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DESIGN BRIEF

Using fluorescent beacons for the early detection of the
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Reviewed on 9 May 2026; Accepted on 22 June 2026; Published on 26 October 2026Hepatitis C is a viral disease caused by the Hepatitis C Virus (HCV) that, in its chronic form, can lead to severeliver damage, liver cancer, and in some cases, death. The infection rate of HCV in China remains high, especiallyin rural and low-income communities, primarily among drug users and blood transfusion recipients. Currentdetectionmethods for HCV are often inefficient and expensive, in some cases taking up to 17 days for test resultsto become available. Due to these issues, as well as the often asymptomatic nature of HCV, the virus often goesundetected until damage to the liver is irreversible. Our objective is to use synthetic biology to create a cost-effective, at-home HCV detection system using HCV RNA biomarkers present in the saliva of those infected withchronic HCV. By creating an at-home detection system using a molecular beacon that binds to the target HCVRNA sequence, living in high-risk areas would easily be able to test themselves for HCV, even in its early stages,helping prevent HCV-caused liver diseases and deaths.
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Hepatitis C significanceHepatitis C is caused by theHepatitis C Virus (HCV),leading to liver inflammation. HCV is a blood-borne virus most commonly transmitted through un-safe injections andproceduresduringmedical care andthe sharing of needles and syringes during drug use, aswell as sexual contact leading to the exposure of blood.The World Health Organization (WHO) estimates 50million people living with chronic HCV, with around 1million new infections each year. Many remain undiag-nosed, slowing the progress towards the elimination ofthe virus (World Health Organization, 2024).In the first 6 months of infection, HCV is consideredto be acute. In some instances, the body will natu-rally rid itself of an acute infection, meaning that theHCV never progresses into the chronic stage. After sixmonths of infection, HCV is considered to be chronic. Ifleft untreated, chronic HCV is oftentimes a lifelong in-fection (CDC, 2024b.) Over half of those infected withHCVwill develop a chronic infection,with some studiesbringing that number up to 80% (Liang et al., 2000).In China, chronic HCV is a major cause of liverdisease, liver cirrhosis, and hepatocellular carcinoma(mainly liver cancer). The infection rate of HCV inChina has been increasing yearly (Qin et al., 2013).There are around 360,000 liver cancer deaths every

year andHCV infections account for 37.48% (Mei & Lu,2021). A meta-analysis by Mei & Lu, 2021 estimated a0.91% HCV antibody presence in China, with a higherprevalence in older populations.In most people, HCV infection becomes chronic. Inthese cases, CD8+ T cells become exhausted, losingcytokine production and killing abilities, and CD4⁺ Tcells decline, which ultimately weakens the entire im-mune response. Antibodies appear later and are oftenisolate-specific, not broadly neutralizing, which allowsHCV to mutate away from them (Green et al., 2010).
Current detection methods for Hepatitis CCurrent Hepatitis C detection methods are oftentimescostly and take multiple days for results to becomeavailable. The currentprocess includes two tests. First,there is an antibody test that determines prior HCV in-fection. Those who test positive for HCV antibodiesthen take a RNA NAAT test, which determines if theinfection is active in the body. Both of these tests re-quire blood to test for the presence of HCV antibodiesand HCVRNA and combined take between 3 to 17 days(CDC, 2024a).Due to the asymptomatic nature of chronic HCV,many of those infected do not get tested, especially be-
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Figure 1. A diagram that shows the progression of chronic Hepatitis C infection in the liver. After initial infection,
the liver progressively deteriorates, leading to severe consequences like cirrhosis and ultimately, liver failure.

cause current testing occurs at hospitals and clinicsand includes blood work at a lab or hospital, or thepatient sending it to a lab to be tested (CDC, 2024a).There are no current widely used home-based testingmethods for HCV RNA in saliva (CDC, 2024a). This islikely due to the fact that HCV RNA has a significantlylower concentration in saliva compared to blood, mak-ing detection more difficult and requiring highly sen-sitive technology only present in the lab (Cameron etal., 1999). Saliva also naturally contains enzymes andother inhibitors that may interfere with the molecularprocesses (such as PCR) used to amplify and detect vi-ral RNA (Hooshmand et al., 2018).
The problemHCV predominantly affects low-income populations inrural areas, often due to drug use and unsafe bloodtransfusions (Kermode, 2004), meaning that many ofthose infected with chronic HCV do not have accessto the resources to be tested before the infection in-flicts permanent damage to the liver and other bodilyfunctions. Studies completed by the Chinese Society ofHepatology have indicated that the detection rates ofHCV inMainland China are around 2.1%, meaning thatmany infected goundiagnosed and thereforeuntreated(“Guidelines for the Prevention and Treatment of Hep-atitis C.,” 2019).Access to an efficient, low-cost, and at-home test-

ing method for HCV is essential to increasing the ratesof HCV detection in rural areas without easy access tohospitals and labs, therefore helping increase the ratesof treatment for chronic HCV.
Proposed solutionOur plan is to genetically engineer a product that de-tects the presence of Hepatitis C RNA (HCV RNA) insaliva in a non-invasive and cost-effective manner forrural areas. Even though HCV RNA has not been clin-ically approved as an HCV biomarker, many researchstudies have been conducted. One study tested forHCVRNA in 23 subjects with chronic HCV infection. Resultsshowed that 72% of 474 saliva samples were positivefor HCV RNA. Thus, HCV RNA stands as a potential in-dicator for HCV infection (Wang et al., 2006).Currently, saliva is gaining attention as a non-invasive and cost-effective alternative to traditional di-agnostic methods, such as blood or tissue samples.Though saliva is composed of mainly water, it alsocontains proteins, enzymes, hormones, nucleic acids(DNA, RNA,miRNA), andmetabolites, which can reveala lot about the body’s overall health. These moleculesfound in saliva can be used as biomarkers for detec-tion of a variety of diseases, including HCV. Notably,saliva collection is easier, patient-friendly, and doesnot require specialized medical expertise, making itespecially applicable for at-home diagnostic purposes
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(Surdu et al., 2025).We plan to engineer a plasmid to produce a strandof HCV RNA that, once binded to HCV RNA, will pro-duce fluorescence. Nucleic acid hybridization exploitsthe inherent specificity of Watson-Crick base pairing,allowing complementary DNA or RNA strands to selec-tively bind to target nucleic acid sequences. For RNAviruses such as HCV, hybridization-based detection of-fers a direct means of sensing viral genomes withoutrequiring enzymatic amplification (Shrivastav, 2025).This specificity makes hybridization probes preferredfor distinguishing HCV RNA from host RNA and otherviral pathogens.To detectwhetherHCVRNAbinds to its complemen-tary strand, we will develop a fluorescent hybridiza-tion probe. We plan to develop amolecular beacon flu-orescent hybridization probe, which consists of single-stranded oligonucleotides forming a stem-loop struc-ture labeled with a fluorophore and a quencher. Inthe absence of the HCV RNA, fluorescence is quenched,but upon hybridization with complementary RNA, theprobe will undergo a conformational change that sep-arates the fluorophore and quencher, resulting in fluo-rescence emission (Tyagi & Kramer, 1996).Our proposed solution aims to design a plasmid thatwill produce HCV RNA, simulating HCV infection in pa-tients. After the HCV RNA is transcribed, it will bind tothe loopon themolecular beacon,whichwill unquenchthe fluorophore and release fluorescence. The fluores-cence will then be detected using a plate reader.
Systems levelOur system as a whole aims to engineer a molecularbeacon for the detection of HCVRNA, proving the pres-ence of an active acute or chronic infection. We planto engineer E. coli strain HT115 (DE3) for the produc-tion of a non-viral portion of HCVRNA to act as a place-holder for an HCV patient with active HCV RNA in theirsaliva. Using Kernel software, we have designed a plas-mid which will, once transformed into the E. coli celland incubated at 37°C overnight, allow for our chosenportion of HCV RNA to be generated within the E. colicell. Due to our project generating free RNA insteadof a protein, E. coli strain HT115 (DE3) was chosenspecifically because it has a suppressed ribonucleaseIII, allowing RNA accumulation in the cell cytoplasm(da Rosa et al., 2024). Once the chosen portion oftheHCVRNA, specifically nucleotides 1-3005’UTR, hasbeen generated by our plasmid within the E. coli cell,cells will be lysed using a beadmill to preserve RNA in-tegrity. The plasmid will also be expressed using a T7plasmid expression kit, designed for cell-free expres-sion of T7 plasmids, and RNA will be purified using a

silica spin column and treated with DNase I to removecontaminant DNA. Using two expression systems, ourconstruct will be tested in both cell-free and cell-basedplatforms. Once the generated portion of HCV RNA hasbeen extracted and purified, it will be tested with ourmolecular beacon, which is specific to a portion of theHCV RNA present on the generated strand, nucleotides117-145 5’UTR. This portion of the HCV RNA was cho-sen due to its relative accessibility, specificity to RNA,and lack of folding. When the purifiedHCVRNA is com-bined with the molecular beacon, the beacon shouldunfold and bind, unpairing the quencher-fluorophorepair, allowing the beacon to fluoresce in a way that isdetectable by fluorescent plate readers. If fluorescenceis present, it verifies the presence of the HCV RNA, of-fering proof of our concept of utilizing molecular bea-cons for disease diagnosis.
Device levelOur system includes two specifically designed devices:the HCV patient plasmid and the specific molecularbeacon designed for diagnosis. All plasmid compo-nents were chosen for their relative stability and com-patibility within our project targets.Our chosen chassis is the E. coli strain HT115(DE3)as it is an RNase III-deficient strain of E. coli, mean-ing that our final product will not be quickly degradedby the cell. As our system is not producing a pro-tein but instead is producing an RNA strand to repli-cate a portion of HCV RNA, the presence of a RibosomeBinding Site is not needed. Our chosen plasmid vec-tor is the AE_lacZ pDest plasmid (BioBrick Number:BBa_J435320), which has the ampicillin gene for an-tibiotic resistance, induced by lactose, the ColE1 originof replication, and the tonB terminator present in thevector. This vector was chosen for its high copy num-ber, which will increase production of the RNA strandthat replicates HCV RNA to increase detection sensi-tivity. Our chosen promoter is the AB_T7_lacO pro-moter (BioBrick Number: BBa_J435350), which is alsoinduced by the presence of lactose. An inducible pro-moter was specifically chosen so that RNA productioncan be regulated by the plasmid user and only gener-ated when lactose is added. This helps to simulate dif-ferent concentrations of HCV RNA, allowing us to testthe sensitivity of our molecular beacon.The HCV genome sequence was inserted into theplasmid to create a replicated portion of the HCV RNA.Our selected terminator is the T7 terminator (Bio-Brick Number: BBa_K731721) which was chosen forits compatibility with other T7 system componentsand high success in cell-free T7 expression kits. Ourchosen detection system is a molecular beacon, which
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Figure 2. Our proposed molecular beacon design system. Our designed plasmid aims to simulate the production of
HCV RNA in patients, generating an accessible portion of HCV RNA. The partial HCV RNA will then bind with our
designed molecular beacon. This will unquench the molecular beacon, resulting in fluorescence.

will bind with the HCV RNA generated by our plas-mid, specifically 5’UTR nucleotide 117 to nucleotide145, and emit fluorescence. Themolecular beaconwillhave the complementary strand to theHCVRNAwithinthe loop to create a double stranded RNA and activatethe molecular beacon’s fluorescence. Our chosen flu-orophore for our molecular beacon system is the 6-Carboxyfluorescein fluorophore (6-FAM),whichhas anexcitation peak at 493 nm and an emission peak at 517nm. The quencher we chose is the DABCYL quencherand is often used with 6-FAM with high rates of suc-cess. Binding between the molecular beacon and HCVRNA replicate strand will offer proof of concept, as itwill show that our molecular beacon binds with HCVRNA, effectively diagnosingHepatitis C by the presenceof HCV RNA. Any level of fluorescence above our con-trol/base level will indicate success, as fluorescenceshould only occur in the event of binding between theRNA molecules.
Parts levelOur chosen promoter, HCV sequence, and terminatorinsert sequencewill be inserted into our plasmid back-bone using restriction enzymes EcoRI and BamHI. Ourinsert portion was designed with the necessary stickyends for binding. These two restriction enzymes werechosen for their compatibility with our plasmid back-bone and for their compatibility with each other indouble enzyme digests. Transformation of E. coli withthe recombinant plasmid and a T7 expression systemwill allow for our system to remain in biosafety level 1while also allowing us to test the success of our molec-ular beacon at detecting HCV RNA. Our plasmid will beinserted into the E. coli using the heat shock methodand additional lactose will also be added into the sys-tem to insure antibiotic resistance and the desired lev-els of gene expression andgeneratedHCVRNA.The cellwill be incubated overnight to allow for optimal plas-

mid expression of HCV RNA prior to RNA extractionand purification. Similarly, the T7 plasmid expressionkit will be inducedwith lactose and the proper amountof time will be allowed for plasmid expression prior topurification and use. Once the RNA has been gener-ated and purified, each system’s results will be testedfor RNA concentration so the optimal system can beidentified. Once RNA has been purified, it can then betestedwith ourmolecular beacon and fluorescence canbe measured.
SafetyOur project uses a genetically engineered E. coli strainHT115 (DE3), an RNase III-deficient laboratory straincommonly used for RNA production. Our strain is non-pathogenic and typically classified as a Biosafety Level1 (BSL-1) organism, which would minimize risks un-der standard lab practices. All bacterial transforma-tion, plasmid assembly, and RNA production experi-ments will be conducted in a controlled laboratory en-vironment, following the biosafety protocols, includ-ing the use of personal protective equipment, such asgloves, lab coats, and goggles. Our workspace will bedisinfected, and all biological waste will go through anapproved disposal method.Our system uses synthetic HCV RNA sequences fromuntranslated regions for simulation. These RNA frag-ments are noninfectious and incapable of replicationor disease transmission because they lack a viralgenome. Furthermore, our engineered plasmid systemis designed only for laboratory proof-of-concept use;further research is needed for clinical testing.This project prioritizes equal healthcare access forrural and low-income populations while ensuring pri-vacy for at-home testing. False negatives would stillremain a potential diagnostic risk, so clinical testingwould still be recommended.
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DiscussionsThis project proposes a synthetic-biology-based detec-tion system for the early detection of Hepatitis C Virus(HCV) using a fluorescent molecular beacon. An ad-vantage of this approach is its potential to serve as arapid, low-cost, andnon-invasive alternative to currentHCV diagnostic methods, which commonly depend onblood sampling, expensive laboratory procedures, andextended result waiting times. As noted by the WHO,early detection ofHCV is critical for reducing long-termcomplications such as liver cirrhosis and hepatocel-lular carcinoma, particularly in populations with lim-ited access to healthcare (World Health Organization,2024).One of themajor strengths of our system is the use ofthe molecular beacon–based hybridization for detec-tion. Hybridization relies on highly specific Watson-Crick base pairing, allowing the molecular beaconto selectively bind to complementary HCV RNA se-quences and produce a fluorescence signal upon acti-vation. This provides high sequence specificity com-pared to antibody-based methods, reducing the like-lihood of reaction with non-target RNA. Additionally,the nature of the molecular beacon design may al-low for potential adaptation to detect other RNA-basedviruses, making the system concept applicable beyondHCV diagnostics.However, a challenge is the relatively low concentra-tion of HCV RNA in saliva compared to blood, whichmay reduce detection sensitivity and increase the riskof false negatives. Saliva also contains natural enzymesand inhibitory molecules that may interfere with RNAstability and hybridization efficiency, which can fur-ther affect overall assay performance.For future improvements, the target RNA sequencecould be optimized by identifying a more accessible orstable region of the HCV genome to improve bindingand detection efficiency. In addition, since saliva onlycontains detectable HCV RNA in about 80% of infectedcases, the system may not be fully reliable for all pa-tients. Therefore, future research can explore alterna-tive non-invasive samplingmethods that yield a higherpercentage of detectable RNA to improve detection ac-curacy and reduce false negatives.
Next stepsTo further develop and validate the project, our teamplans to conduct the following laboratory experiments.First, we will use the restriction enzymes EcoRI andBamHI in a restriction digest reaction to isolate a frag-ment from the AE_lacZ pDest vector. Following diges-tion, gel electrophoresis and gel purification will be

performed to isolate the DNA fragment from the plas-mid vector. The purified vector backbone will then beused in a ligation reaction, where T4 DNA ligase willligate the DNA insert into the vector.Following ligation, the engineered plasmid will beused as a template in a T7 in vitro transcription systemto generateHCVRNA transcripts. The engineered plas-mid will also be transformed into E. coli HT115(DE3)cells, which will allow bacterial replication and there-fore plasmid amplification, while also allowing us tolater test whether the target gene is being expressedwithin the cells. After transcription and transforma-tion, the samples will undergo hybridization with themolecular beacon, where complementary base pair-ing between the beacon and the produced target HCVRNA will trigger fluorescence activation. Finally, sam-pleswill be analyzedusing a fluorescent plate reader tomeasure fluorescence intensity and assess successfultarget detection. Fluorescence levels between the cell-based samples and non-cell-based sampleswill also becompared to determinewhether transformation of theplasmid into bacterial cells has a significant effect onRNA yield and overall fluorescence output.
Author contributionsEJ contributed as the main researcher for backgroundinformation and necessary references to successfullycomplete this project. LS contributed as the mainresearcher for biological parts, plasmid design, andmolecular beacon design. KY contributed as the mainresearcher for parts assembly and compatibility andfuture experiment methodology. MW contributed byresearching future steps and experimental procedures,helping plan for where and how our project can betaken further.
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