities
and direct partnerships with nanotechnology industries to enrich experiential learning. Conversely, in low- and middle-
income countries or rural medical schools, open-access educational resources, virtual training platforms, and regional
collaborations can mitigate resource constraints. For example, global initiatives, such as those supported by the World
Health Organization or international nanotechnology consortia, can provide shared curricula and training materials to
standardize nanoeducation across regions. Additionally, the modular nature of the proposed courses allows institutions to
prioritize nanotechnology applications relevant to local healthcare needs, such as point-of-care diagnostics in resource-
limited settings or personalized medicine in advanced healthcare systems. To ensure successful extrapolation, medical
schools should conduct needs assessments to tailor implementation strategies to their specific infrastructure, faculty
expertise, and student demographics. Pilot programs can be evaluated using standardized metrics (eg, technological
literacy, clinical application skills) to facilitate knowledge sharing and best practices across institutions and regions.

By adopting these steps, medical education can prepare healthcare professionals to critically assess and implement
nanotechnology, fostering innovation in research and clinical practice. These reforms address the educational challenges
of nanoscale science, including the development of learning standards, curricular materials, and teacher training, while
ensuring adaptability to diverse global contexts. Ultimately, integrating nanotechnology into medical curricula will
position future physicians to leverage its potential for improved patient outcomes worldwide.

Finally, the incorporation of nanotechnology content into the medical curriculum is not only relevant but also strategic
for preparing future professionals for the critical and interdisciplinary analysis of new technological tools, including
those based on AIl, which is advancing at a rapid pace. Therefore, the integration of nanotechnology and artificial
intelligence (AI) into the medical curriculum constitutes an urgent and strategic necessity for the training of health
professionals capable of facing the technological challenges of the 21st century. Nanotechnology, by enabling the
manipulation of matter at the atomic and molecular scale, opens new frontiers in early diagnosis, targeted drug delivery,
and personalized medicine. Simultaneously, Al provides advanced tools for the massive analysis of clinical data,
complex pattern recognition, and assisted clinical decision-making. The convergence of these technologies not only
transforms the healthcare landscape but also demands a curricular approach that promotes critical analysis, interdisci-
plinarity, and technological literacy from the earliest stages of medical training. Including this content in curriculum is
essential to training future physicians in the ethical, effective, and safe use of these disruptive tools, benefiting from more
precise, predictive, and personalized medicine.
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