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Abstract: Alzheimer’s disease (AD) is a complex neurodegenerative disorder 
characterised by progressive cognitive decline. Single-cell transcriptomics has 
unveiled the complex cellular landscape of Alzheimer’s disease (AD), revealing 
distinct disease-associated cell states and gene expression profiles. This 
information provides a crucial foundation for leveraging the power of synthetic 
biology to develop targeted interventions. This paper explores the integration 
of these two fields, focusing on applications such as: 1) using transcriptomic 
data to design cell-type-specific synthetic constructs; 2) modelling and 
manipulating disease-relevant cell-cell interactions; and 3) engineering 
therapeutic cells for targeted drug delivery or immunomodulation. We discuss 
the potential of this integrated approach to advance our understanding of AD 
pathogenesis and pave the way for innovative therapeutic strategies, while 
also considering the associated challenges and future directions.
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Graphical Abstract: Spatial Omics and Gene Circuits complement each other to overcome challenges and limitations.

1. Introduction 

Impaired neurogenesis contributes to neurodegenerative diseases such as Alzheimer’s, Parkinson’s, Huntington’s, 
and Lewy Body dementia in several ways. Amyloid β protein (Aβ) in neuritic plaques of Alzheimer’s disease 
(AD) has been considered the molecular driver of Alzheimer’s pathogenesis and progression [1].  Spatial omics 
technologies, such as spatial transcriptomics (ST) and spatial isoform transcriptomics, provide a means of 
studying gene expression in tissue architecture and spatial organisation [2]. For example, ST studies have 
identified disease-associated microglia, which exhibit unique gene expression profiles and functional properties 
compared to homeostatic microglia. Similarly, distinct subtypes of astrocytes and neurons with altered gene 
expression patterns have been identified in AD brains. 

Single-cell multi-omics technologies enable direct measurement of cell-specific responses, perturbations, and 
signalling pathways in disease pathogenesis. This provides insights into cellular spatial location, gene expression 
variations, genetic risk factors like APOE4, and single-cell or subcellular patterns with high spatial resolution. 
[3]. Spatial isoform transcriptomics (SiT) enables explicitly the characterisation of isoform expression and 
sequence heterogeneity at a spatial resolution using long-read sequencing. Spatial isoform transcriptomics 
involves characterising regional isoform switching and differential isoform usage for genes related to specific 
functions like brain activity [4]. Recent studies have identified rare subsets of immune cells infiltrating the brain 
in AD, which may contribute to neuroinflammation.

Advances in spatial transcriptomics, such as the 10x Genomics Visium platform, have provided detailed 
molecular maps that surpass the limitations of single-cell RNA sequencing methods [5]. ST platforms has 
enabled sub-regional gene expression analysis and comparable sequencing depth for gene number per spot [6]. 
Developments in super-resolution and expansion microscopy offer higher spatial resolution in omics, enabling 
visualization of cellular details and interactions crucial for understanding neural circuits.
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Table 1.  Examples of Spatial Omics Techniques in Alzheimer’s Research

2. Synthetic Biology for AD Research:

Synthetic biology engineer cells or organisms to recapitulate AD hallmarks like Aβ aggregation, tau 
hyperphosphorylation, and neuroinflammation. Gene circuit technology controls gene expression in response 
to signals, enabling the design of circuits that mimic or modulate AD pathways. Here are some synthetic 
biology applications:

2.1 Designer Receptors Exclusively Activated by Designer Drugs (DREADDs)

DREADDs are engineered G protein-coupled receptors (GPCRs) that are selectively activated by synthetic 
ligands (like CNO and clozapine-N-oxide). Chemogenetic manipulation of astrocyte activity using DREADDs 
can improve neuronal function and behaviour in normal animals and disease models. Different DREADD 
variants (e.g., hM3Dq for activation, hM4Di for inhibition) can activate or inhibit specific neuronal populations 
in specific cell types. They allow researchers to control neuronal activity with high temporal and cell-type 
specificity remotely [8] [9]. 

2.2 BRANEnet

BRANEnet (Brain Research through Advancing Neurotechnologies) is leveraging advanced molecular genetics 
techniques. The Alzheimer’s disease risk gene BIN1 is critical in regulating calcium homeostasis, electrical 
activity, and gene expression in glutamatergic neurons. BRANEnet utilises single-cell RNA sequencing, 
epigenomic analyses, and genome-wide association studies to provide deeper insights into AD [10]. Studies 
have shown that BIN1 knockout human-induced neurons (hiNs) exhibit reduced activity-dependent 
internalisation and higher expression of the L-type voltage-gated calcium channel Cav1.2, which affects neuronal 
calcium transients and electrical activity[11]. The insights gained from circuit omics can inform the design of 
gene therapies targeted to specific neural circuits, such as the entorhinal cortex-hippocampal (EC-HPC) 
system in AD patients [12]. BRANEnet aids in understanding microglia, immune cells, and the impact of 

Technique Alzheimer’s Research Applications

Multiplex Fluorescent in Situ 
Hybridization (FISH)

Quantifies expression levels of Alzheimer‘s-related genes, such as 
APP, tau, and APOE, in different cell types [22]

RNA Sequencing (RNA-seq) Combined 
with Imaging

Identifies differentially expressed genes in Alzheimer’s disease 
brain regions, such as the hippocampus and cortex[23] [24].

Imaging Mass Cytometry
Quantifies the expression of Alzheimer‘s-related proteins, such 

as amyloid-beta and tau, in different cell types. [22]

Single-cell RNA Sequencing (scRNA-
seq) Combined with Imaging

Identifies distinct cell populations involved in AD. Identifies 
genetic risk factors such as APP, tau, and APOE gene[25] [5]

Super-Resolution Imaging
Super-Resolution Imaging At high resolution, examine the 

distribution and interactions of Alzheimer‘s-related proteins, 
such as amyloid-beta plaques and tau tangles. [26] [27]
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genetic risk factors like APOE mutations. By integrating multi-omics data, BRANEnet outperforms baseline 
methods in tasks like transcription factor target prediction and network inference. Using a random walk-based 
Positive Pointwise Mutual Information matrix, BRANEnet captures relevant context for understanding complex 
neural interactions [13]. 

2.3 Viral Delivery Systems

Contemporary viral tracing strategies and activity recording methods investigate circuit architecture and 
function. The rapid advancement of CRISPR and anti-CRISPR tools enhances the robustness and applicability 
of synthetic biology systems. This system includes a genetic circuit that consists of libraries of guide RNAs, 
synthetic operators, transcriptional activators, and other regulatory elements [14]. Synthetic gene circuits 
enable permanent neural ensemble labelling, crucial for understanding memory dynamics. Designer cells, 
autonomous closed-loop therapeutic cells, avoid repeated inducer administration. Genetic devices like toggle 
switches and repressilators regulate cellular processes. Designer cells with sensing modules detect disease 
markers and trigger therapeutic agent secretion without external inducers [15] [16]. 

Optogenetics combines optics and genetics to control specific neurons using photosensitive proteins encoded 
by adenoviruses. This technique allows for precise ion flow control across cell membranes, leading to inhibition 
or activation effects [17]. Intersectional genetic approaches and activity-dependent recombinases target 
specific neuronal populations based on molecular markers or activity patterns, allowing for more refined 
manipulation of neural circuits [18]. Advances in spatial omics and neuroscience, including optogenetics and 
synthetic biology, continue to deepen our understanding and ability to manipulate these vital cells for 
therapeutic purposes [19] [20]. Pseudotyped rabies virus maps monosynaptic connections with cell-type 
specificity. Genetically encoded indicators reveal neural circuit function in awake animals. Trans-neuronal 
tracing techniques like HSV-1 H129 and rabies virus map cell-type-specific AD circuits. Multiplexed mapping 
and sequencing (MAPseq, BRICseq) refine connectivity analysis with single-cell resolution. [15].

2.4 E-SARE and RAM Synthetic Promoters

The RAM promoter enhances IEG labelling for better neuronal activity tracking. Synthetic promoters like 
E-SARE boost neuronal activation in vivo, aiding neural circuit studies. These promoters can create biosensors 
and complex circuits with novel functions, advancing our understanding of memory and behaviour [21].

3. Rationale for Integrating Transcriptomics and Synthetic Biology:

Transcriptomic data can inform the design of synthetic constructs that target specific cell types or pathways 
implicated in AD, leading to more precise and effective interventions. Additionally, an integrated systems-level 
understanding of AD-associated neural circuit mechanisms requires new multimodal and multi-scale 
interrogations to study and treat circuits vulnerable to AD. Transcriptomics can reveal how different cell types 
communicate in the AD brain. At the same time, synthetic biology can be used to engineer model systems to 
study these interactions in a controlled manner [28] [29]. 

3.1 Synthetic receptor systems 

Synthetic receptors are potent tools in cell and gene therapies, allowing for precise control of therapeutic cells 
and genetic modules. These receptors can regulate the production of bioactive payloads by sensing and 
processing user-defined signals or biomarkers. Examples of synthetic receptor systems include chimeric antigen 
receptors (CARs) and synthetic Notch (synNotch) receptors [30] [31].

3.2 Advantages over traditional methods:

• Specificity: Synthetic receptors offer high specificity for their ligands, minimising off-target effects.

• Temporal control: The timing of receptor activation can be precisely controlled.

• Modularity: Synthetic receptors can be easily modified or combined to create new functionalities.
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Synthetic receptors are used in targeted gene therapies and fundamental research to investigate cell signalling, 
differentiation, migration, and morphogenesis [32] [33]. They can program engineered cells to self-organise 
into multicellular structures or pattern three-dimensional tissues. Synthetic receptor systems like LOCa can 
modulate aberrant self-renewal of hematopoietic stem cells and mitigate neurodegeneration in models of 
Alzheimer’s disease [34]. Synthetic receptors can be partially or fully modular. Partially modular receptors 
retain the original sensor or actuator domain, while fully modular receptors have both engineered. Cell-surface 
receptors include enzyme-linked, G-protein-coupled, and ion channel-like receptors. [35].

Combining synthetic receptors and omics technologies offers unprecedented insights into cellular signalling, 
function, and disease. Techniques like TRAP enable targeted neuronal study based on activity, offering a 
dynamic approach to neural circuit research. [36]. Viral Tracers for Connectivity Mapping, both retrograde and 
anterograde, have been employed to map neural connections [16]. Integrating synthetic biology with single-cell 
analysis offers a comprehensive view of AD and enables targeted therapies. The E-SARE promoter shows 
higher reporter expression and dynamic range than natural IEG promoters. Combining synthetic promoters 
with omics technologies provides deeper insights into gene regulation and enables engineering new biological 
functions. [21].  

Therapeutic strategies targeting astrocytes using Designer Receptors Exclusively Activated by Designer Drugs 
are being explored [35]. RNA sequencing can reveal changes in gene expression in response to DREADD-
mediated neuronal activation or inhibition. The effects of astrocyte manipulation vary depending on the specific 
DREADD receptor used. Other factors include targeted brain region, timing of intervention, and the 
heterogeneity of astrocytes in different brain regions and disease conditions [37]. DREADDs control neuronal 
activity but don’t directly reveal downstream molecular consequences. ATAC-seq reveals chromatin structure 
changes, indicating altered transcriptional regulation. Single-cell analysis informs cell-based therapies by 
identifying specific cell types for therapeutic agent delivery or immune modulation. [36]. 

3.3 Comprehensive Readout of Activity and Cell Type Markers (CRACK)

Combining transcriptomics, circuit tracing, and modulation offers a potent synthesis for studying disease-
specific circuitry. Optogenetics and chemogenetics enable precise neural activity modulation and subsequent 
molecular characterization. Optogenetics uses light-sensitive proteins to control neural activity, providing 
precise manipulation of specific cell types or neural circuits. [38]. On the other hand, CRACK, chemogenetics, 
offers a less invasive method than optogenetics for altering neural activity in genetically defined neurons of 
animals [39]. CRACK technology combines population calcium imaging with multiplexed in situ hybridization. 
It creates brain-wide projections of identified cells and their behavioural tuning properties, enabling the study 
of specific circuit functions in AD. [11].

4. Advantages of Integrating Spatial Omics with Gene Circuit Technology

Spatial omics technologies offer unbiased spatial profiling of the transcriptome, revealing the operation of gene 
switches within the brain’s complex tissue environment.  

4.1 Context-Dependent Behaviour

Gene circuits modulate cellular function and adapt to regulatory networks. Circuit function varies with cellular 
context. Spatial omics reveal how circuit performance changes across cellular locations, enabling context-
specific optimization. Amyloid plaques and tau tangles, AD hallmarks, vary across brain regions. Spatial omics 
unravel tissue heterogeneity and the spatial context of molecular components, aiding in optimizing synthetic 
biological systems for various applications. [2]. 

4.2 Off-Target Effects on Cellular Interactions

Spatial data enables effective gene switch design. Lysate-based cell-free systems (CFS) are valuable synthetic 
biology tools but lack living cell properties. Spatial omics visualizes circuit impact on gene expression, informing 
the development of more sophisticated gene circuit designs by identifying off-target effects.[40]. 
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4.3 Predictability

In Alzheimer’s, gene expression patterns likely change over time and across different brain regions as the 
disease progresses. Spatial transcriptomics coupled with time-series studies can help capture the spatiotemporal 
dynamics of gene regulation. However, ensuring the predictability of gene circuits remains a challenge, 
particularly for complex circuit functions [41]. Using orthogonal guide sequences, insulating DNA sequences, 
and whole-cell omics measurements can improve the predictability of gene circuits [42]. 

4.4 Resource Competition

Resource competition couplings pose a significant barrier to the successful engineering of cells across various 
organisms, including bacteria, fungi, and mammals [43]. This necessitates precise control and systematic 
modification of critical variables like recording environment shape and layout. Gene expression burden, 
diverting resources from natural functions, hinders cell growth and productivity. [44]. Spatial omics identifies 
areas of resource depletion due to circuit activity, optimizing circuit design. Identifying specific cell types and 
circuitry within the affected entorhinal-hippocampal system is crucial for developing targeted circuit therapies. 
[45]. Information theory assesses neural circuit pattern separation performance. Spatial omics reveals circuit 
effects on neighbouring genes, enabling disruption minimization. Gene-circuit approaches quantify stimulus or 
environmental shift scale changes through behavioural experiments [46]. 

4.5 Dynamic Process Control

Spatial transcriptomics will help study spatial and temporal selectivity governing diverse functions within the 
neocortex. For cell type-specific visualisation, the formation of learning-specific ephemeral and memory-
specific enduring synapses utilising gene engineering techniques was demonstrated [47].

5. Future Directions 

Multi-omics algorithms integrate genomic, proteomic, metabolomic, and other biological data to offer tailored 
AD management and functional recovery solutions. Fluorescence imaging of endogenous proteins, like PSD-95 
in neurons using super-resolution techniques, is being developed. Combining molecular dynamics simulations 
with machine learning models offers comprehensive insights. Ion channels, complex proteins undergoing 
conformational changes upon activation, are challenging to model accurately. Cryo-EM provides detailed 
structural insights, improving computational model accuracy and drug design efforts. [48]. Predictive algorithms, 
powered by multi-omics data analysis, are revolutionising the field of rehabilitation and assistive systems. Bio 
Nexus Sentinel software platform integrates cytohistological RNA-seq and bioregulatory network exploration 
[49]. The patient-in-the-loop framework represents a unifying approach that can bridge the gap between 
computational modelling and clinical practice in neurorehabilitation. We can significantly enhance assistive 
augmentative rehabilitation by prioritising multidisciplinary collaboration and leveraging cutting edge research 
[50].
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Figure 1. Synthetic Biology Solutions for Alzheimer’s Disease: Technological Limitations and Ethical Challenges [created 
with Microsoft PowerPoint and Canva]

5.1 Microfluidic Technology

Organ-on-a-chip (OOC) technology is a cutting-edge innovation that simulates the functions and physiology 
of human organs on a microfluidic chip [51][52]. Microfluidic organ chips and OOCs create a controlled 
microenvironment that mimics factors like fluid flow, mechanical forces, and chemical gradients, which are 
crucial for maintaining cell function and behaviour [53]. Integrating single-cell transcriptomics and synthetic 
biology can advance in vitro systems using microfluidic chips to enhance understanding and drug development. 
Additionally, microfluidic platforms integrate various omics data, improving understanding of cellular 
heterogeneity and interactions within complex biological systems [54].

5.2 Organoids

Patient-derived organoids enable personalized treatment. Biomimetic scaffolds promote tissue healing and 
reduce inflammation. Advanced drug-delivery materials improve treatment. Brain organoids are used for 
toxicology, disease modelling, infection studies, personalized medicine, and gene-environment interaction 
studies. Organoids advance AD drug screening. Patient-derived organoid models investigate pathogenesis, 
guide clinical treatment, and facilitate drug screening. Stem cell-derived and biomimetic scaffold-based 
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organoids advance tissue engineering. Biomaterials create scaffolds for tissue regeneration. Multiomics and 
bioprinting evaluate pain medication efficacy and safety. Advanced imaging provides rich organoid information. 
Combining organoids and AI bridges experimental models and real-world clinical scenarios [55]. Omics and 
synthetic biology accelerate EV-based therapies. Digital microfluidics streamlines EV isolation for liquid biopsies. 

5.3 Nanotechnology-based therapies

Nanotechnology strategies are discussed for enhancing drug delivery in brain disorders, including gene therapy, 
enzyme replacement therapy, and nano-assisted therapies like nano-immunotherapy and nano-gene therapy 
[56]. Successful drug discovery often requires the integration of various metal-based carriers and nanoparticles 
to reduce inflammation and pass through biological barriers and minimal systemic toxicity [57]. Nanotechnology, 
nanocarriers, nano immunotherapy and nano gold therapy improve drug delivery to specific sites, reducing 
systemic side effects [58]. 

5.4 Artificial Intelligence

The concept of Organoid Intelligence (OI) combines organoids with AI to model cognition and enable biological 
computing applications [59]. Computational techniques, such as virtual screening and molecular mechanics/
dynamics simulations, enhance CAR-NK cell-based immunotherapy. Machine learning-based approaches target 
minimising collateral damage to healthy tissues, and optimise treatment protocols [60]. DeepD3 Framework 
is an open deep learning-based framework for quantifying dendritic spines in microscopy data, neural networks 
trained on data from different sources and experimental conditions [61]. Neuromorphic computing approaches 
can help identify patterns and make predictions beyond traditional methods’ capability. By continuing to push 
the boundaries and fostering multidisciplinary integration, researchers can make significant strides towards 
conquering Alzheimer’s disease.

6. Ethical Considerations

  Recent advancements in transcriptomics and synthetic biology offer promising avenues for understanding and 
addressing AD. The multiomics and synthetic biology tools needs to address ethical considerations related to 
potential therapeutic applications. Careful monitoring and follow-up of patients in clinical trials are essential. 
Efforts should be made to ensure that these therapies are available to all patients who need them, regardless 
of their socioeconomic status.

• Off-target effects: Synthetic constructs may have unintended effects on other cellular processes or tissues. 
Thorough preclinical testing is crucial to minimise these risks.

• Immunogenicity: Engineered cells or gene therapies may trigger unwanted immune responses. Strategies 
to minimise immunogenicity has be developed [51][52]

• Informed Consent and Patient Autonomy: Synthetic biology is a complex field, and it may be difficult for 
patients to understand the risks and benefits of these therapies fully. Clear and accessible information 
should be provided to patients to ensure informed consent.

AD affects cognitive function, there are concerns about a patient’s ability to provide informed consent, 
especially as the disease progresses. Several ethical principles are laid out to avoid any unintended outcomes 
of synthetic biology applications (Figure 1).

7. Conclusion 

Alzheimer’s disease is a complex neurodegenerative disorder characterised by progressive cognitive decline 
and memory loss. Transcriptomics, the study of gene expression, provides insights into the molecular 
mechanisms underlying AD. At the same time, synthetic biology enables the engineering of biological systems 
for therapeutic applications.  Integrating spatial omics with synthetic gene circuit switches allows gene regulation 
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within tissues in spatial and temporal contexts. Integrating allows overcoming individual technological limitations 
to showcase tissue atlas, with the intricate interplay of genes across different cellular subregions. Gene circuits 
illuminate the function, and spatial omics pinpoint the differentially expressed genes underlying the observed 
patterns [62]

Genetic circuits and spatial omics complement each other to provide a detailed spatial-temporal map of gene 
expression patterns, offering novel insights into neuroscience. Combining these two fields allows us to 
understand AD pathogenesis better, identify novel therapeutic targets, and develop innovative treatment 
strategies. 
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