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Development of A Service Model to Prevent Premature Birth
in Pregnant Women at Borabue Hospital

Apinya Sarapak Borabue Hospital
Patra Prommongkol Borabue Hospital
Abstract

The research and development aims to 1) study the problem of premature birth,
2) develop a service model to prevent premature birth, and 3) evaluate the result of
developing a service model to prevent premature birth in pregnant women who received
prenatal care at Borabue Hospital according to the inclusion and exclusion criteria, totaling 50
people such as new pregnancy woman, those who register for antenatal care before 12
weeks of gestation and those at risk of premature birth. The research instruments used were
group discussions, knowledge and behavior measurement form to premature birth, and
satisfaction form. Data were analyzed using descriptive statistics and inferential statistics.

Results of the development: The development of the service model for preventing
premature birth in pregnant women at Borabue Hospital consisted of screening, providing
knowledge, monitoring, proactive follow-up visits, planning for discharge in the delivery room,
and post- discharge follow-up. It was found that the rate of premature labor decreased from
30% to 149%, readmission decreased from 53.33% to 14.28%, and full-term delivery increased
from 88% to 100%. The knowledge and behavior scores for preventing premature birth after
providing knowledge increased significantly with a statistical p-value of <0.001. The
satisfaction of pregnant women and the multidisciplinary team with the service model for
preventing premature birth was at a high level.

Recommendations: The results of the model development should be studied
continuously, and the research results should be expanded to network hospitals so that

the model for premature birth prevention services can be systematically implemented.

Corresponding Author: Apinya Sarapak E-mail: apinya.kie79@gmail.com

Keywords: development, service model, preterm birth, pregnant women
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Prevalence of Colistin-resistant organisms isolated from specimens of patients
admitted to Ratchaburi Hospital between the years 2020 and 2024

Oranuch Kusonparalert Ratchaburi Hospital

Abstract

Currently, colistin-resistant bacteria are increasingly being reported around the world.
which includes Thailand from such situation this made the researchers interested in studying
the prevalence of colistin -resistant bacteria in Ratchaburi hospitals. By studying historical
data during 2020-2024 and has classified the germs into three groups: Pseudomonas
aeruginosa resistant to colistin, Acinetobacter baumannii resistant to colistin, and
Enterobacterales resistant to colistin it was found that Pseudomonas aeruginosa resistant to
colistin tended to decrease. But while Acinetobacter baumannii that are resistant to
colistin,and Enterobacterales that are resistant to colistin are increasing, From a study of the
reasons why colistin resistance decreased in Pseudomonas aeruginosa and increased in
Acinetobacter baumannii and Enterobacterales It is a matter of factors in using colistin.

When studied by separating the microorganisms according to the type of specimen, it
was found that Pseudomonas aeruginosa resistant to colistin and Acinetobacter baumannii
resistant to colistin were found very high in sputum samples. While colistin -resistant
Enterobacterales were most abundant in urine samples, this was consistent with the
environmental conditions in which they were found. And when studying by separating the
detected organisms by department, it was found that Pseudomonas aeruginosa resistant to
colistin and Enterobacterales resistant to colistin were found the most in the internal
medicine and surgery departments. While colistin-resistant Acinetobacter baumannii was
most prevalent in ICUs.

Tracking trends in colistin resistance among pathogens is crucial for surveillance and
prevention of infection spread, as well as for appropriate drug use. Therefore, the hospital should
track the colistin usage rate each year and compare usage trends to guide the development

of appropriate policies, planning, and decision-making regarding medication use.

Corresponding Author: Oranuch Kusonparalert E-mail: oranuch.k25@gmail.com

Keywords: Prevalence, drug resistant bacteria, colistin
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P. aeruginosa 848 14 855 1 958 3 938 1 1010 1
fimoen Cl (1.65) (0.12) (0.31) (0.11) (0.10)

A. baumannii | 673 4 745 | 2 | 759 | 2 | 463 | 5 | 687 | 9
fimoen Cl (0.59) (0.27) (0.26) (1.08) (1.31)
Enterobacterales | 2474 | 125 | 2530 | 73 | 2760 | 82 | 2933 | 121 | 3097 | 144
finoen Cl (5.05) (2.89) (2.97) (4.13) (4.65)
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Sputum | Hemocutture | Pus/Swab Urine Body fluid Other

X
N
n % n % n % n % n % n %

P. aeruginosa

a 10 | 5000 O | 000 | 4 |2000| 5 | 2500 1 5.00 | 0 | 0.00
naayl Cl

A. baumannii

a 17 | 7080 | 1 4.17 1 4.17 3 [ 1250 0 0.00 | 2 | 8.30
naayl Cl

Enterobacterales

iy 53 | 1322 | 48 | 1197 | 76 | 1895 | 177 | 4414 | 31 | 7.73 | 16 | 3.99
naayl Cl
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Factors Affecting Appointment Adherence Behavior among
Patients with Chronic Non-Communicable Diseases at Bang Phriang
Subdistrict Health Promoting Hospital, Bang Bo District, Samut Prakan Province

Sompong Sitthiputtha Bang Phriang Subdistrict Health Promoting Hospital
Bang Bo District Health Office, Samut Prakan Province

Abstract

This study aims to examine the levels of personal, health service system, family
and social, environmental factors, appointment adherence behavior, and Factors Affecting
Appointment Adherence Behavior among Patients with Chronic Non-Communicable Diseases
at Bang Phriang Subdistrict Health Promoting Hospital, Bang Bo District, Samut Prakan Province.
A cross-sectional survey design was employed. The sample consisted of 283 patients with
chronic non-communicable diseases selected by stratified sampling. Data were collected
using a questionnaire covering personal factors, health service system, family and
social factors, environmental factors, and appointment adherence behavior. The questionnaire
demonstrated content validity with an index of item-objective congruence (I0C) of
1.00, and reliability coefficients for each subscale of 0.79, 0.73, 0.85, 0.87, and 0.80, respectively.
Data were analyzed using descriptive statistics, Pearson’s correlation, and multiple
regression analysis with the Enter method. The results showed that the participants had a
mean age of 61 years, were predominantly female, older than 60 years, married, had primary
education, worked in trading/own business or as general laborers, had an average monthly
income of 5,000-14,999 Baht, and lived 1-4 kilometers from the health promoting hospital.
Most had hypertension for 4-6 years and occasionally postponed their appointments.
The related factors were all at the highest level, including environmental factors (Mean = 4.84,
S.D. = 0.33), family and social factors (Mean = 4.77, S.D. = 0.34), health service system factors
(Mean = 4.66, S.D. = 0.34), and personal factors (Mean = 4.56, S.D. = 0.34). Appointment adherence
behavior was also at the highest level (Mean = 4.57, S.D. = 0.30). Health service system
factors had the strongest positive influence on appointment adherence behavior (B = 0.57,
P-value < .001). Family and social factors had a significantly negative influence (B = -0.24,
P-value < .001), while environmental factors (B = 0.17, P-value < .05) and personal factors
(B = 0.10, P-value < .05) had weaker positive influences. All variables together explained 41%
of the variance in appointment adherence behavior (R? = 0.41, F = 48.28, P-value < .001).
These findings indicate that the health service system, particularly ap pointment scheduling
and proactive patient follow-up, should be strengthened alongside promoting the roles
of families and social networks in appropriately supporting appointment adherence, in order

to enhance the long-term care of patients with chronic non-communicable diseases.
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Key Challenges and Strategic Applications of Elderly Care Innovation in Thailand

Natcha Swanwattanakul International Community School
Sujimon Mungkalarungsi Independent Researcher
Abstract

Thailand is rapidly transitioning into a super-aged society, with projections indicating
that more than 28% of the population will be aged 60 or older by 2031. Currently, the country
ranks among the fastest-aging nations in the world. Of its approximately 67 million people,
about 12 million are aged 60 and older. This demographic shift poses significant challenges for
the country’s healthcare, social, and economic systems. In response, various innovations in
elderly care, from digital health solutions to community-based interventions, are being
developed to support the aging population. This study aims to identify the key challenges in
Thailand’s elderly care system, review current innovations, and propose strategies for
implementing elderly care innovations tailored to the country’s socio-economic and cultural
context. A narrative review was conducted using sources from Google Scholar, PubMed, and
ThaiJo between 2010 and 2023, including both English and Thai literature. The selected
academic articles and policy reports and research studies were thematically analyzed and
synthesized in line with the study's objectives.

Thailand’s elderly care system faces persistent challenges, including caregiver shortages,
financial insecurity, and low digital literacy among older adults. Although innovations such
as telehealth platforms, smart home systems, and community-based care models have been
developed, their implementation remains fragmented. Key barriers include insufficient digital
infrastructure, cultural preferences for family-based care, and the lack of interoperability across
health systems. Lessons from Japan, South Korea, and Singapore highlight the importance of
structured financing, comprehensive caregiver training, and user-centered design in scaling
innovation sustainably.

In conclusion, strengthening elderly care innovation in Thailand requires a context-
sensitive and inclusive approach that integrates technology with human-centered services,
community participation, and intersectoral collaboration. Priority should be given to digital
literacy enhancement, equitable access, and continuous monitoring to ensure sustainable,

high-quality care for Thailand’s rapidly aging population.

Corresponding Author: Natcha Swanwattanakul ~ E-mail: fah.natchasw@gmail.com

Keywords: Aging population, Elderly care, Health innovation, Thailand, Digital health

Introduction

Thailand is undergoing a profound demographic transition, with the proportion of its
population aged 60 years and older projected to exceed 28% by 2031, officially entering the
stage of a super-aged society. Currently, the country ranks among the fastest-aging nations in
the world. Of its approximately 67 million people, about 12 million are aged 60 and older,
according to the latest national statistics report“). This rapid aging trend, driven by increased

life expectancy and declining fertility rates, presents significant challenges to the nation’s

36



TsasduYUsEnaunde Ui 10 atufl 2 waennau - 3emAu 2569 J Raj Pracha Samasai Institute Vol. 10 No.2 May - Aug 2026

healthcare system, economy, and social support structures. Older adults in Thailand are
increasingly affected by chronic diseases, physical and cognitive decline, and a growing
dependency on long-term care services. Traditional family-based care models are becoming
less sustainable due to urbanization, labor migration, and smaller household sizes.

In response to these challenges, both the public and private sectors have introduced
innovations aimed at improving elderly care. These include digital health platforms, telemedicine
services, smart home technologies, caregiving robotics, and mobile care units program
such as “CloudNurse” provide digital health record systems for elderly patients, while the
MEDEE initiative provides digital literacy training for seniors to support their engagement

@3 Additionally, university-led projects, such as Chulalongkorn University’s

with technology
“Chula Ari,” have pioneered the development of assistive robotics for elderly care. However, the
application and adoption of these innovations remain limited in scope and uneven across regions.

Despite these promising developments, the widespread implementation of elderly care
innovations in Thailand has lagged behind the growing needs of its aging population. Many
innovations remain confined to urban pilot projects or academic institutions, with limited
integration into community-based health systems. The urgency to scale up effective models, enhance
accessibility, and adapt solutions to the diverse needs of elderly Thais is now greater than ever.

Current research has explored individual innovations and demographic challenges;
however, it lacks a comprehensive synthesis that connects elderly care challenges, innovation
applications, and actionable strategies for effective implementation. Moreover, there has
been limited evaluation of how these innovations can be sustainably adopted, especially in
rural or low-income settings where elderly support systems are weakest. Furthermore, digital
literacy remains a major barrier, and little is known about how older adults perceive and
interact with new technolosgies.

This review aims to address these gaps by (1) identifying and analyzing the key
challenges in Thailand’s elderly care system; (2) reviewing current innovative practices and
technologies implemented in elderly care; and (3) proposing strategies for how elderly
innovation should be effectively applied in Thailand, considering its socio-economic and
cultural context. The goal is to inform future policy development, research, and investment

toward elderly care systems that are both innovative and inclusive.

Methodology

This study employed a narrative review design to synthesize evidence on elderly care
challenges and innovation strategies in Thailand. A systematic literature search was conducted
across PubMed, ThaiJo, and Google Scholar for studies published between January 2010 and
December 2023, using combinations of English and Thai keywords such as “elderly care,”

» o

“aging population,” “innovation,” “digital health,” “telemedicine,

» o«

assistive technolosgy,”
and “community-based care.” Additional grey literature, including national policy documents
and program reports from the Ministry of Public Health, National Innovation Agency (NIA),
World Health Organization (WHO), and United Nations Population Fund (UNFPA), was retrieved

through manual reference checks to ensure comprehensive coverage. Articles were included
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if they focused on Thailand’s elderly care systems, innovations, or health interventions, and
provided empirical findings, program evaluations, or policy analysis. Commentaries lacking
empirical data, studies unrelated to Thailand, or purely clinical trials without system-level
relevance were excluded. Findings were synthesized thematically under three analytic
domains: (1) key challenges in elderly care, including caregiver shortages, financial insecurity,
and low digital literacy; (2) current innovative practices, such as telehealth platforms, smart
home technologies, Village Health Volunteer programs, and digital literacy initiatives; and

(3) strategies for effective application tailored to Thailand’s socio-economic and cultural context.

Literature Review

Demographic and Systemic Context

Thailand’s transition into a super-aged society where more than 28% of the population
will be aged 60 years or older by 2031 has created profound challenges for healthcare, social
welfare, and economic systems“’”. Traditional family-based care models, once the backbone
of elderly support, are increasingly strained by urban migration, declining fertility rates, and
shrinking household sizes, resulting in rising a growing numbers of elderly living alone or relying
on limited community resources®. Approximately 34% of Thai seniors live below the poverty
line, and many retiree possess savings far below the threshold required for sustainable long-

term care, thereby heightening dependence on public assistance®.

Medical and Functional Challenges

Chronic diseases, multimorbidity, and functional decline are major drivers of care
dependency. Dementia affects an estimated 2-10% of Thai older adults®, while more than
360,000 individuals are bedridden or homebound due to stroke, cardiovascular disease,
or diabetes-related complications”®. These conditions require intensive and continuous care;
however, caregiver shortages particularly in rural provinces remain severe, resulting in unmet

care needs, caregiver burnout, and increased hospitalization rates'”.

Current Innovative Practices

Innovations in elderly care are emerging across Thailand, encompassing both digital
health technologies and community-based models. Digital health and telemedicine programs,
initiatives, such as CloudNurse and various telemedicine platforms developed during the
COVID-19 pandemic, have facilitated remote consultations, follow-up care, and medication
management, thereby reducing travel burdens and wait times for older adults?. Assistive
technologies are also gaining momentum, with smart home systems featuring motion sensors,
Al-assisted rehabilitation devices, and fall detection technologies being piloted in Bangkok
and other urbanized provinces to enhance safety and promote independence among older
adults"Y. Beyond high-tech solutions, community-based innovations play a vital role,
particularly in rural settings. Village Health Volunteers (VHVs) equipped with digital tablets
for health monitoring, mobile elderly care units, and intergenerational activity centers have
been shown to foster social participation and improve continuity of care™?. Complementing

these initiatives are digital literacy programs, such as the MEDEE initiative, which have
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significantly strengthened older adults’ ability to use smartphones and e-health applications,

thereby facilitating the boarder adoption of telehealth and online healthcare services®.

Barriers to Adoption

Despite these promising developments, the adoption of elderly care innovations in
Thailand remains uneven. Digital literacy continues to be a critical bottleneck, particularly in
rural areas where many older adults lack basic smartphone and internet skills®®. Financial and
infrastructure constraints further limit implementation in low-resource settings, while cultural
preferences for family-based caregiving sometimes create resistance to technology-assisted
care™”. Furthermore, the lack of interoperability across digital health platforms leads to

fragmented health data and hinders the continuity of care’?.

Global Lessons and Benchmarking

Lessons from other aging societies highlight potential pathways for Thailand. Japan’s
Long-Term Care Insurance (LTCI) model demonstrates how structured financing mechanisms
can expand access to home- and community-based care, while South Korea’s telehealth
reimbursement policies have accelerated digital health adoption®. Singapore’s Smart Nation
Health initiatives emphasize the importance of user-centered design, caregiver training, and
robust data governance key elements that could inform the development of Thailand’s
elderly care innovation strategies'”. Most Thai studies have examined individual pilot projects
or isolated innovations, with limited system level evaluation of scalability, cost-effectiveness,

212 Research on cultural perceptions of digital health and mechanisms

and long-term outcomes'
for building trust between users and technology remains limited. Moreover, longitudinal
studies assessing caregiver burden reduction, hospital utilization, and quality-of-life outcomes

are needed to inform evidence-based policymaking.

Key challenges in Thailand’s elderly care system

Thailand is currently facing a multifaceted elderly care crisis driven by rapid
demographic shifts, increasing health burdens, and systemic inadequacies in long-term care.
One of the most pressing medical challenges is dementia, a neurodegenerative disorder
affecting memory, cognition, and behavior. Estimates suggest that 2-10% of the elderly
population in Thailand potentially more than one million individuals are living with dementia®.
The condition manifests in stages, progressing from mild forgetfulness to severe disorientation,
aggressive behavior, and complete dependence. The primary causes include brain atrophy,
stroke, and infections, with current management strategies encompassing cognitive training,
emotional therapy, pharmacological treatments (e.g., Donepezil and Rivastigmine), and
caregiver support services.

Alongside cognitive decline, physical disability and functional dependency are
becoming increasingly prevalent. As of 2025, approximately 236,000 older adults in Thailand
are classified as bedridden, while an additional 126,000 are considered homebound .
The most common underlying causes are stroke-related complications including ischemic

and hemorrhagic strokes as well as chronic illnesses such as diabetes and cardiovascular

39



TsasduYUsEnaunde Ui 10 atufl 2 waennau - 3emAu 2569 J Raj Pracha Samasai Institute Vol. 10 No.2 May - Aug 2026

diseases'”. These conditions frequently result in long-term physical, sensory, and cognitive
impairments that require intensive and continuous care.

However, many older adults do not receive adequate support due to a shortage of
caregivers, particularly in rural and low-income areas. A study by Phetsitong and
Vapattanawong® revealed that the northeastern region of Thailand has the highest unmet
caregiver needs, whereas Bangkok exhibits the highest demand for care services. Several
factors contribute to this disparity, including the out-migration of working-age family
members, declining family size, and limited financial capacity to hire formal caregivers. In
many cases, elderly individuals are left without adequate supervision or rely on underfunded
community-based volunteer programs for essential services such as food preparation,
medication reminders, and personal hygiene®. These programs frequently face budgetary
constraints and lack trained personnel, limiting their effectiveness and long-term sustainability.

The issue is further compounded by economic vulnerability among the elderly.
Approximately 34% of older adults in Thailand live below the poverty line, and many retirees
possess savings of less than $1,300 USD well below the estimated $100,000 USD required for a
secure retirement in Bangkok®. This financial strain prevents access to healthcare services,
assistive devices, and age-friendly housing. According to Paek and Zhang®, Thailand’s situation is
particularly precarious because it is becoming an aged society before achieving high-income
status a phenomenon often described as “getting old before getting rich.” This demographic
transition highlights the development of robust social safety nets and long-term care systems,
further intensifying the strain on public health infrastructure and the national healthcare system.

Overall, Thailand’s elderly care system is under severe pressure from rising medical
needs, insufficient caregiving infrastructure, and increasing economic inequality. Without
coordinated national strategies that expand home- and community-based care and establish
financial protection mechanisms, Thailand’s aging crisis is expected to worsen as the

population continues to age rapidly.

Current innovative practices

As Thailand transitions into a super-aged society, with more than 20% of the
population expected to be aged 60 and above by 2035, the country is facing growing
challenges in elderly care™ In response, there has been increasing interest in applying
innovative technologies and practices to support the aging population. Technological
innovations currently implemented in Thailand include telehealth platforms for remote
consultations, wearable health monitoring devices, Al-assisted rehabilitation tools, and smart
home modifications designed to enhance safety and independence“o). Similarly, smart home
systems equipped with motion sensors and emergency alerts have been integrated into
some community elderly homes to reduce risks and improve monitoring?"

In addition to high-tech solutions, community-based and service-driven innovations
play a crucial role, particularly in rural areas. Mobile elderly care units, trained village health
volunteers (VHVs) utilizing digital health records, and intergenerational activity centers are

examples of non-digital innovations that promote holistic well-being and social inclusion
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among elderly Thais®. Government-led initiatives, such as the Ministry of Public Health’s
long-term care program and the support of the National Innovation Agency (NIA), have further
stimulated public—private collaborations.

However, the adoption of elderly care innovations in Thailand continues to face
significant barriers. Digital literacy among the elderly population remains limited, particularly
in rural and low-income areas, which affects the usability of high-tech tools”. Financial and
infrastructural limitations further impede Lage-scale implementation, while cultural values
emphasizing family-based caregiving often result in resistance to technology-assisted care.
Moreover, the absence of system-wide standardization, resulting in has resulted in fragmented
data and limited interoperability across digital health platforms?.

Although progress is evident, current innovation efforts are often concentrated in
urban centers and lack rigorous, long-term evaluation. Empirical studies assessing the cost-
effectiveness, satisfaction levels, and health outcomes associated with elderly care
innovation are still limited. Therefore, this study aims to review and synthesize existing
elderly care innovation practices across Thailand, with the goal of identifying promising
models, highlighting implementation gaps, and informing future policy and research directions

to enhance elderly care through innovation.

Proposing strategies for how elderly innovation should be effectively applied

As Thailand faces a demographic shift toward becoming a super-aged society,
the application of innovation in elderly care is no longer optional it is a necessity. While
various technologies and service models have been piloted nationwide, the question of how
innovation should be applied remains central to ensuring effectiveness, equity, and
sustainability. A growing body of literature emphasizes that elderly care innovation in
Thailand must be context-sensitive, affordable, and accessible to older adults across diverse
settings urban, rural, and remote'®. Experts recommend that technological solutions such as
telehealth, smart homes, and wearable monitoring devices should be designed with usability
in mind, considering the limited digital literacy of many older Thai adults who are unfamiliar
with smartphones or internet-based systems(g). Moreover, innovation should not be limited
to high-tech applications; low-cost, community-based solutions such as mobile clinics,
trained village health volunteers, and Al-assisted screening kiosks have shown promise in
bridging gaps in care'®.

To apply elderly innovation effectively, integrated care models that combine
technology with human-centered services are crucial. For example, the implementation of
smart home devices should be complemented by regular home visits and caregiver support
to promote sustained use and build trust among older adults. The Ministry of Public Health
and National Innovation Agency (NIA) have emphasized the importance of public-private
partnerships and regional pilot programs to evaluate feasibility before national scale-up'”.
Furthermore, equity must be prioritized, as many innovations are concentrated in Bangkok
and other developed provinces, leaving rural elders with limited access. Government support

should focus on inclusive policies, subsidized technologies, and digital literacy training for
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both the elderly and caregivers. Universities and research centers can play a critical role by
engaging the elderly in co-designing products and services that reflect their actual needs"?.
Finally, continuous monitoring and evaluation are essential to ensure that innovation
achieves its intended impact. These assessments should encompass user satisfaction,
reductions in caregiver burden, improvements in health outcomes, and overall cost-
effectiveness. Without such feedback mechanisms, innovations risk remaining underused or
abandoned. In conclusion, elderly innovation in Thailand should be applied through a holistic,
inclusive, and scalable approach one that integrates technology with cultural relevance,

caregiver support, and strong policy frameworks.

Discussion

As Thailand approaches super-aged society status, the application of innovation in
elderly care has become an urgent national priority. The findings of this review indicate that
although technological and community-based innovations are emerging nationwide, the
effectiveness of application remains limited due to a combination of socioeconomic, cultural,
infrastructural, and policy-related barriers. Therefore, understanding how elderly innovation
should be applied in Thailand requires a nuanced approach that balances technological
advancement with accessibility, equity, and integration into existing care systems.

Firstly, the study highlights the importance of context-sensitive application. Innovations
in elderly care such as telemedicine platforms, smart home sensors, robotic assistants,
and digital health records must be developed and implemented in ways that reflect
Thailand’s diverse regional contexts. While Bangkok and other major urban centers have

2)

piloted smart elderly homes and Al-assisted tools'?, rural provinces continue to experience

limited access to these technologies due to infrastructure gaps, financial constraints,
and low levels of digital readiness®.

Secondly, digital literacy among the elderly remains a critical barrier. Many older
adults lack the necessary skills to operate even basic mobile applications, reducing the
potential impact of digital health innovations. Programs such as MEDEE, which provide
digital skills training for older adults, demonstrate that with appropriate educational support,
older adults can adopt and benefit from technology®. Therefore, any application of elderly
care innovation should be accompanied by comprehensively training, ongoing technical
support, and family or community-based digital mediation.

Moreover, community integration and low-cost solutions are essential for the scalable
implementation of elderly care innovations. These initiatives should not be viewed only
through a high-tech lens but should also encompass human-centered and affordable models,
such as community health volunteer programs, mobile care units, and intergenerational day

centers®

. The inclusion of village health volunteers (VHVs) equipped with digital tablets for
elderly health tracking is serve as a prime example of how grassroots approaches can bridge
technology and trust.

Policy alignment and inter-sectoral coordination also play a pivotal role. Although

various government agencies and research institutions have developed innovations, their
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deployment remains fragmented. To ensure nationwide success, Thailand must strengthen
public—private partnerships, promote the standardization of data systems, and improve
regulatory frameworks for elderly care technology and telehealth”. Pilots must be followed
by systematic evaluations, that assess usability, reduction in caregiver burden, and measurable
improvements in health outcomes.

Finally, cultural relevance and social acceptance must not be overlooked. Many Thai
elders prefer personal interactions and traditional care methods. Therefore, technological
solutions should be designed to complement rather than replace human caregiving, integrating
caregivers into innovation ecosystems. Furthermore, involving older adults in co-design processes
ensures that the innovations reflect their preferences, needs, and lived experiences(m).

The application of elderly care innovation in Thailand should follow a holistic, inclusive,
and scalable approach. Innovations must be embedded within supportive policy frameworks,
equipped with user training, and developed through collaboration among public agencies,
research institutions, and community stakeholders. Only through such an integrated model

can elderly care innovation in Thailand achieve meaningful, equitable and sustainable impact.

Conclusion

This review examined the landscape of elderly care in Thailand, highlighting major
challenges, current innovations, and strategies for their effective application. Key issues
include caregiver shortages, financial insecurity, and low digital literacy among older adults.
Although innovations such as telehealth, smart home systems, and community-based
programs demonstrate significant potential, their adoption remains limited by infrastructure,
cost, and usability barriers.

To apply elderly innovations effectively, solutions must be affordable, inclusive, and
tailored to local contexts. Successful implementation requires the integration of technology
with human-centered care, the provision of digital literacy support, and strengthening
intersectoral collaboration. Ultimately, innovations must align with the actual needs of

Thailand’s aging population to ensure sustainable impact and equity in elderly care.

Recommendation

To strengthen the application of elderly care innovation in Thailand, several key
strategies are recommended. First, innovations should be adapted to local contexts,
especially in rural and underserved areas, to ensure accessibility and relevance. Digital
literacy among older adults and caregivers should be improved through nationwide training
programs such as MEDEE. Technology must be integrated with human-centered care,
complementing rather than replacing personal interaction. Public—private partnerships should
be expanded to mobilize resources and scale successful models. To promote equity, the
government should subsidize essential technologies for low-income older adults.
Additionally, national monitoring systems should be established to track outcomes and
inform policy decisions. Finally, investment in caregiver training and support is vital to address

workforce shortages and enhance the quality of care.
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Abstract

Synthetic immunotherapy represents a transformative advancement in the treatment
of autoimmune diseases, by integrating synthetic biology, gene editing, nanotechnology,
and artificial intelligence to develop highly targeted and effective therapeutic strategies.
Autoimmune diseases are characterized by a breakdown in immune tolerance, resulting in
chronic inflammation and progressive tissue damage driven by autoreactive lymphocytes,
cytokine dysregulation, and genetic predispositions. Although conventional therapies such as
corticosteroids and biologics have improved disease management, they are frequently
associated with adverse effects and limited long-term efficacy.

This review explores the latest innovations in synthetic immunotherapy, including
CRISPR/Cas9-mediated genome editing, chimeric antigen receptor (CAR) T-cell therapies,
synthetic antigen-presenting cells (APCs), and nanotechnology-based drug delivery systems.
The integration of multi-omics technologies and artificial intelligence further enhances the
precision and personalization of these therapies by identifying biomarker and optimizing
therapeutic responses. Despite these advances, challenges such as off-target effects, systemic
toxicity, manufacturing scalability, and ethical concerns remain significant barriers to clinical
translation. Regulatory considerations and economic factors further complicate widespread
adoption and accessibility.

We critically assess the current landscape of synthetic immunotherapy, highlighting its
transformative potential while addressing key obstacles that must be overcome for successful
clinical implementation. Future research directions emphasize the need for improved safety
mechanisms, regulatory frameworks, and interdisciplinary collaboration to maximize therapeutic
impact. As synthetic biology continues to evolve, these innovations hold the promise of
revolutionizing autoimmune disease treatment through precision-engineered interventions,

that enable safer, more effective, and personalized therapeutic solutions.
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Introduction

Autoimmune diseases comprise a heterogeneous group of chronic conditions characterized
by a breakdown of immune tolerance, leading to persistent inflammation and progressive tissue
damage. These disorders including rheumatoid arthritis, systemic lupus erythematosus, multiple
sclerosis, and inflammatory bowel disease impose a substantial global health burden due to
lifelong disease courses, reduced quality of life, and significant healthcare costs'. Despite
advances in immunology, the complex and multifactorial nature of autoimmune disease
pathogenesis continues to pose major challenges to effective and durable disease management.

Conventional therapeutic strategies for autoimmune diseases have traditionally relied
on broad immunosuppression using corticosteroids, non-steroidal anti-inflammatory drugs, and
conventional disease-modifying antirheumatic drugs. While these approaches can alleviate
symptoms and control inflammation, their lack of specificity frequently results in systemic
adverse effects, increased risk of infection, and incomplete disease control”. The introduction
of biologic therapies targeting specific cytokines or immune cell populations has improved
clinical outcomes for many patients; however, therapeutic resistance, long-term safety concerns,
high costs, and interindividual variability in treatment responses remain significant limitations®.

In recent years, the convergence of synthetic biology, immune engineering, and computational
technologies has given rise to synthetic immunotherapy as a transformative therapeutic
paradigm aimed at reprogramming immune responses with high precision. Rather than broadly
suppressing immune activity, synthetic immunotherapy seeks to selectively modulate
pathogenic pathways, restore immune tolerance, and achieve durable disease control.
Advances in genome editing, cellular engineering, biomaterials, and data-driven therapeutic
design have accelerated the development of innovative immunomodulatory strategies with
the potential to overcome the limitations of existing treatments®®.

Despite its promise, the rapidly expanding field of synthetic immunotherapy remains
fragmented across diverse preclinical and early-stage clinical studies. Critical questions persist
regarding safety, scalability, regulatory oversight, ethical considerations, and long-term efficacy.
A comprehensive synthesis of the current evidence is therefore essential to clarify the therapeutic
potential, limitations, and translational readiness of synthetic immunotherapy approaches
for the management of autoimmune diseases.

Accordingly, this review aims to synthesize and critically evaluate recent advances in
synthetic immunotherapy for autoimmune diseases. Specifically, it examines (i) the evolution
of immunotherapeutic strategies, (i) emerging synthetic biology-based interventions, (iii)
technological innovations enabling precision immune modulation, and (iv) key challenges and

future research directions necessary for successful clinical translation.

Literature Review

Evolution of immunotherapy in autoimmune diseases

The therapeutic management of autoimmune diseases has evolved substantially
over the past several decades. Early treatment paradigms were dominated by nonspecific

immunosuppressive agents, including corticosteroids and NSAIDs, which effectively reduced
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inflammation but failed to address the underlying immune dysregulation driving disease
progression'”. Conventional synthetic disease-modifying antirheumatic drugs further improved
disease control; however, their delayed onset of action and systemic toxicity limited long-
term clinical utility.

The development of biologic therapies marked a pivotal shift toward targeted
immunomodulation. Monoclonal antibodies and fusion proteins targeting tumor necrosis
factor, interleukin-6, interleukin-17, interleukin-23, and B-cell surface antigens demonstrated
improved efficacy and specificity across multiple autoimmune conditions®”. Nevertheless,
accumulating evidence revealed persistent challenges, including immunogenicity, secondary
loss of response, increased risk of infection, and financial burden, underscoring the need for
more adaptable and durable therapeutic approaches.

Targeted synthetic DMARDs, particularly Janus kinase and tyrosine kinase 2 inhibitors,
further expanded therapeutic options by modulating intracellular cytokine signaling pathways®?.
While these agents offer oral administration and rapid efficacy, post-marketing data have
raised concerns regarding cardiovascular risk, malignancy, and long-term safety, highlighting

persistent limitations within current immunotherapeutic frameworks.

Emergence of synthetic immunotherapy

Synthetic immunotherapy has emerged as a novel paradigm that integrates synthetic
biology, immune engineering, and systems-level design to actively reprogram immune responses
rather than merely inhibiting inflammatory mediators. This approach leverages advances in
genome editing, cellular engineering, and synthetic gene circuits to achieve precise, programmable,
and context-dependent immune modulation.

Genome-editing technologies, particularly CRISPR/Cas9, have enabled targeted
modification of immune cell genomes with unprecedented precision. Studies demonstrate
the feasibility of disrupting autoreactive signaling pathways, enhancing regulatory immune
functions, and improving therapeutic specificity through controlled genetic interventions **°.
Compared with earlier genome-editing platforms such as TALENs and zinc finger nucleases,
CRISPR-based systems offer improved efficiency and scalability, thereby accelerating

translational research in autoimmune immunotherapy.

Cellular engineering and synthetic immune modulation

Adoptive cellular therapies represent a central component of synthetic immunotherapy.
Chimeric antigen receptor T-cell therapies, originally developed for oncology, have been
repurposed for autoimmune diseases with promising early results. Preclinical and early
clinical studies in systemic lupus erythematosus indicate that CD19-targeted CAR-T cells
can effectively eliminate autoreactive B-cell populations and induce sustained remission in
selected patients™?.

Beyond CAR-T cells, recent advances in synthetic suppressor T cells and engineered
regulatory T cells have expanded the scope of immune tolerance induction. Synthetic gene
circuits enable immune cells to sense inflammatory cues and respond dynamically through

controlled cytokine release or immunosuppressive signaling, thereby minimizing systemic
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toxicity while preserving protective immunity®!?. These approaches represent a shift toward

programmable and self-regulating immunotherapies.

Synthetic antigen presentation and Tolerance Induction

Antigen-specific tolerance remains a critical goal in autoimmune disease treatment.
Synthetic antigen-presenting cells have been developed to mimic dendritic cell functions using
engineered biomaterials and major histocompatibility complex molecules. By delivering defined
antigenic signals and costimulatory cues, synthetic APCs selectively engage autoreactive
T cells and promote regulatory immune responses?. Experimental models suggest that this
strategy reduces off-target immune activation and may enable long-term immune tolerance

without chronic immunosuppression.

Nanotechnology-enabled immunotherapy

Nanotechnology has emerged as a key enabling platform for synthetic immunotherapy
by enhancing drug delivery precision, bioavailability, and safety. Polymeric nanoparticles,
liposomes, and hydrogel-based systems have demonstrated improved targeting of inflamed
tissues, controlled drug release, and reduced systemic exposure in autoimmune disease
models"*™. These delivery platforms are particularly advantageous for localized autoimmune

pathologies and for protecting sensitive biologic or nucleic-acid-based therapeutics.

Multi-omics integration and computational advances

The integration of multi-omics technologies has significantly advanced the understanding
of autoimmune disease heterogeneity and therapeutic responsiveness. Single-cell RNA
sequencing and spatial transcriptomics have revealed previously unrecognized immune
cell subsets and pathogenic signaling networks, thereby facilitating the identification of novel
therapeutic targets''®. Artificial intelligence and machine learning approaches are increasingly
employed to analyze complex biological datasets, optimize synthetic construct design, and
predict patient-specific therapeutic responses, supporting the development of precision

immunotherapy strategies!!"®.

Gaps and limitations in current literature

Despite rapid progress, the literature consistently identifies unresolved challenges that
limit clinical translation. These include off-target genetic effects, the durability of immune
reprogramming, manufacturing scalability, regulatory uncertainty, and ethical considerations
related to permanent immune modification®'*?%. Moreover, most evidence remains confined
to preclinical or early-phase clinical studies, emphasizing the need for long-term safety data,
standardized evaluation frameworks, and cost-effective production strategies to ensure

equitable global access®”.

Findings

This study employed a systematic literature review to evaluate the integration of
synthetic biology in advancing immunotherapy for autoimmune diseases. Searches were
conducted across major electronic databases, including MEDLINE®, Springer, ACS Publications,

Google Scholar, and ScienceDirect, without restrictions on publication dates but limited to
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English-language articles. Specific keywords and Medical Subject Headings (MeSH) terms were

none

used, including "synthetic biology," "immunotherapy,

non non

autoimmune diseases," "gsene therapy,"

non none

"immune engineering," "synthetic circuits," "immune modulation," "biotherapeutics," and
"genome editing."

The inclusion criteria emphasized studies that explored the molecular mechanisms of
synthetic constructs in immune modulation, investigated preclinical and clinical outcomes of
synthetic immunotherapies, and addressed the safety and scalability of these approaches.
In addition to primary research articles, the bibliographies of key studies were manually
reviewed to capture broader insights. Abstracts from international conferences on synthetic
biology and immunotherapy were incorporated to ensure coverage of cutting-edge research.
This comprehensive methodology provided a robust framework for analyzing how synthetic
biology can revolutionize the treatment of autoimmune disease.

This review adhered to stringent criteria for evaluating study quality, including
reproducibility of experimental designs, the robustness of reported outcomes, and
comprehensive reporting of safety and efficacy data. By synthesizing these insights, the
review delivers an in-depth understanding of the potential of synthetic medicine to address

the unmet needs in the management of autoimmune disease.

Detailed mechanistic insights into autoimmune pathogenesis

Autoimmune diseases result from a fundamental breakdown in immune tolerance,
whereby the immune system erroneously recognizes self-tissues as foreign invaders, leading
to chronic inflammation, progressive tissue damage, and impaired organ function. Central to
autoimmune pathology are autoreactive T and B lymphocytes that escape mechanisms of
immune tolerance, persistently targeting self-tissues. Genetic factors significantly influence
autoimmune susceptibility, particularly polymorphisms in immune-regulatory genes such as
HLA, CTLA4, and PTPN22, strongly associated with rheumatoid arthritis and multiple sclerosis??.
Environmental triggers, including infections, dietary factors, and toxins, further modulate
disease risk and may precipitate autoimmune conditions through mechanisms such as
molecular mimicry, where microbial antigens resemble self-antigens, leading to immune
cross-reactivity and autoimmunity.

A critical aspect of autoimmune pathogenesis involves cytokine dysregulation,
characterized by an imbalance between pro-inflammatory cytokines such as tumor necrosis
factor-alpha (TNF-a), interleukin-6 (IL-6), and interleukin-17 (IL-17), and regulatory cytokines,
including interleukin-10 (IL-10) and transforming growth factor-beta (TGF-B). This imbalance
promotes chronic inflammation and tissue destruction, exemplified by IL-17-driven pathology
in multiple sclerosis, which disrupts the blood-brain barrier and leads to neuronal damagem).
In addition, abnormal antigen presentation by dendritic cells exacerbates autoimmune
responses, significantly enhancing T-cell activation against self-antigens'?®.

Emerging insights into autoimmune mechanisms have highligshted aberrant signaling
pathways as critical contributors to inflammatory processes. These include the Janus kinase-

signal transducer and activator of transcription (JAK-STAT) pathway, nuclear factor-kappa B
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(NF-KB) signaling, and Toll-like receptor (TLR) pathways, all of which significantly amplify
autoimmune responses. Furthermore, autoantibodies, such as anti-citrullinated protein
antibodies (ACPAs) in rheumatoid arthritis and anti-nuclear antibodies (ANAs) in systemic lupus
erythematosus, produced by dysregulated B cells, actively target specific self-antigens, thereby
perpetuating inflammation and tissue damage®.

A detailed understanding of these molecular mechanisms provides critical targets for
the development of innovative therapeutic strategies aimed at restoring immune homeostasis

and promoting sustained immune tolerance?.

Discussion

Table 1 Chronological timeline of immunotherapy strategies in autoimmune diseases

Year Development Details

1950-2015 Traditional Corticosteroids (e.g., prednisone) and NSAIDs (e.g., ibuprofen) remain

immunosuppressive [first-line treatments despite adverse effects like osteoporosis and
therapies gastrointestinal complications.

Corticosteroids will suppress inflammatory genes that are found to

be active, causing it to be effective in reducing inflammation. It is,

however, limited by their lack of specificity and side effects, both

mentally and physically.

NSAIDs, similarly, also work by inhibiting the synthesis of prostaglandins,

substances that cause inflammation. However, while useful for pain

relief, do not address the underlying autoimmune pathology(l).

2015-2018 Biologics and TNF inhibitors (e.g., infliximab, adalimumab), IL-6 inhibitors
monoclonal (e.g., tocilizumab), and B-cell depleting therapies (e.g., rituximab)
antibodies are experiencing rapid growth and is gaining prominence.

They are more complicated in structure than the previous small
molecule drugs and target specific immune pathways, offering
improved efficacy and reduced off-target effects compared to
traditional therapies. From observation, they also showed that it is
well tolerated with lower risk in patients. However, there are still

drawbacks and adverse effects including immunogenicity(Z).

2015 First JAK Inhibitor  [Tofacitinib, a selective Janus kinase (JAK) inhibitor, showed signs of
Approval effectiveness in most of its preclinical trials in diseases, both as a
monotherapy and in conjunction with another drug. This led to it
being the first JAK to be tested and approved by FDA for rheumatoid
arthritis, marking a shift towards targeted small-molecule therapies.
JAK inhibitors modulate cytokine signaling which is crucial in

inflammation and autoimmune diseases, offering a new avenue for

. . 9
autoimmune disease management< .
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Table 1 Chronological timeline of immunotherapy strategies in autoimmune diseases (continued)

Year Development Details
2016-2020 Expansion of IL-17 inhibitors (e.g., secukinumab) and IL-23 inhibitors
Biologics (e.g., guselkumab), which work by disrupting the inflammatory
cascade, are introduced for psoriasis and psoriatic arthritis, providing
more targeted treatment options. These therapies demonstrate
significant efficacy in clinical trials, showing notable signs of remission
of the disease in most patients. However, there are still adverse
effects present during the trials including nasopharyngitis, infections,
headaches, and depressionm.
2018 Targeted Synthetic |Baricitinib, a JAK1/JAKZ2 inhibitor, is approved for moderate-to-severe
DMARD:s (tsDMARDs) [rheumatoid arthritis. tsDMARDs represent a new class of drugs that
target intracellular signaling pathways with high specificity and when
tested, it appears superior to csDMARDs in reducing mortality.
This then improves the clinical symptoms and increases the patients
quality of life’®.
2020 Small molecule  |PDE4 inhibitors (e.g., apremilast) and TYK2 inhibitors
inhibitors (e.g., deucravacitinib), both of which suppress the function of
inflammatory cells, are approved or under investigation for psoriatic
arthritis and psoriasis, respectively. These inhibitors target specific enzymes
involved in immune signaling. They, however, still have side effects
including nausea, diarrhea, and headaches which can limit its utility ™.
2020 CAR T-Cell therapy [Preclinical studies explore CD19-targeted CAR T cells for lupus
enters autoimmune [treatment, showing promising early results which will then counter
research the problems of efficiency and patients not responding to previous
treatments. CAR T-cell therapy, originally developed for cancer,
is repurposed for autoimmune diseases after it appears to be safe
and efficient in trials®.
2021 First clinical success [A breakthrough study demonstrates effective and sustained
of CAR T-cell Therapy|remission in systemic lupus erythematosus (SLE) patients treated
in autoimmune  |with CAR T-cell therapy, marking a significant milestone in
disease autoimmune disease treatment since there have been problems
of patients not responding to the treatments".
2022-2025 CRISPR/Cas9 in  |Advances in gene editing enable precision modifications in immune
Autoimmune Disease |cells, targeting autoreactive pathways. CRISPR/Cas9 technology is
Research used to engineer immune cells for enhanced specificity and reduced
off-target effects”.
2023 Synthetic Development of synthetic receptors and engineered T cells to

Immunology and

Engineered T Cells

modulate autoimmune responses with high specificity.

These therapies are designed to reprogram immune cells to

. . . 6
recognize and suppress autoreactive immune responses( ).
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Table 1 Chronological timeline of immunotherapy strategies in autoimmune diseases (continued)

Year Development Details

2023 Next-Generation JAK [FDA approves deucravacitinib, a first-in-class TYK2 inhibitor, for
and TYK Inhibitors  [psoriasis. These next-generation inhibitors offer enhanced precision

in targeting immune signaling pathvvays(m.

2024-2025 Gene Therapy Research into regulatory T cell (Treg) reprogramming and engineered
and Cellular immune tolerance for treating autoimmunity. Gene therapy

Reprogramming  |approaches aim to restore immune balance by reprogramming

. 1
autoreactive T cells''.

Advanced synthetic biology tools for autoimmune diseases
Recent advancements in synthetic biology have significantly impacted the treatment
landscape of autoimmune diseases by integrating sophisticated genetic engineering and

molecular tools to enable for precise modulation of immune responses.

CRISPR/Cas9, TALEN, and ZFN systems

Gene-editing technologies such as CRISPR/Cas9, TALEN, and Zinc finger nucleases (ZFNs)
offer unprecedented precision in modifying immune cell functions. The CRISPR/Cas9 system
enables highly specific genetic edits by creating double-strand breaks at targeted DNA sequences,
which are repaired through Homology-Directed Repair (HDR) or Non-Homologous End Joining
(NHEJ). This technology facilitates targeted disruptions of genes involved in autoreactive
pathways, significantly advancing therapeutic strategies for autoimmune diseases by
reducing off-target effects and improving speciﬁcity(3’10).

TALENs and ZFNs, employing DNA-binding domains combined with nuclease domains, further
enhance genome-editing capabilities. These nucleases have demonstrated effectiveness in
modifying T-cell receptors (TCRs), enabling the reprogramming of T cells to specifically recognize
and suppress pathogenic immune responses, thereby promoting immune tolerance

in autoimmune diseases'?.

Synthetic gene circuits and engineered receptors

Synthetic gene circuits represent an innovative approach for precise immune
modulation. Recent developments include synthetic T-cell receptors engineered to
selectively recognize and regulate pathogenic immune responses while preserving normal
immune functions. These engineered T-cells mediate targeted immunosuppression through
the secretion of anti-inflammatory cytokines such as IL-10 and TGF-B as well as through the
neutralization of pro-inflammatory cytokines at sites of inflammation. This programmable
and targeted immunosuppression significantly reduces systemic side effects compared to

conventional immunosuppressive therapies'®.

Synthetic Antigen-Presenting Cells (APCs)
Advances in biomaterials and genome-editing technologies have enabled the
development of synthetic antigen-presenting cells (APCs) that recapitulate key functions of

natural dendritic cells. These synthetic APCs are engineered to present tailored antigenic
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peptides via modified major histocompatibility complex (MHC) molecules, optimizing their
interaction with autoreactive T cells and promoting immune tolerance. Clinical trials
investigating synthetic APCs in rheumatoid arthritis and multiple sclerosis have demonstrated

improved therapeutic outcomes, reduced inflammation, and minimized systemic toxicity(lz).

Nanotechnology-Based Delivery Systems

Nanoparticle-based drug delivery platforms have transformed synthetic immunotherapy,
by enabling the precise targeting of immunosuppressive agents to localized sites of
inflammation. Polymeric and liposomal nanoparticles effectively encapsulate therapeutic
agents, facilitating controlled and sustained release while significantly reducing systemic
adverse effects. Clinical studies in psoriasis, rheumatoid arthritis, and inflammatory bowel
diseases have demonstrated improved efficacy and safety profiles of nanoparticle-mediated

delivery systems!!*>).

Synthetic Regulatory T-Cells (Tregs)

Synthetic Tregs have been engineered to exhibit enhanced stability and suppressive
functions, enabling the selective targeting of autoreactive immune responses. Advances in
CRISPR-Cas9 technology have facilitated precise modifications of Treg receptors, thereby
significantly enhancing their therapeutic potential and specificity. Clinical applications in
autoimmune diseases, including type 1 diabetes and inflammatory bowel disease, have
demonstrated improved outcomes, reduced inflammation, and prolonged remission®".

Collectively, these advanced synthetic biology tools represent a paradigm shift in the
treatment of autoimmune diseases, providing highly targeted and effective interventions with
reduced adverse effects. Continued research and development in these areas are expected

to further enhance therapeutic precision, patient safety, and clinical outcomes.

Innovations in nanotechnology and drug delivery
Nanotechnology-based drug delivery systems have significantly improved synthetic
immunotherapy by enabling highly precise targeting, enhanced pharmacokinetics, and

1319 polymeric nanoparticles, especially those derived from poly

reduced systemic toxicity'
(lactic-co-glycolic acid) (PLGA), provide biocompatible platforms tailored for the targeted
delivery of immunosuppressive agents directly to inflammatory sites, thereby minimizing
off-target effects and systemic adverse reactions™®. Liposomal nanoparticles further enhance
the stability and bioavailability of encapsulated therapeutics, optimizing their controlled
release and therapeutic efficacy™. In addition, advances in hydrogel and scaffold-based
delivery systems facilitate the sustained release of tolerance-inducing molecules, significantly

improving patient outcomes in autoimmune diseases™.

Multi-omics integration and computational advances
The integration of multi-omics technologies including genomics, transcriptomics,
proteomics, and metabolomics has dramatically enhanced our understanding of autoimmune

(17

diseases"”. Techniques such as single-cell RNA sequencing (scRNA-seq) and spatial transcriptomics

have revealed distinct cellular states and interactions within disease microenvironments,
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enabling more precise therapeutic targeting!*?’. High-resolution mass spectrometry-based
proteomic and metabolomic analyses have identified novel biomarkers for early disease
detection and treatment monitoring. Additionally, advanced computational tools, notably
machine learning and artificial intelligence (Al), have revolutionized therapeutic design
by facilitating the rapid development and optimization of synthetic immunotherapies through

accurate prediction of immune responses and therapeutic efficacy.

Comprehensive ethical and regulatory considerations

Synthetic immunotherapies pose significant ethical and regulatory challenges, including
patient safety, informed consent, and long-term monitoring. Ensuring patient autonomy
through transparent communication regarding potential genetic modifications and associated
risks is paramount. Regulatory frameworks must evolve to address the unique challenges
posed by synthetic biology, incorporating rigorous safety assessments, iterative testing
protocols, and transparent reporting practices'?”’. Global regulatory authorities, including the
FDA and EMA, continue refining guidelines to balance innovation with patient protection,
emphasizing harmonized standards across jurisdictions. Public engagement and education

remain essential for fostering societal trust and acceptance of these advanced therapies.

Economic challenges and accessibility issues

Despite substantial clinical promise, synthetic immunotherapies face significant
economic challenges, primarily due to high manufacturing costs, limitations in production
scalability, and disparities in global healthcare accessibility'?”. Overcoming these barriers
requires strategic partnerships among academia, industry, healthcare providers, and
governmental agencies. Innovations focused on reducing production costs through
technological advancements, standardization, and robust public-private partnerships are

critical to improving the affordability and accessibility of these cutting-edge treatments.

Clinical translation: current challenges and opportunities

The clinical translation of synthetic immunotherapies involves navigating complex
challenges, including the inherent heterogeneity of autoimmune disease presentations, the
scalability of therapeutic manufacturing, and the need to ensure patient-specific immune

(20

compatibility®®. Significant challenges include mitigating off-target effects, effectively

managing the risks of cytokine release syndrome associated with cellular therapies, and

®19 Rigorous clinical trials, standardized

maintaining the durability of therapeutic responses
manufacturing protocols, and comprehensive regulatory oversight are critical to addressing
these issues. Moreover, interdisciplinary collaboration among scientific, clinical, and regulatory
stakeholders is essential for streamlining the translational pipeline, enhancing therapeutic
efficacy, and ensuring patient safety.

Despite their promising potential, synthetic immunotherapies face significant obstacles
that hinder their widespread clinical adoption. These challenges include severe adverse
effects, limited efficacy in certain indications, such as solid tumors and complex autoimmune
diseases, and substantial complexities associated with therapeutic manufacturing®2°,

Systemic toxicity and immune tolerance represent major hurdles, particularly for small

56



TsasduYUsEnaunde Ui 10 atufl 2 waennau - 3emAu 2569 J Raj Pracha Samasai Institute Vol. 10 No.2 May - Aug 2026

molecule-based therapies like Toll-like receptor agonists. Furthermore, variability in the
quality of autologous cell products and the requirement for specialized manufacturing

facilities add layers of complexity to broad clinical implementation”.

Innovative strategies and solutions

To overcome these clinical translation challenges, researchers are developing cutting-
edge strategies, including the use of synthetic molecules and engineered cells to precisely
regulate immune functions, thereby enhancing therapeutic outcomes while minimizing
adverse effects. Dynamic immunomodulation strategies, including prodrug-like molecules and
nanoliposome delivery systems, have been specifically designed to reduce systemic toxicity
and significantly improve the targeted efficacy of synthetic immunotherapies®?”. Additionally,
innovative constructs such as synthetic dendritic cells and multifunctional polymers are
being explored to effectively recapitulate natural immune cell functions, offering
potential off-the-shelf therapeutic solutions while substantially simplifying manufacturing
and scalability challenges?”. These advances highlight the transformative potential
of synthetic immunotherapies to achieve safer, more effective, and broadly accessible

clinical applications.

Future research directions

Future advancements in synthetic immunotherapy are expected to further leverage
precision medicine by integrating patient-specific genetic profiling with synthetic therapeutic
design®®. Innovations such as engineered synthetic regulatory T-cells (Tregs) and the development
of synthetic immunological memory represent promising strategies for achieving sustained
immune tolerance™?. Artificial intelligence-driven synthetic therapeutic design is anticipated
to accelerate drug development and enhance personalized medicine approaches. Continued
collaboration among interdisciplinary research teams, regulatory authorities, and clinical
practitioners will be critical for realizing the full potential of synthetic immunotherapy, ultimately

transforming treatment paradigms for autoimmune disease management.

Conclusion

Synthetic immunotherapy presents a transformative advancement in the treatment of
autoimmune diseases integrating mechanistic precision, personalized therapeutic design, and
innovative drug delivery systems. Prioritizing safety, efficacy, ethical responsibility, and global
accessibility will be essential to fully realize the clinical and societal benefits of synthetic

immunotherapy.
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Abstract

Biosensors have emerged as vital tools in medical diagnostics, environmental monitoring,
and food safety due to their high sensitivity and rapid response. However, conventional
biosensors remain limited by stability, reproducibility, and slow detection times. The rise of
synthetic biology has transformed this field by enabling programmable genetic circuits and
modular biological systems that enhance sensor performance and adaptability. This systematic
review synthesizes current advancements in synthetic biology—based biosensors for bacterial
detection and compares their performance with conventional diagnostic methods. Literature
published between 2010 and 2024 was systematically analyzed following PRISMA guidelines,
focusing on biosensors integrating whole-cell, cell-free, CRISPR/Cas, and nanomaterial-based
designs. Findings reveal that synthetic biology has significantly improved biosensor sensitivity,
specificity, and portability, with CRISPR and nanomaterial-integrated platforms achieving
detection limits as low as 10 CFU/mL and providing results within 60 minutes. Despite these
advances, challenges remain in standardization, large-scale validation, biosafety, and integration
with digital technologies such as artificial intelligence (Al) and the Internet of Things (IoT). Overall,
synthetic biology has revolutionized bacterial biosensing, offering a foundation for next-
generation, rapid, and intellicent diagnostic platforms applicable to clinical, environmental, and

food safety contexts.
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Introduction

Biosensors are integrated receptor—transducer devices that convert biological responses
into quantifiable electrical signals, providing a powerful platform for rapid, accurate, and real -
time biological detection™. They have become increasingly important across diverse fields,
including healthcare, environmental monitoring, food safety, and biotechnology, due to their high
sensitivity, specificity, and adaptabitity(z). Among the available biosensing techniques, surface
plasmon resonance (SPR) and electrochemical biosensors are particularly noteworthy for their
precision and reproducibility, with continuous innovations further enhancing their performance

over recent decades®.
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Traditional biosensors, such as enzyme-based glucose monitors, have primarily focused
on optimizing analytical performance, particularly in terms of stability, sensitivity, and
reproducibility. However, recent advancements have shifted attention toward more complex
affinity-based biosensors capable of detecting nucleic acids, peptides, and whole microorganisms®.
These nucleic acid biosensors rely on DNA or RNA hybridization and amplification techniques
such as Polymerase Chain Reaction (PCR) or isothermal amplification to identify bacterial genetic
materials with high accuracy. Another emerging class of biosensors involves transmembrane
and whole-cell systems that interact directly with bacterial membranes or employ genetically
modified cells to detect pathogens in real time, including Escherichia coli, Listeria monocytogenes,
Salmonella species, and antimicrobial-resistant strains®.

Rapid and accurate bacterial detection is essential for addressing persistent global health
challenges such as infectious diseases, foodborne illnesses, and environmental contamination.
Conventional diagnostic approaches including culture-based assays, microscopy, and biochemical
tests are often time-consuming, labor-intensive, and costly, frequently resulting in delayed or
incomplete diagnoses that compromise clinical and public health outcomes®®. In contrast,
biosensor technologies offer faster, more accurate, and cost-effective alternatives by providing
near-real-time detection of bacterial pathogens, thereby supporting prompt therapeutic decision-
making and improving patient care®. Nevertheless, most traditional biosensors continue to face
inherent limitations in sensitivity, selectivity, and adaptability, particularly when used with
complex or unprocessed biological samples.

In recent years, synthetic biology has emerged as a transformative discipline that
integrates principles of biology and engineering to design programmable biological systems with
defined functions. When applied to biosensor development, synthetic biology enables the
creation of genetically engineered circuits, cell-free diagnostic platforms, and CRISPR-based
detectors that significantly enhance detection speed, precision, and flexibility’®. Synthetic biology
also allows the modular assembly of biological components such as promoters, riboregulators,
and enzymes into predictable sensing networks capable of detecting bacterial signals and
generating measurable outputs through fluorescence, colorimetric, or electrochemical responses.
When combined with nanotechnology, synthetic biology further expands the detection frontier
by incorporating nanomaterials such as gold nanoparticles and graphene, which amplify sensor
signals and lower detection limits to levels unattainable with conventional systems'®'?.

Given these advancements, biosensors powered by synthetic biology represent a new
generation of diagnostic platforms capable of overcoming many limitations of traditional
bacterial detection methods. However, despite the increasing number of innovative designs, the
literature remains fragmented, and comparative performance data are often inconsistent across
different biosensor types. A comprehensive evaluation is therefore needed to consolidate

current knowledge and identify opportunities for practical translation.
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Literature Review

Biosensors have become essential analytical tools in healthcare, environmental
monitoring, and food safety because they enable rapid, selective, and sensitive detection of
biological analytes. Conventional biosensors combine biological recognition elements such as
enzymes, antibodies, or nucleic acids with physicochemical transducers that convert biochemical
interactions into measurable signals™?. Although early biosensors, including enzyme-based
glucose sensors, achieved significant clinical success, they were limited by factors such as
stability, dynamic range, and dependence on laboratory infrastructure™. These limitations have
accelerated innovation toward more integrated and programmable systems, increasingly driven
by synthetic biology®.

Synthetic biology introduces a new design paradigm, enabling biological systems to be
engineered with predictable and programmable functions. Using modular genetic circuits, whole-
cell biosensors such as Escherichia coli or Bacillus subtilis can detect bacterial metabolites,
toxins, or quorum-sensing molecules and generate optical or electrochemical outputs“®. Recent
advances in cell-free systems which utilize lyophilized transcription—translation machinery and
programmable elements such as toehold switches or CRISPR/Cas modules allow safe, portable, and
low-cost detection of bacterial DNA or RNA at the point of care®”. These platforms provide high
specificity and stability without the need for living cells, representing a significant advancement
in the miniaturization and accessibility of molecular diagnostics.

Parallel advances in nanotechnology have enhanced biosensor performance. Nanomaterials
such as gold nanoparticles (AuNPs), graphene, and carbon nanotubes provide high surface area
and excellent conductivity, enabling lower detection limits and stronger signal amplification***?.
AuNP-based sensors exploit localized surface plasmon resonance (LSPR) for colorimetric
bacterial detection within minutes, whereas graphene-based field-effect transistors (GFETs)
can achieve femtomolar sensitivity™. Synthetic biology complements these innovations by
incorporating engineered recognition molecules such as aptamers, peptide nucleic acids (PNAs),
and nanobodies, which improve selectivity and reproducibility compared with traditional antibodies"®™.
Despite these advances, fabrication cost, batch variability, and scalability remain key challenges
to commercialization?1®.

Among the most significant breakthroughs are CRISPR/Cas-integrated biosensors, which
utilize programmable nucleases such as Cas12 and Casl13 for sequence-specific bacterial
detection. When coupled with isothermal amplification (RPA or LAMP), these platforms
can achieve attomolar sensitivity and single-nucleotide resolution without the need for

1012 "Sych systems are particularly

thermocyclers, delivering results within 30-60 minutes'
valuable for detecting multidrug-resistant pathogens and supporting antimicrobial resistance
(AMR) surveillance. However, reagent instability, limited multiplexing, and dependence on

controlled conditions continue to hinder their large-scale depLoyment“o’lz).
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Emerging research is also exploring wearable and portable biosensors, that integrate
synthetic biological components with flexible polymers or graphene substrates to enable
continuous, non-invasive monitoring of bacterial toxins or metabolic biomarkers in sweat,

17,18

saliva, or interstitial fluid®”'®. These devices can transmit real-time data via wireless interfaces,

linking biosensing capabilities with mobile health systems®"!?. Nonetheless, long-term stability,
biosafety, and data calibration remain significant challenges®®!”.

Overall, current evidence demonstrates that the integration of synthetic biology with
nanotechnology has transformed biosensors into programmable and intelligent systems capable
of rapid, multiplexed bacterial detection across clinical, environmental, and food safety

(1861012 However, critical knowledge gaps persist: (1) the absence of standardized

applications
evaluation metrics for sensitivity and response time; (2) limited large-scale validation and slow
regulatory approval; (3) insufficient data on long-term stability and biosafety; and (4) minimal
empirical integration with artificial intelligence (Al) or Internet of Things (I0T) frameworks 161727,
While synthetic biology has greatly expanded the capabilities of biosensors, further
systematic evaluation is required to consolidate current findings, compare platform performance,
and identify viable pathways for clinical and industrial translation of next-generation bacterial

detection technologies.

Findings

This systematic review was conducted in accordance with the PRISMA guidelines to
evaluate recent applications of synthetic biology in biosensors for bacterial detection. Relevant
studies published between January 2010 and March 2024 were identified from PubMed, Web of
Science, ScienceDirect, and Google Scholar using the keywords “synthetic biology,” “biosensors,”
“bacterial detection,” “PCR,” and “nanobiosensors.” Eligible studies were peer-reviewed,
English-language articles that focused on synthetic biology-based biosensors and reported
measurable performance data such as detection limit, sensitivity, and specificity. Conference
abstracts, reviews, and unrelated studies were excluded. Titles, abstracts, and full texts were
screened, and two reviewers independently extracted data on biosensor type, bacterial target,
detection mechanism, and reported advantages or limitations. Study quality was assessed for
methodolosgical rigor, reproducibility, and data reliability. Extracted information was synthesized
narratively and summarized in comparative tables, highlighting biosensor classification, detection
mechanisms, performance outcomes, and research gaps between traditional and synthetic

biology-driven approaches.

Biosensor

Biosensors are analytical devices that detect biological molecules by integrating of
biological recognition elements with physicochemical transducers, which convert biological
interactions into measurable signals'”. These sensors have become essential in clinical

diagnostics, environmental surveillance, and food safety due to their sensitivity, selectivity,
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and rapid response™?. The fundamental architecture of a biosensor includes three primary
components: a biological recognition element, a transducer, and a signal processor. The
biological recognition element specifically interacts with the target analyte, which may include
bacterial antigens, nucleic acids, or metabolites?. Common recognition elements include
antibodies for immunosensors, oligonucleotide probes for DNA biosensors, and enzymes
for enzyme-based sensors. DNA and RNA probes typically hybridize with complementary
bacterial genetic sequences, with binding events converted into detectable outputs via

(21)

fluorescent, electrochemical, or optical transducers“”. The transducer then translates this

biochemical interaction into a quantifiable electrical or optical signal, while the signal processor
interprets and refines the data for diagnostic readout®.

BIOSENSOR OVERVIEW
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Figure 1 A biosensor has three main components: an analyte, a biorecognition element, and
a transducer that generates a detectable signal. The major types of biorecognition elements

and analytes used to detect clinical pathogens are included. PNAs are peptide nucleic acids™®.
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Figure 2 MBs are used to detect DNA/RNA sequences in samples. The probe's dye can integrate
between Watson-Crick base pairs or act as a base surrogate. When combined with complementary
sequences, the MB's stem-loop hairpin structure opens, increasing fluorescence intensity.

When interacting with target RNA, the MB undergoes conformational restructuring'?

Biosensors can be classified based on their biorecognition mechanism, transduction
principle, or operational mode®. Immunosensors utilize antibodies for high-affinity detection of
bacterial antigens, whereas DNAbiosensors rely on nucleic acid hybridization to identify
pathogen-specific genetic markers. Enzyme-based biosensors exploit catalytic reactions to
generate measurable signals®Y. In terms of transduction, electrochemical biosensors detect
changes in current or potential; optical biosensors utilize fluorescence, absorbance, or resonance;
and mass-based sensors, such as piezoelectric devices, detect changes in acoustic waves or mass
upon bacterial attachment®" Furthermore, whole-cell biosensors employ genetically modified
living cells as active components capable of responding to bacterial signals with measurable
luminescent or electrochemical outputs, whereas label-free biosensors rely on impedance or

resonance changes without the need for labeling reagents'®
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Table 1 Classification of biosensors for bacterial detection
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Table 1 Classification of biosensors for bacterial detection (continued)

S Type of -
Classification Image . Description
biosensors

Design strategies for outside-the-lab deployment of synthetic biology systems

Operational
Mode

Whole-Cell Use genetically modified
Biosensors living cells to produce
measurable signals in

._ (@
response to bacteria,

Label-Free Detects bacteria without

Sensors additional labeling, often

using techniques like

. 4
|mpedance or resonance( ),

Although biosensors offer significant advantages in speed, portability, and sensitivity,
several limitations persist. These include a narrow dynamic range, potential interference from
complex biological matrices, and difficulties in detecting low analyte concentrations, particularly
during early stages of infection®'®. Variability in sample composition, temperature, and pH

229 Consequently, improving biosensor robustness

can further affect biosensor reproducibility!
and standardization remains a central challenge for translating these systems from laboratory

prototypes into field-ready diagnostic tools.

Feature biosensor: Nanotechnological

The integration of nanotechnology into biosensor design has revolutionized the field by
significantly enhancing sensitivity, selectivity, and miniaturization. Nanobiosensors merge
nanomaterials such as gold nanoparticles (AuNPs), graphene, and carbon nanotubes with
biological recognition elements, enabling efficient signal amplification and ultra-sensitive

101D The nanoscale dimensions of these materials provide an exceptionally high

detection
surface-to-volume ratio, increasing the density of binding sites and accelerating reaction kinetics
between biological receptors and target analytes®.

Nanoparticle-based biosensors exploit the unique optical, electrical, and catalytic
properties of metallic nanoparticles. Gold nanoparticles, in particular, exhibit localized surface
plasmon resonance (LSPR), producing distinct optical shifts upon interaction with bacterial
targets. This property enables direct visual detection and quantitative analysis through colorimetric
or spectrophotometric methods™”. Platinum and silver nanoparticles have also been employed to
enhance electron transfer and catalytic activity in electrochemical biosensors, increasing
sensitivity and reducing detection time'?®. Additionally, magnetic nanoparticles functionalized
with antibodies or oligonucleotide probes facilitate rapid bacterial isolation from complex

biological samples, thereby improving detection specificity”.
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Graphene-based biosensors represent another major advancement due to graphene’s
outstanding electrical conductivity, large surface area, and chemical stability™”. Graphene field-

effect transistors (GFETs) can detect minute changes in conductivity upon analyte binding,

Figure 3 Overview of nanoparticle-based biosensors
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achieving detection limits in the femtomolar range. Their compatibility with both optical and

electrochemical sensing modes further supports multifunctional operation for environmental
and biomedical applications'??® However, despite their superior sensitivity, graphene-based

biosensors face fabrication challenges and potential toxicity concerns that may hinder large-scale

implementation™®.
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Figure 4 Examples of biosensors and components on a graphene platform®
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Figure 5 Scheme of graphene modified with antibodies for the recognition of pathogens™¥

Wearable nanobiosensors extend biosensing capabilities into continuous, non-invasive
health monitoring. Constructed using flexible polymeric or graphene-based substrates, these
devices can detect biomarkers such as glucose, lactate, electrolytes, or bacterial toxins in sweat, saliva,

or interstitial fluids!!"18

). They utilize electrochemical or optical detection mechanisms integrated
with wireless data transmission for real-time analysis’?. While wearable sensors show strong
potential for managing chronic diseases and enabling early infection detection, challenges remain
regarding battery life, durability, and biosafety, particularly when synthetic or nanobiological

components are involved™?.

Interstitial fluid Sweat
glucose sensor glucose sensor

Blood Glucose Level

110 mg/dL

Figure 6 Example of Non-invasive Epidermal Glucose Sensors''®
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Table 2 Comparison of the Three Types of Nanobiosensors

Type of | Nanomaterials | Detection
Applications | Advantages | Limitations
Biosensor Used Mechanism
Nanoparticle- | Gold Optical Cancer High High cost of
Based nanoparticles, detection diagnostics, sensitivity, nanoparticles,
silver (LSPR), glucose signal potential
nanoparticles, enzymatic monitoring, amplification, | aggregation
platinum enhancement, | pathogen versatile for issues
nanoparticles electrochemical | detection optical/
sensing electrochemical
sensing
Graphene- Graphene, Electrical Early disease High Fabrication
based graphene oxide, conductivity detection (e.g., conductivity, complexity,
reduced graphene | (GFETSs), Alzheimer’s low noise, potential
oxide fluorescence cardiovascular large surface toxicity
quenching, diseases), area, versatile | concerns
electrochemical | environmental detection
sensing pollutant
monitoring
Wearable Flexible polymers, | Electrochemical | Continuous Real-time Limited
Biosensors graphene-based sensing, glucose monitoring, battery life,
composites optical monitoring, non-invasive, | durability
sensing fitness tracking integration under long-
(lactate, with mobile term use
hydration), stress | devices
monitoring
(cortisol)

Overall, nanotechnology has markedly advanced biosensor performance, lowering
detection limits to as low as 10 colony-forming units (CFU)/mL for certain pathogens while
maintaining rapid response times of under 15 minutes. Nevertheless, challenges related to cost,
fabrication reproducibility, and potential environmental risks associated with nanomaterials remain

critical areas for further research.
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Application

Bacterial detection: detailing

Biosensors have significantly improved the detection and monitoring of bacterial
pathogens, providing faster, more reliable, and cost-effective alternatives to conventional
microbiological methods such as culturing, microscopy, and biochemical assays®. Although
traditional laboratory diagnostics remain highly accurate, they often require several hours to days,
skilled technicians, and specialized equipment, limiting their suitability for real-time monitoring

and rapid decision-making in clinical or environmental contexts®”.
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Figure 7 Flowchart of the three main steps of PCR'

5!

29)

73



TsesaauseUszanaunde I 10 avuil 2 wgwnnau - BeinAu 2569 J Raj Pracha Samasai Institute Vol. 10 No.2 May - Aug 2026

Polymerase Chain Reaction (PCR) and its derivatives remain among the most widely used
nucleic acid-based detection methods. Biosensors integrated with PCR amplification or isothermal
techniques such as loop-mediated isothermal amplification (LAMP) provide rapid, high-sensitivity
detection of bacterial DNA without the need for culturing'”®. For instance, CRISPR-Cas12a and
Cas13a biosensors integrated with recombinase polymerase amplification (RPA) have achieved
single-molecule-level sensitivity, detecting bacterial pathogens such as E. coli, Salmonella, and
Mycobacterium tuberculosis within 30-60 minutes.

Recent advances also demonstrate biosensor applications for specific infectious diseases.
Lower respiratory tract infections caused by Streptococcus pneumoniae and Haemophilus
influenzae remain leading causes of morbidity, where biosensor-based diagnostics can facilitate
early, targeted antibiotic therapy (Table 3). Similarly, diarrheal diseases caused by Shigella, Campylobacter,
and E. coli O157:H7 require rapid detection to prevent outbreaks. For tuberculosis, Mycobacterium
tuberculosis-specific DNA biosensors and CRISPR-based assays have shown potential to replace

conventional staining and culture methods, substantially reducing diagnostic turnaround time.

Table 3 The table below identifies diseases and each method of biosensors.

Burden
Causative of Annual | Annual | Conventional | Diagnosis Spread
Disease(s) bacterial disease | death, cases, methods of time prevention
agent(s) (DALY), | millions | millions diagnosis critical? critical?
millions
Lower Streptococcus 94.5 4.2 430 Physical No No
respiratory pneumoniae, examination,
tract Haemophilus chest X-ray,
infections influenzae sputum and
(e, blood
pneumonia)” cultures, PCR
Diarrheal Shigella spp., 72.8 2.1 4,620 Microbiology Can be Yes
diseases”” Campylobacter (culture on
spp., Gram-
Salmonella spp. negative-
Escherichia selective
coli O157:H7 media), PCR,
ELISA, particle
agslutination
assay
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Table 3 The table below identifies diseases and each method of biosensors. (continued)

Burden
Causative of Annual | Annual | Conventional | Diagnosis Spread
Disease(s) bacterial disease | death, cases, methods of time prevention
agent(s) (DALY), | millions | millions diagnosis critical? critical?
millions
T8 Mycobacterium 34.2 1.5 7.8 Chest X-ray, No Yes
tuberculosis blood test,
Mantoux TST,
sputum smear
and culture,
staining and
microscopy
Meningitis@ Neisseria 11.4 0.34 0.7 Lumbar Yes No
meningitidis, puncture,
Streptococcus blood cultures,
pneumoniae, PCR
Escherichia coli
Sexually Treponema 10.4 0.13 222 Urethral/vaginal No Yes
transmitted pallidum swab and
infections (syphilis), culture, Gram
(excluding Chlamydia staining and
HIV)©” trachomatis microscopy,
(chlamydia), immunoassay,
Neisseria particle
gonorrhoeae agglutination
(gonorrhea) assay

Beyond clinical applications, biosensors are increasingly employed for environmental and
food safety surveillance. Portable biosensors can monitor water and soil contamination by detecting
Vibrio cholerae, Salmonella, or Listeria species, while wearable or loT-linked biosensors facilitate
real-time monitoring of bacterial exposure in healthcare and industrial settings.

While biosensors have successfully overcome many limitations of conventional diagnostics,
challenges remain in scalability, reproducibility, and regulatory approval. The diversity
of materials and detection mechanisms complicates standardization across platforms.
Future innovations are likely to focus on Al- and lo T-assisted biosensing, enabling autonomous
data analysis, improved accuracy, and cloud-based outbreak surveillance systems. The integration
of synthetic biology with nanotechnology and computational analytics thus represents the next

phase in achieving rapid, field-deployable, and intellicent bacterial detection systems.
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Discussion

This systematic review demonstrates that integrating of synthetic biology with biosensor
technologies has greatly advanced bacterial detection by improving analytical performance, design
versatility, and real-world applicability. Across the reviewed literature, synthetic biology-enabled
biosensors ranging from whole-cell systems to CRISPR- and nanomaterial-based platforms consistently
outperform traditional diagnostic methods in sensitivity, specificity, and response time'®!119).
These innovations reflect a paradigm shift from passive detection toward programmable,
intelligent sensing systems capable of real-time monitoring in clinical, environmental,
and food safety contexts.

The first major advancement is the programmability and modularity of synthetic biological
components. By employing engineered genetic circuits, promoters, and regulatory elements,
biosensors can now be tailored to detect specific bacterial metabolites, toxins, or nucleic acid
sequences®”. This flexibility allows for multiplexed detection, enabling one biosensor platform
to simultaneously identify multiple pathogens. For example, whole-cell biosensors, convert
bacterial recognition into luminescent or electrochemical signals, whereas cell-free synthetic
systems using lyophilized transcription—translation (TX-TL) machinery eliminate biosafety concerns
associated with live organisms. These developments have significantly enhanced portability
and safety for point-of-care diagnostics, particularly in low-resource or field settings®®".

The second critical trend is the integration of nanotechnology with synthetic biology, which
has substantially enhanced biosensor performance. Nanomaterials such as gold nanoparticles
(AUNPs), eraphene, and carbon nanotubes improve signal amplification and reduce detection limits

(la"*'?. Graphene-based field-

to as low as 10 CFU/mL for pathogens such as E. coli and Salmone
effect transistors (GFETs) further extend biosensor sensitivity into the femtomolar range, providing
ultra-fast, label-free bacterial detection. Meanwhile, wearable nanobiosensors exemplify the
translation of these technologies into continuous, non-invasive health monitoring, with the
capacity to detect infection biomarkers in sweat or interstitial fluid’™'®. The convergence of
synthetic biology and nanomaterials thus represents a synergistic innovation that enhances both
analytical precision and device adaptability.

Another significant breakthrough lies in CRISPR/Cas-based biosensors, which leverage the
programmable nuclease activity of Cas enzymes for sequence-specific nucleic acid recognition.
When coupled with isothermal amplification techniques such as recombinase polymerase
amplification (RPA) or loop-mediated isothermal amplification (LAMP), these systems achieve
single-nucleotide resolution and enable rapid detection within 30-60 minutes''®*?. CRISPR-based
biosensors hold particular promise for antimicrobial resistance (AMR) surveillance and outbreak
detection, as they combine genetic-level precision with field deployability. Nonetheless, their
translation into standardized clinical diagnostics remains limited by reagent instability,

temperature sensitivity, and lack of multiplexing capacity.
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While these findings underscore substantial progress, several critical limitations and
knowledge gaps persist. A recurring challenge across studies is the absence of standardized
performance evaluation frameworks. Reported detection limits, sensitivities, and specificities vary
widely, often depending on experimental design, sample type, or detection medium. This
heterogeneity complicates cross-comparison between biosensor platforms and hinders regulatory

validation?1¢

. Furthermore, although many studies highlight laboratory success, real-world
clinical and environmental validations remain limited. Most synthetic biology—driven biosensors
have not yet undergone large-scale field trials or regulatory approval processes, limiting their
adoption in public health and industrial monitoring systems¢”.

Another major challenge concerns scalability and cost-effectiveness. Nanomaterial fabrication,
sensor miniaturization, and biocomponent stability often require high production costs and
specialized infrastructure. These factors restrict large-scale manufacturing and commercialization,
particularly in low- and middle-income countries where bacterial outbreaks pose significant health

(12,19)

risks . Similarly, long-term stability under fluctuating environmental conditions, including

temperature, humidity, and pH remains insufficiently characterized for many prototype

(23,24,

biosensors???. Biosafety concerns associated with live-cell systems and environmental release

of genetically modified microorganisms also necessitate further research and policy attention'*'®.

Looking forward, the literature indicates that multidisciplinary convergence will be key to
overcoming these challenges. Future research should focus on integrating synthetic biology-based
biosensors with artificial intelligence (Al) and Internet of Things (IoT) platforms to enable real-time
data processing, predictive analytics, and remote monitoring. Al-driven algorithms could standardize
data interpretation, enhance signal-to-noise discrimination, and enable autonomous calibration,
thereby improving diagnostic accuracy and reliability. Similarly, cloud-connected biosensors
could facilitate epidemiological surveillance, providing early warning systems for infectious
disease outbreaks and contamination events.

In addition, greater emphasis is needed on standardizing and benchmarking of biosensor
performance across laboratories. Establishing unified criteria for evaluating detection limits, stability,
and reproducibility would accelerate regulatory approval and commercialization. The development
of cost-effective, biodegradable, and environmentally safe materials could further address
sustainability concerns and promote scalable production. Collaborative efforts among biologists,
engineers, data scientists, and policymakers are essential to translate these technological advances
into tangible public health benefits.

In summary, this review demonstrates that synthetic biology has transformed biosensing from
static detection tools into dynamic, programmable systems capable of high-precision bacterial
monitoring. By integrating nanotechnology, CRISPR diagnostics, and Al-enabled analytics, next-
generation biosensors can overcome the limitations of conventional assays. However, successful
clinical and industrial translation will require concerted efforts to address standardization,

scalability, and biosafety. Strengthening interdisciplinary collaboration and fostering innovation-
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driven regulation will be essential to fully realize the potential of synthetic biology—based

biosensors for global health and environmental sustainability.

Conclusion

This review highlights how synthetic biology has revolutionized biosensor technology
for bacterial detection. Advances in genetic circuit design, cell-free systems, CRISPR-based
diagnostics, and nanomaterial integration have enabled faster, more sensitive, and programmable
biosensors compared with traditional assays. Among these, CRISPR and nanobiosensors
demonstrate exceptional precision and portability, while whole-cell and cell-free systems
provide cost-effective solutions for point-of-care use.

Despite these advances, challenges remain in standardization, large-scale validation, and
biosafety, which limit clinical and industrial translation. Future research should prioritize the
development of unified evaluation frameworks, the enhancement of stability and scalability, and
the integration of biosensors with artificial intelligence (Al) and Internet of Things (IoT) systems
for real-time monitoring.

Overall, synthetic biology—driven biosensors represent a transformative platform for rapid,
accurate, and accessible bacterial detection, with significant potential to improve global health,

food safety, and environmental monitoring.
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