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Abstract 

Background: The escalating threat of bioterrorism demands rapid, field-deployable diagnostic 
tools that function independently of complex laboratory infrastructure. Paper-based biosensors 
integrating stem cell extracts for on-demand CRISPR-Cas12a expression represent a promising 
approach for detecting bioterrorism agents in low-resource environments. 

Objective: This systematic review critically evaluates the evidence base for paper-based biosen-
sors that integrate stem cell-derived cell-free systems for CRISPR-Cas12a-mediated detection of 
bioterrorism agents. 

Methods: Following PRISMA guidelines, we systematically searched PubMed, Web of Science, 
Scopus, ScienceDirect, SpringerLink, and Google Scholar (June 2024) using a comprehensive 
search strategy. Studies were eligible if they described paper-based biosensors incorporating 
stem cell extracts and CRISPR-Cas12a for detecting CDC Category A or B bioterrorism agents. 
We developed a three-tier analytical taxonomy to categorize the identified literature. 

Results: The search yielded 382 records. After duplicate removal and screening, 17 full-text re-
ports were assessed for eligibility. Zero studies met all inclusion criteria. The primary reasons for 
exclusion were: use of non-stem-cell cell-free systems (n=8), targets outside bioterrorism scope 
(n=5), insufficient methodological detail (n=3), and review articles without original data (n=1). 

Conclusion: A critical evidence gap exists at the intersection of stem cell-derived cell-free sys-
tems, paper-based platforms, CRISPR-Cas12a diagnostics, and bioterrorism agent detection. 
While the conceptual foundation is promising, no published study has demonstrated a fully inte-
grated system. Future research must address reagent stabilization, signal amplification, and real-

1. Introduction 

The deliberate release of biological agents to cause 

harm, known as bioterrorism, represents a persistent 

and evolving threat to global public health and national 

security [1]. Pathogens such as Bacillus anthra-

cis (anthrax), Yersinia pestis (plague), and Francisella 

tularensis (tularemia) are classified as Category A 

agents by the Centers for Disease Control and Preven-

tion (CDC) due to their high potential for mortality and 

societal disruption [2]. The rapid and accurate identifica-

tion of these agents in the field is paramount for initiating 

timely medical countermeasures, implementing quaran-

tine protocols, and mitigating widespread panic [3]. 

Traditional diagnostic methods, including culture-based 

assays, polymerase chain reaction (PCR), and enzyme-

linked immunosorbent assay (ELISA), are well-

established in centralized laboratories but are ill-suited 

for deployment in austere environments where bioterror-

ism events are most likely to occur [4]. These methods 

require sophisticated instrumentation, stable electricity, 

cold chain logistics for reagents, and highly trained per-
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In response to these limitations, the field of biosensing 

has increasingly turned toward paper-based platforms, 

which offer a compelling combination of low cost, sim-

plicity, and portability [6]. Paper substrates such as cel-

lulose and nitrocellulose are inexpensive, lightweight, 

and can be functionalized with biological recognition 

elements to create lateral flow assays or microfluidic 

paper-based analytical devices (µPADs) [7]. These de-

vices can operate without external pumps or power 

sources, relying instead on capillary action to transport 

samples and reagents [8]. However, conventional pa-

per-based biosensors often suffer from limited sensitivi-

ty and specificity, particularly when detecting low-

abundance nucleic acid targets from bioterrorism 

agents in complex environmental or clinical matrices 

[9]. This has motivated the integration of powerful mo-

lecular tools, such as CRISPR-Cas systems, to en-

hance detection capabilities. 

The discovery of CRISPR-Cas12a, an RNA-guided en-

donuclease that exhibits collateral cleavage activity 

upon specific target recognition, has revolutionized nu-

cleic acid detection [10]. When Cas12a binds to its tar-

get DNA sequence, it non-specifically cleaves nearby 

single-stranded DNA reporters, generating a detectable 

fluorescent or colorimetric signal [11]. This property has 

been harnessed in platforms like DETECTR and 

HOLMES, which achieve attomolar sensitivity and sin-

gle-base specificity [12]. Nevertheless, these systems 

typically require purified Cas12a protein, which is ex-

pensive to produce and requires cold chain storage, 

thereby limiting their field applicability [13]. 

A promising alternative is the use of cell-free expres-

sion systems, where cellular extracts containing the 

necessary transcription and translation machinery can 

synthesize functional Cas12a on demand from a DNA 

template [14]. This approach eliminates the need for 

protein purification and can be lyophilized for long-term 

storage, making it highly attractive for point-of-care ap-

plications [15]. A particularly innovative variant involves 

the use of stem cell extracts as the expression chassis. 

Stem cells possess a highly active translational ma-

chinery that can support efficient synthesis of complex 

proteins like Cas12a [16]. Moreover, stem cell extracts 

can be engineered to contain all necessary compo-

nents for transcription, translation, and energy regener-

ation in a single stabilized formulation [17]. When com-

bined with paper substrates, these extracts can be 

freeze-dried, creating a "just-add-water" biosensor that 

remains functional for months at ambient temperatures 

[18]. 

Despite the conceptual elegance of this approach, sig-

nificant research gaps remain. First, the analytical per-

formance of these biosensors has not been systemati-

cally compared across studies. Second, operational 

stability under realistic field conditions is poorly charac-

terized [20]. Third, specificity in complex matrices has 

been rarely examined [21]. Fourth, and most critically, 

no study has validated these platforms in an authentic 

field deployment scenario [22]. 

The motivation for this systematic review is therefore to 

critically evaluate the existing experimental evidence on 

paper-based biosensors integrating stem cell extracts 

for on-demand CRISPR-Cas12a expression, specifical-

ly for bioterrorism agent detection. By synthesizing 

available data, we aim to identify strengths and weak-

nesses, highlight key performance metrics, and deline-

ate pressing challenges that must be addressed to 

achieve field-readiness. 

   2. Methodology 

2.1 Review Protocol 

We conducted this systematic review in accordance 

with the Preferred Reporting Items for Systematic Re-

views and Meta-Analyses (PRISMA) guidelines [23]. A 

comprehensive literature search was performed across 

six electronic databases: PubMed, Web of Science, 

Scopus, ScienceDirect, SpringerLink, and Google 

Scholar. The search was conducted in June 2024, and 

no publication date restrictions were applied. The 

search strategy employed a combination of keywords 

and Boolean operators. The core search string was: 

text 

("paper-based biosensor" OR "paper biosensor" OR "la
teral flow assay")  

AND ("stem cell extract" OR "cell extract" OR "crude ex
tract")  

AND ("CRISPR-Cas12a" OR "Cas12a" OR "CRISPR di
agnostic")  

AND ("bioterrorism agent" OR "biothreat agent" OR "fiel
d detection" OR "point-of-care") 

For PubMed, the search was executed using the follow-
ing syntax: 

text 

(("paper-based biosensor"[Title/Abstract] OR "paper bio
sensor"[Title/Abstract]  

OR "lateral flow assay"[Title/Abstract])  

AND ("stem cell extract"[Title/Abstract] OR "cell extrac

t"[Title/Abstract]  
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OR "crude extract"[Title/Abstract])  

AND ("CRISPR-Cas12a"[Title/Abstract] OR "Cas12a"[Tit

le/Abstract]  

OR "CRISPR diagnostic"[Title/Abstract])  

AND ("bioterrorism agent"[Title/Abstract] OR "biothreat a

gent"[Title/Abstract]  

OR "field detection"[Title/Abstract] OR "point-of-care"[Titl

e/Abstract])) 

Similar adaptations were made for each database to 

accommodate their respective search syntax. For 

Google Scholar, the full search string was used without 

field restrictions, and the first 200 results were screened 

for relevance. Reference lists of included reviews were 

manually screened to identify additional relevant publi-

cations. 

2.2 Analytical Taxonomy for Study Categorization 

To systematically organize the heterogeneous body of 

literature, we developed a three-tier analytical taxonomy 

reflecting the primary research dimensions: 

Tier 1: Directly Relevant to Bioterrorism Detection 

Studies specifically targeting CDC Category A or B bio-

terrorism agents (Bacillus anthracis, Yersinia pes-

tis, Francisella tularensis, Brucella spp.) using the com-

plete technology stack (paper + stem cell extract + 

Cas12a). This tier represents the most directly relevant 

evidence. 

Tier 2: Proxy Studies (Relevant Technology, Different 

Target) 

Studies applying paper-based stem cell extract CRISPR

-Cas12a platforms to detect other targets (viral patho-

gens, foodborne bacteria, cancer biomarkers). While not 

directly addressing bioterrorism, these provide valuable 

insights into platform performance and technical chal-

lenges. 

Tier 3: Foundational Technology Development 

Studies focusing on fundamental aspects (stem cell ex-

tract optimization, Cas12a engineering, paper substrate 

development) without demonstrating detection of a spe-

cific target. These represent enabling technologies. 

2.3 Inclusion and Exclusion Criteria 

Studies were included if they met all of the following cri-
teria: 

1. Described development, testing, or application of a 
paper-based biosensor 

2. Explicitly incorporated stem cell extract (cell-free ex-
tract from stem cells) 

3. Utilized CRISPR-Cas12a for signal generation or tar-
get detection 

4. Focused on detection of CDC Category A or B bioter-
rorism agents 

5. Reported original experimental data 

6. Published in English 

7. Full text available 

Studies were excluded if they met any of the following 
criteria: 

1. Used CRISPR-Cas12a only for gene editing without 
biosensing application 

2. Used live stem cells rather than stem cell extracts 

3. Focused on non-bioterrorism agents without explicit 
relevance 

4. Were review articles, editorials, or conference ab-
stracts without experimental data 

5. Were purely computational without experimental 
validation 

6. Did not provide sufficient methodological detail 

7. Were retracted or had known data integrity issues 

2.4 Study Selection Process 

The study selection process was conducted in four stag-

es: identification, screening, eligibility assessment, and 

inclusion. Two independent reviewers examined titles 

and abstracts against the inclusion criteria. Disagree-

ments were resolved through discussion or consultation 

with a third reviewer. Full texts of potentially relevant 

reports were retrieved and assessed against all criteria. 

2.5 Data Extraction and Quality Assessment 

Data were to be extracted from included studies using a 

standardized form covering: author/year, study design, 

target agent, scaffold/paper type, stem cell source, 

Cas12a detection method, limit of detection, assay time, 

specificity, stability data, and field validation. Quality as-

sessment was to be performed using appropriate tools 

(e.g., QUADAS-2 for diagnostic studies). However, as 

no studies met inclusion criteria, these steps were not 

executed. 

3. Results 

3.1 Search and Selection Outcomes 

The systematic search across six databases initially 

yielded 382 records. Following removal of 129 duplicate 

entries, 253 unique titles and abstracts were screened. 
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Initial screening led to exclusion of 234 records that 

clearly failed to meet the core thematic focus. 

Of the remaining 19 reports selected for full-text eligibil-

ity assessment, 2 could not be retrieved. A rigorous full-

text evaluation was performed on the remaining 17 re-

ports against our strict inclusion criteria. Ultimate-

ly, zero studies met all specified inclusion criteria, re-

sulting in an empty systematic review. 

3.2 Evaluation of Ineligible Reports by Taxonomy Tier 

 

The 17 fully reviewed but excluded papers were classi-

fied using our three-tier taxonomy: 

Tier 1: Directly Relevant to Bioterrorism Detection (n=5) 

Five studies targeted high-consequence pathogens 

(Bacillus anthracis surrogates or Francisella genetic 

fragments). However, all 5 were excluded because they 

relied entirely on standard Escherichia coli cell-free pro-

tein synthesis systems or commercial rabbit reticulocyte 

lysates rather than stem cell-derived extracts [14, 20]. 

Tier 2: Proxy Studies (n=8) 

Eight studies demonstrated paper-based, cell-free 

CRISPR-Cas12a systems for viral pathogens (SARS-

CoV-2) or human oncology biomarkers. These demon-

strated strong analytical performance but carried no 

explicit relevance or cross-applicability evaluation for 

bioterrorism defense [11, 12]. 

Figure 1. PRISMA flowchart of the study selection process. 
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Tier 3: Foundational Technology Development (n=4) 

Four studies focused on fundamental platform science: 

optimizing eukaryotic cell extract performance or fabricat-

ing advanced paper matrices to slow reagent degrada-

tion. None applied optimized platforms to specific patho-

gen detection [16, 18]. The specific breakdown of exclu-

sion reasons is summarized in Table  

1.Discussion 

4.1 Principal Findings: A Critical Evidence Gap 

The primary finding of this systematic review is the identi-

fication of a critical evidence gap at the intersection of 

four rapidly developing fields: stem cell-derived cell-free 

translation systems, paper-based microfluidics, CRISPR-

Cas12a diagnostics, and bioterrorism detection. Despite 

the conceptual elegance of integrating these technolo-

gies, no published study has demonstrated a fully func-

tional system meeting all criteria. 

While cell-free synthetic biology has increasingly em-

braced mammalian and stem cell extracts to express 

complex, multi-domain proteins [16], practical field-

deployable biosensors remain fundamentally tethered 

to Escherichia coli crude extracts [20]. 

Bacterial cell extracts are cheap to manufacture, produce 

high protein yields, and are relatively resilient to lyophi-

lization [18]. However,  

 

Table 1. Methodological reasons for exclusion of re-

trieved full-text reports. 

 
bacterial extracts contain native nucleases that can prem-

aturely degrade single-stranded DNA reporter molecules, 

creating high background noise [13]. Stem cell extracts 

theoretically overcome this problem by offering a cleaner 

eukaryotic metabolic profile and highly active translation 

machinery [16, 17]. Yet, as our results show, this theoreti-

cal promise has not materialized in published biosecurity 

literature. 

4.2 Analytical Performance Limitations 

Because no primary studies evaluated a fully integrated 

paper-based stem cell extract-CRISPR-Cas12a platform 

for biothreats, we synthesized data from Tier 1 and Tier 2 

proxy studies to understand performance limitations: 

Sensitivity Issues: While purified CRISPR assays 

achieve attomolar sensitivity [12], paper-bound cell-free 

execution typically drops to low picomolar or high 

femtomolar limits of detection [20]. Without integrated 

isothermal pre-amplification (RPA or LAMP), on-demand 

Cas12a expression cannot reliably detect minute patho-

gen quantities typical in early-stage bioterrorism expo-

sures [3, 10]. 

Matrix Interference: Proxy studies highlight that complex 

environmental samples (dust, muddy water, soil swabs) 

or biological matrices (blood, saliva) severely inhibit cell-

free transcription-translation machinery [21]. Particulate 

matter blocks capillary flow [8], while heavy metals and 

Primary Reason for 

Exclusion 

Number of 

Papers (n) 

Representative 

Reference Exam-

Use of non-stem-cell cell

-free chassis (E. coli, 

wheat germ, rabbit retic-

8 
Green et al. [20], 

Salehi et al. [14] 

Target outside bioterror- 5 Kim et al. [11], 

Insufficient protocol data 

regarding paper func-
3 — 

Review article lacking 

original experimental 
1 Dalgan & Wei [19] 
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chemical inhibitors halt energy regeneration networks es-

sential to cell-free systems [6, 9]. 

4.3 Operational Stability and Field Challenges 

A fundamental roadblock is ambient operational stability 

[4]. Eukaryotic extracts, particularly from sensitive cell lines 

like induced pluripotent stem cells, lose transcription-

translation efficiency when dried onto raw cellulose sub-

strates [18, 20]. Fluctuations in relative humidity lead to 

rapid denaturation of lyophilized enzymes and degradation 

of guide RNA or DNA templates [13, 19]. 

Real-world deployment requires stable shelf-life of at least 

6–12 months without refrigeration [5]. Current proxy data 

indicates unshielded paper-based cell-free devices lose up 

to 80% of protein expression capacity within weeks when 

stored above 30°C [18], making them vulnerable in field 

environments without strict cold chains. 

4.4 Comparison with Alternative Technologies 

Several alternative technologies address similar diagnostic 

needs: 

• SHERLOCK (Cas13-based): Achieves attomolar sen-

sitivity but requires purified protein and cold chain [10] 

• DETECTR (Cas12a-based): Similar performance and 

limitations [12] 

• LAMP/RPA: Isothermal amplification methods with 

high sensitivity but require primer design and may have 

specificity issues 

• Electrochemical sensors: High sensitivity but require 

instrumentation [6] 

The stem cell extract approach offers theoretical ad-

vantages in cost, stability, and on-demand protein produc-

tion, but these remain unproven for bioterrorism applica-

tions. 

4.5 Limitations of This Systematic Review 

Several limitations warrant acknowledgment: 

Stringent Inclusion Criteria: The requirement for stem 

cell extracts, paper substrates, Cas12a, and bioterrorism 

targets simultaneously significantly narrowed the eligible 

study pool. Relaxing any constraint would expand the pool 

but obscure the specific technology's developmental status. 

Language Bias: Exclusion of non-English studies may 
have omitted relevant research. 
Database Coverage: Reliance on database indexing may 
have missed studies using different terminology. 
Publication Bias: Negative results or failed validations 
may be underrepresented. 

Proxy Study Limitations: Extrapolating from non-
bioterrorism or non-stem-cell studies introduces uncertain-
ty. 
Absence of Quality Assessment: As no studies were 
included, formal quality assessment was not possible. 

5. Conclusion and Future Directions 

5.1 Summary of Findings 

This systematic review has identified a critical evidence 

gap at the intersection of paper-based biosensors, stem 

cell-derived cell-free systems, CRISPR-Cas12a diagnos-

tics, and bioterrorism detection. Despite the conceptual 

promise of integrating these technologies for field-

deployable biosecurity tools, no published study has 

demonstrated a fully functional system meeting all inclusion 

criteria. 

5.2 Implications for Research and Practice 
The absence of eligible studies has several implications: 

1. For Researchers: Significant opportunities exist to 

develop and validate integrated systems. Priority areas 

include stem cell extract stabilization on paper, integra-

tion with isothermal amplification, and validation with 

real-world samples. 

2. For Funders: Investment should target the identified 

gap, particularly translational research bridging cell-free 

synthetic biology and field diagnostics. 

3. For Biosecurity: Current paper-based CRISPR diag-

nostics for bioterrorism agents rely on purified proteins 

requiring cold chain, limiting field utility. 

5.3 Recommendations for Future Research 
Based on our findings, we recommend the following re-

search priorities: 

Priority 1: Stem Cell Extract Stabilization 

Develop formulations that maintain transcription-translation 

activity on paper substrates for ≥6 months at ambient tem-

peratures (25–40°C). 

Priority 2: Integrated Signal Amplification 

Incorporate isothermal amplification (RPA or LAMP) into 

paper devices to achieve clinically relevant sensitivity with-

out external equipment. 

Priority 3: Matrix Interference Mitigation 

Develop sample preparation methods compatible with pa-

per-based cell-free systems for complex environmental and 

clinical matrices. 

Priority 4: Real-World Validation 

Conduct blinded field trials with unknown or mixed-agent 

samples to assess operational performance under realistic 

conditions. 

Priority 5: Standardized Reporting 

Develop guidelines for reporting paper-based CRISPR di-
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agnostic studies to facilitate future systematic reviews 

and meta-analyses. 

5.4 Concluding Remarks 

The conceptual foundation of paper-based stem cell ex-

tract CRISPR-Cas12a biosensors for bioterrorism detec-

tion is promising. The technology offers the potential for 

rapid, instrument-free detection without cold chain re-

quirements. However, the evidence base remains nas-

cent and heterogeneous, lacking standardized evalua-

tion protocols and real-world validation. Substantial pro-

gress in reagent stabilization, signal amplification effi-

ciency, and sample preparation is essential before these 

platforms can transition from proof-of-concept to opera-

tionally effective tools for biosecurity and emergency 

response frameworks. 

This systematic review provides a comprehensive, evi-

dence-based assessment that can guide future research 

directions, inform funding priorities, and accelerate the 

development of practical diagnostic tools for biosecurity. 

The identified evidence gap represents not a failure but 

an opportunity—a clear roadmap for the research com-

munity to develop and validate these promising technol-

ogies. 
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