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ABSTRACT 

Point-of-Care Tests to Amplify and Detect High-Risk HPV 

DNA and mRNA 

by 

Kathryn Ann Kundrod 

Cervical cancer is a major global health challenge, with 570,000 new diagnoses and 

311,000 deaths annually. The burden of cervical cancer remains highest in resource-limited 

settings, where screening, diagnosis, and treatment are challenging to implement and sustain. 

The preferred method of cervical cancer screening is testing for high-risk human 

papillomavirus (HPV), the etiologic agent that causes cervical cancer. HPV DNA testing is 

the most sensitive method of cervical cancer screening, and HPV mRNA testing has the 

potential to maximize clinical sensitivity and specificity by detecting infections that are 

progressing toward cancer. Currently available methods of HPV DNA and mRNA testing 

remain too costly or the instrumentation remains too complex for effective use at the point 

of care in resource-limited settings.  

This work presents the development of two tests to detect high-risk HPV DNA and 

mRNA with lower cost and instrument complexity relative to existing tests. The developed 

tests detect two HPV genotypes—HPV 16 and 18—that cause approximately 70% of 

invasive cervical cancer cases globally. 
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First, this work describes an HPV 16 and 18 DNA test that is integrated from 

sample to answer, combining sample preparation, isothermal amplification, and lateral flow 

detection. The testing workflow involves six user steps and produces a visual result within 45 

minutes. In a set of 30 cellular samples collected with cervicovaginal swabs, the developed 

test reliably detected samples with >1,000 copies of HPV 16 or 18 DNA per reaction, which 

is a clinically relevant limit of detection.  

The second part of this work describes a low-cost, low-infrastructure method of 

HPV mRNA detection. The test relies on one-step reverse transcription and isothermal 

amplification with real-time fluorescence readout, allowing for semi-quantitative detection. A 

clinically relevant analytical sensitivity of 1,000 HPV 16 or 18 E7 gene transcripts per 

reaction in extracted cellular RNA was demonstrated. 

Together, the developed tests are a critical step toward point-of-care cervical cancer 

screening through HPV DNA and mRNA testing. With future work to incorporate 

additional genotypes and optimize sample preparation strategies, the developed tests have 

the potential to increase access to high-quality cervical cancer screening globally.
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Chapter 1 

Introduction 

1.1. Objectives and Specific Aims 

This dissertation aims to develop sample-to-answer, point-of-care tests for HPV 

DNA and mRNA detection for early cervical cancer and pre-cancer detection. The 

specific aims are as follows:   

Specific Aim 1:  Design an HPV 16 and 18 DNA test that relies on isothermal 

amplification and lateral flow detection in an integrated, sample-

to-answer format 

Specific Aim 2:  Develop a semi-quantitative HPV 16 and 18 mRNA testing 

method that relies on real-time isothermal amplification and 

fluorescence detection 
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1.2. Overview 

This dissertation is organized as follows: 

Chapter 2 provides context on point-of-care technologies for cervical cancer 

screening and diagnosis in resource-limited settings, including the need for novel and 

accessible HPV DNA and mRNA tests. Chapter 2 was previously published in Expert Review 

of Molecular Diagnostics. 

Chapter 3 describes the development of an integrated, sample-to-answer, point-of-

care test for HPV 16 and 18 DNA. Analytical sensitivity is evaluated with synthetic DNA, 

and a proof-of-concept clinical evaluation with cellular samples from cervicovaginal swabs 

collected within a referral population in Houston, Texas is presented. 

Chapter 4 describes a real-time HPV 16 and 18 mRNA testing method with lower 

cost and instrument complexity relative to existing HPV mRNA testing methods. The 

analytical sensitivity of the test is evaluated with RNA extracted from cell lines. 

Chapter 5 provides a summary of the work presented in this thesis and a discussion 

of future research directions resulting from this work. 

 



 

 

Chapter 2 

Recent Advances in Technologies for Cervical 

Cancer Screening and Diagnosis in Resource-

Limited Settings 

The contents of this chapter were previously published in the journal article: KA 

Kundrod, CA Smith, B Hunt, RA Schwarz, K Schmeler, R Richards-Kortum. 

Advances in technologies for cervical cancer detection in low-resource settings. Expert 

Rev Mol Diagn. 2019;19:695-714. PMID: 31368827. Minor revisions have been 

included in this chapter. 
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2.1. Abstract 

2.1.1. Introduction 

Cervical cancer mortality rates remain high in low- and middle-income countries 

(LMICs) and other medically underserved areas due to challenges with implementation and 

sustainability of routine screening, accurate diagnosis, and early treatment of preinvasive 

lesions.  

2.1.2. Areas covered  

In this review, we first discuss the standard of care for cervical cancer screening and 

diagnosis in high- and low-resource settings, biomarkers that correlate to cervical precancer 

and cancer, and needs for new tests. We review technologies for screening and diagnosis 

with a focus on tests that are already in use in LMICs or have the potential to be adapted for 

use in LMICs. Finally, we provide perspectives on the next five years of technology 

development for improved cervical cancer screening and diagnosis in LMICs. 

2.1.3. Expert opinion 

Innovation toward improved molecular and imaging tests is needed to enable 

effective, affordable see-and-treat approaches to detect and treat cervical precancer in a 

single visit. Current molecular tests remain too complex and/or costly for widespread use. 

Especially with imaging tests, decision support may improve performance of new 

technologies. 
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2.2. Introduction 

2.2.1. Cervical cancer screening and diagnosis 

Cervical cancer is preventable with high-risk human papillomavirus (HPV) 

vaccination as well as screening, diagnosis, and treatment of preinvasive lesions. However, 

approximately 570,000 people are diagnosed and 311,000 people die of cervical cancer 

annually [1]. Routine screening programs implemented in high-income settings have been 

effective in reducing cervical cancer mortality. In low- and middle-income countries 

(LMICs), where screening, diagnosis, and treatment are often challenging to implement, 

cervical cancer mortality rates remain high; nearly 90 percent of cervical cancer deaths occur 

in LMICs [2]. The incidence and mortality rates of cervical cancer depend largely on 

socioeconomic status, availability of preventive health services, resource levels [3], and HIV 

prevalence [4]. Without significant intervention, especially in LMICs, cervical cancer deaths 

are expected to rise by almost 25% globally between 2014 and 2024 [5]. The global burden 

of cervical cancer is expected to increase in LMICs to 95% of overall cervical cancer deaths 

by 2030 [6]. Methods of intervention include primary prevention by prophylactic high-risk 

HPV vaccination, the etiologic agent for nearly all cervical cancers, and secondary 

prevention through screening, diagnosis, and treatment of cervical abnormalities.   

While there is a safe and effective prophylactic vaccine to prevent infection with 

high-risk HPV, there are currently low rates of vaccine uptake globally [7]. Improving HPV 

vaccination rates through carefully designed and funded programs should be prioritized as a 

strategy to reduce cervical cancer incidence in LMICs. Vaccination is particularly useful in 

reaching more remote populations and in protecting younger generations. However, several 

generations of women have already been exposed to high-risk HPV and therefore will not 
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benefit from HPV vaccination, which does not treat pre-existing infections and related 

abnormalities. Until we achieve universal vaccination, there is a critical need for improved 

screening, diagnostic, and therapeutic tools for at least several generations. 

In this review, we first describe the standard of care for screening and diagnosis in 

high- and low-resource settings; we review biomarkers associated with cervical precancer and 

cancer; and we discuss needs for new tests. We then discuss promising new technologies that 

could increase access to cervical cancer screening and diagnosis in LMICs. Finally, we 

discuss the need for continued innovation to reduce rates of cervical cancer incidence and 

mortality globally. 

2.2.2. Current methods for cervical cancer screening and diagnosis 

Several technologies and methods are used for cervical cancer screening and 

diagnosis. In this section, we first describe the gold standard diagnostic test against which 

the clinical performance of new technologies is measured. We then describe the currently 

recommended practices for cervical screening and diagnosis in high- and low-resource 

settings.  

2.2.3. Gold standard for cervical cancer diagnosis 

The gold standard for the diagnosis of both cervical dysplasia and invasive cancer is 

histopathologic examination of biopsied specimens to identify premalignant and malignant 

conditions of the cervix. In this process, a pathologist examines the biopsied epithelium of 

the cervix and classifies it according to the fraction of the epithelial layer that displays 

abnormal cellular morphology. For squamous epithelium, cervical intraepithelial neoplasia 

(CIN) 1 or low-grade squamous intraepithelial neoplasia (LSIL) is when a third or less of the 
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epithelium has undergone cellular changes; CIN2 and 3 (high-grade squamous intraepithelial 

neoplasia, or HSIL) is when greater than one-third of the squamous epithelium displays 

abnormal cellular morphology.  Adenocarcinoma-in-situ (AIS) is when the glandular cells 

show abnormal morphology. Cancer is diagnosed when invasion is noted in the squamous 

epithelium (squamous cell carcinoma) or glandular epithelium (adenocarcinoma). If left 

untreated, CIN2 or more severe diagnoses (referred to as CIN2+ diagnoses) can progress to 

invasive cancer and therefore are commonly treated by ablation or excision to prevent 

progression [8]. More detailed definitions of tumors and their precursors are outlined in the 

World Health Organization (WHO) Blue Book [9]. Screening and diagnostic tests are 

generally evaluated in terms of clinical sensitivity and specificity relative to the gold-standard 

of biopsy-proven CIN2+; the sensitivities and specificities reported throughout this article 

follow this convention. 

2.2.4. Standard of care screening and diagnosis in high-resource settings 

In high-resource settings, the standard of care for cervical cancer screening includes 

cervical cytology and/or high-risk HPV DNA or RNA testing, as the vast majority of 

cervical cancers are caused by infection with HPV. Cytology, commonly referred to as Pap 

testing, involves examining the morphology of exfoliated cervical cells under a microscope 

and generally has a low sensitivity (53-55.4%) and high specificity (84.2-94.5%) [10]–[13]. 

Cytology performance varies greatly, even within the United States, due to interpretative 

variability [14]. In low-resource settings, the challenge of achieving high-quality cytology is 

greater because of a lack of medical capacity and even logistical capacity to get high-quality 

reagents into the country. Therefore, sensitivity may be even lower in low-resource regions 

than in higher-resource settings, where it is at best moderate, because validated Pap staining 
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and/or liquid-based cytology is not available. As such, quality assurance of cytology is 

important to achieve similar preventive impact on cervical cancers compared with validated 

cytological methods. To compensate for low sensitivity in the United States, cytology testing 

efficacy comes from repeated, regular screening [15]. HPV DNA testing, in comparison, has 

relatively higher sensitivity (90.2-96.1%) and lower specificity (84.2-94.5%) in screening 

populations [10]–[12], [16].  

The latest recommendations by the United States Preventive Services Task Force 

(USPSTF) include cytology testing every three years for women aged 21-29 years. For 

women aged 30-65 years, testing by cytology every three years, HPV testing every five years, 

or co-testing with cytology and HPV every five years for women is recommended [17]. 

Guidelines for management of abnormal screening results have also been published by the 

ASCCP; these guidelines clarify when patients should be sent for confirmatory testing versus 

one-year follow-up based on initial screening results [18].  An example of a management 

algorithm for use with primary HPV screening in high-resource settings is shown in Figure 

2-1. 
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Figure 2-1: Example of a cervical cancer screening and management algorithm when using 
primary HPV screening. hrHPV: high-risk HPV; ASC-US: atypical squamous cells of undetermined 
significance; NILM: negative for intraepithelial lesion or malignancy. Reproduced from [18] with permission 

from Elsevier. 

 

Screening generally occurs less frequently in other high-resource settings compared 

with the United States while retaining good clinical outcomes. The American Society of 

Clinical Oncology (ASCO) published global guidelines for screening for four tiers of 

resource levels – maximal, enhanced, limited, and basic. Screening intervals for each resource 

level are as follows: every five years between the ages of 25-65 (maximal); every 5 years 

between the ages of 30-65 or every 10 years following consecutive negative tests at 5-year 

intervals (enhanced); every 10 years for ages 30-49 (limited); and one to two times per 

lifetime between the ages of 30-49 (basic) [19].   

Country-level guidelines for high-resource settings generally follow the ASCO 

maximal recommendations. For example, cervical cancer screening by HPV testing occurs 
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once every five years for women between 30 and 60 years old in the Netherlands and in 

Finland [20], [21]. Similarly, in Australia, screening occurs once every five years between the 

ages of 25 and 74 by HPV testing [22]. Norwegian health authorities recommend screening 

by Pap testing once every three years between the ages of 25 and 69, though they will be 

switching to primary HPV testing in the near future [23]. In Sweden, primary screening is 

recommended by cytology for women ages 23-29 and by HPV for women between the ages 

of 30 and 64. The recommended interval between negative screening tests is 3 years for 

women ages 23-50 and 7 years for women ages 51-64 [24]. 

United States cervical cancer screening expenditures are high, due in part to frequent, 

unnecessary screenings of healthy women, while portions of the population remain 

unscreened. For example, rates of cervical cancer in the Rio Grande Valley of Texas are 55% 

higher than the rest of the United States, and only 12.9% of eligible, uninsured women are 

screened [25]. More broadly, approximately 20% of eligible women in the United States are 

not up to date on screenings [26], and women who have never been screened account for 

50% of cancer cases [27]. 

In the United States, the determination of which tests are cleared for use with 

published guidelines is made by the Food and Drug Administration (FDA). To date, the 

FDA has approved HPV DNA and RNA tests for cervical cancer screening applications. 

Two HPV DNA tests are cleared for use in primary screening; the remaining DNA tests and 

one RNA test are cleared for use in primary screening if performed in conjunction with 

cytology (referred to as co-testing) in women over 30. Additionally, multiple HPV partial 

genotyping assays have been approved by the FDA for primary screening; to date, no 
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extended genotyping tests are FDA approved [28], [29].1 Commercial molecular tests, 

including those that are FDA-approved, and emerging technologies are described in Section 

2.5. 

Screening by cytology requires infrastructure to obtain, store, and transport a 

cytology specimen, as well as a skilled technician or automated reader to process the sample. 

Currently FDA-approved HPV tests similarly require significant laboratory and 

transportation infrastructure and/or skilled technicians. Innovations in digital cytology [30] 

and HPV testing [31], [32] could increase access to standard-of-care practices in low-

resource settings, although the technical complexity, infrastructure requirements, and cost 

are significant barriers.  

A positive screening test result triggers standard diagnostic procedures, including 

colposcopy and biopsy. In colposcopy, a trained provider examines the cervix, using a 

colposcope, which is a low magnification optical microscope. Visually abnormal areas are 

biopsied, excising small samples of cervical tissue for histopathological examination. Given 

the reliance on highly trained providers, it is challenging to scale diagnostic procedures in 

low-resource settings. Newer optical technologies may allow for automated visual evaluation, 

reducing the need for extensively trained personnel, and therefore more easily scaling in low-

resource settings [33].  

 
 

1 Since the time of publication, an expanded version of the BD Onclarity HPV Assay with extended genotyping 
capabilities has been approved for primary screening by the FDA [181]. 
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2.2.5. Standard of care screening and diagnosis in low-resource settings 

Many barriers to implementing cervical cancer screening programs exist in low-

resource settings, including but not limited to: lack of trained providers, lack of laboratory 

supplies, lack of laboratory infrastructure, socio-religious and cultural barriers to pelvic 

examination, unsustainable rates of overtreatment, and limited physical access to patient 

populations [34]. Decisions regarding appropriate screening and diagnostic technologies are 

made primarily based on available resources. For example, the 2013 World Health 

Organization guidelines for implementing cervical cancer screening in a low-resource setting 

are shown in Figure 2-2. 
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Figure 2-2: Decision-making flowchart for implementing screen-and-treat programs in low-
resource settings. Decisions to implement HPV testing, VIA, cytology, and colposcopy for 
screening are made primarily on the basis of available resources. HPV: human papillomavirus; 

VIA: visual inspection by acetic acid; LEEP: loop electrosurgical excision procedure. Reproduced with 
permission from [5].2 

 

In addition to the screening test options available in high-resource settings, visual 

inspection with acetic acid (VIA) and by Lugol’s Iodine (VILI) have been recommended for 

use in LMICs due to their low cost and limited infrastructure requirements. VIA and VILI 

involve applying acetic acid or Lugol’s Iodine, respectively, to the cervix and observing color 

changes, which indicate precancerous or cancerous lesions. In a large study of a screening 

population in rural India, sensitivity and specificity of VIA were reported as 41.4% and 

94.5%, respectively. These methods are highly dependent upon user training and 

environmental considerations, such as lighting conditions. Therefore, VIA and VILI have 

highly variable clinical performance. In one report, for example, the range of VIA sensitivity 

was 55-96% and specificity was 49-98%, and the range of VILI sensitivity was 44-98% and 

specificity was 75-91% [35]. Additional study with pathologic endpoints is needed to 

determine the true sensitivity and specificity of VIA and VILI, but have been challenging to 

perform in low-resource settings where these tests are in use because of the lack of medical 

capacity and infrastructure to do colposcopy and pathology. While visual inspection tests are 

inexpensive and have limited supply chain requirements, Silkensen et al argue significant 

 
 

2 The presented flowchart is an updated version from the version included in the original publication. The 
original flowchart included “HPV test followed by VIA” in place of “HPV test followed by another specific 
test (cytology, VIA, E6 test), and the wording regarding making a decision based on cost efficiency is updated 
in the new flowchart presented here [5]. 
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scale-up challenges, problematic accuracy, and insufficient reproducibility will limit their use 

moving forward [36].  

Where feasible, objective tests with improved performance, like HPV testing, are 

recommended for use in LMICs; however, technology to support HPV DNA testing 

remains inaccessible in much of the world. Self-sampling for HPV DNA tests could help 

reduce barriers to screening program implementation in LMICs. Socio-religious and cultural 

barriers or unpleasant subjective experiences including discomfort with conventional 

physician-collected swabs can reduce participation in cervical cancer screening programs. 

However, recent studies have shown good agreement between self-collected cervicovaginal 

swabs and physician-collected cervical swabs for HPV DNA testing [37]. In addition, self-

collection is strongly accepted and preferred according to a meta-analysis with nearly 20,000 

women from 24 countries [38]. Technologies for self-collection of cervical samples have 

previously been reviewed [39]. Self-sampling could help remove barriers to HPV screening 

in LMICs without compromising test performance and could reduce the total time required 

during a screen-and-treat visit [40]. 

Similarly to the challenges faced in implementing screening programs in LMICs, 

availability of highly trained personnel and infrastructure often limit the accessibility and 

performance of diagnostic follow-up to positive screening tests.  When available, colposcopy 

and biopsy are used for diagnosis in LMICs. When diagnosis is not available, screen-and-

treat programs are implemented. Screen-and-treat programs include a screening test, such as 

VIA, and immediate treatment by cryotherapy or loop electrosurgical excision procedure 

(LEEP) of any positive-appearing cervical tissue. With currently available technologies, these 

programs may lead to overtreatment due to poor specificity [41].  
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2.3. Relevant biomarkers for cervical cancer screening 

 Molecular cervical cancer screening tests can target a number of clinically relevant 

biomarkers, primarily relating to HPV infections. Virtually all cases of cervical cancers are 

caused by HPV, a virus that integrates within the genome of host cells to disrupt normal 

cellular function. While there are over 200 types of HPV, only 14 are considered 

carcinogenic, or high-risk [42]. Several biomarkers related to high-risk HPV correlate to 

infection and, in some cases, progression toward cancer.  

Here, we discuss biomarkers that are detected in FDA-approved tests, as well as 

biomarkers that are being explored in newer technologies for cervical cancer screening, 

making them good tests to rule out the possibility of disease. Specifically, we discuss HPV 

DNA, RNA, oncoproteins, and genotyping, as well as other cervical cancer biomarkers. 

2.3.1. HPV DNA  

Tests that detect high-risk HPV DNA have high negative predictive values (NPVs) 

of over 98% for cervical precancer [43]–[45]. HPV DNA tests have high sensitivities (90.2-

96.1%) and lower specificities (84.2-94.5%) in screening populations [10]–[12], [16]. With 

low rates of false negatives, HPV DNA testing is often used as a first line screening test for 

cervical precancer and cancer. However, the U.S. Centers for Disease Control and 

Prevention (CDC) estimates that 90% of HPV infections are cleared within two years [42]. 

Therefore, confirmatory diagnosis for cervical precancer or cancer is necessary after an HPV 

DNA screen to avoid overtreatment. The risk of overtreatment associated with HPV DNA 

testing is lower in older patients, as rates of transient infections tend to decrease, and rates of 
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type-specific persistence, which is required for cancer progression, tend to increase with age 

[46].  

2.3.2. HPV mRNA  

While the presence of HPV DNA indicates an infection, progression to cancer 

occurs when the infection persists, the viral genome integrates, mRNA overexpression of 

oncogenes begins, and oncoproteins are produced. mRNA overexpression of the E6 and E7 

genes is the precursor for the production of E6 and E7 oncoproteins, which interfere with 

tumor suppressors p53 and pRB, respectively [47]. Therefore, evaluation of HPV E6 and E7 

mRNA overexpression provides a more accurate assessment of progression to cancer 

compared with HPV DNA. HPV mRNA testing has been shown to have comparable 

sensitivity and improved specificity for biopsy-proven CIN2+ compared with DNA testing 

[48]. Despite its advantages, current high-risk HPV mRNA tests remains too costly and 

complex for implementation in low-resource settings. 

2.3.3. HPV oncoprotein  

Like HPV mRNA, E6 and E7 oncoprotein detection has been shown to have high 

specificity for pre-cancer and cancer [49], [50]. Both E6 and E7 are involved in the 

progression of HPV infection into precancer and cancer. Up-regulation of these proteins is 

needed for malignant conversion of HPV-infected cells, and over-expression implies high 

risk of progressive disease [47]. While oncoprotein detection improves specificity, sensitivity 

is generally lower than DNA or mRNA detection [49].  
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2.3.4. HPV genotyping 

A newer area of focus is on partial or extended HPV genotyping. Each high-risk 

HPV type is associated with a different rate of cancer progression, so incorporating extended 

genotyping into primary screening may help in assessing the risk of progression for 

individual patients [51]. Genotyping may also help to monitor the persistence of type-

specific infections, which is required for cancer progression, in individual patients.  

On a population level, genotyping may be useful to incorporate into first-line 

screening to monitor changes in genotype prevalence, especially in response to increased 

vaccination rates. Currently, HPV types 16 and 18 cause over 70% of cervical cancers; these 

two types are covered by all commercially available, FDA-approved HPV vaccines [52]–[55]. 

Initial data about the impact of quadrivalent vaccination, which covers low-risk types 6 and 

11 in addition to 16 and 18, have shown an 89% decrease in the detection of the HPV types 

included in the vaccine among vaccinated populations compared with a 34% decrease in 

unvaccinated populations, indicating a herd immunity effect [56]. As vaccination rates 

increase, it remains unclear if there will be a shift in the most prevalent oncogenic HPV 

types and how this will affect screening recommendations. 

2.3.5. Other biomarkers 

Additional biomarkers associated with cellular changes are also being investigated for 

use in screening tests. p16ink4a is a biomarker associated with progression to cervical 

precancer. Specifically,  p16ink4a is a cyclin-dependent kinase inhibitor associated with E7 

oncoprotein production [57]. p16 is reportedly expressed at high levels in CIN2+ and 

infrequently detected in benign tissue [58]. Recent studies pairing detection of p16ink4 with 
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Ki-67 show improved performance over traditional cytology or p16ink4 alone. Currently, the 

dual p16ink4/Ki-67 stain is used as triage after primary DNA testing [57], [59], [60]. Host 

methylation and viral DNA methylation also reflect cancer progression and are being 

investigated for triage after primary HPV testing [61]–[65]. Methylation analysis of two 

particular host genes, MAL and miR-124-2, have been shown to be non-inferior to cytology 

triage in a study of over 12,000 women [63]. In a small clinical study (n=201), GynTect host 

methylation assay, which targets six DNA regions, produced positive results for all women 

who had cervical cancer, 61.2% of CIN3, 44.4% of CIN2, and 20.0% of CIN1 cases [64]. 

Further, DNA methylation of viral late regions (e.g. L1) has been shown to correlate to 

disease progression and has been evaluated in screening and triage settings [66]–[68]. One 

triage classifier, S5, detects DNA methylation of viral late regions from HPV genotypes 16, 

18, 31, and 33 as well as the promoter region for human gene EPB41L3 [66]. Relative 

sensitivity and specificity were assessed in a study of 15,744 women compared with the 

established triage method, which included liquid-based cytology (LBC) and HPV testing. For 

CIN2/3, relative sensitivity and specificity of the S5 classifier were 76% and 44%, 

respectively, and of LBC were 51% and 67%, respectively. For CIN3, relative sensitivity and 

specificity of the S5 classifier were 93% and 42%, respectively, and of LBC were 61% and 

64%, respectively. While the S5 classifier did not show improved specificity over LBC, it did 

show high baseline sensitivity for CIN3, leading the authors to conclude it could be useful in 

simplifying existing triage algorithms [67]. Other promising biomarkers undergoing 

validation or clinical evaluation include proteins involved in cell cycle aberrations and 

miRNAs [57]. While these biomarkers do not yet have clinically validated tests, they have 

potential for use in the development of new screening tests. 
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2.4. Needs for new tests 

Molecular testing provides opportunities to increase access to cervical cancer 

screening in LMICs through enabling accurate see-and-treat strategies and self-sampling. 

Health systems in LMICs generally can support limited numbers of patient encounters, so 

high-sensitivity screening tests, such as an HPV DNA test, allow providers to identify at-risk 

patients at the time of their first visit. Studies have shown that a single HPV DNA test, 

coupled with appropriate treatment, can reduce cervical cancer mortality by 50% [69]. 

Current limitations in HPV DNA tests include high per-test cost, instrumentation cost, 

infrastructure requirements, and complexity of use. Further, molecular testing makes the 

possibility of self-testing more realistic, as sample adequacy requirements are much more 

stringent for cytology than for DNA testing [70].  

In addition to new molecular tests for screening, innovations in diagnostic 

technologies could significantly improve the ability to triage patients with positive screening 

results in LMICs. A promising area of research is in lower-cost, real-time, optical diagnostics, 

which could increase access to diagnosis and lower rates of overtreatment. Automated visual 

analysis using optical diagnostic technologies could overcome some of the current 

limitations of diagnostic technologies, including equipment cost and the need for highly 

trained personnel [33].  

In the remainder of this article, we discuss advances in molecular tests and optical 

tests that could increase access to cervical cancer screening and diagnosis in LMICs. The 

commercialized molecular tests we discuss have been selected because they are in use in 

LMICs or utilize a technology that could be adapted for use in LMICs. In addition, we 

discuss promising approaches to in-development molecular tests that are not yet 
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commercialized. The optical tests described in this article include innovations in mobile 

colposcopy and in vivo microscopy, along with computational approaches to improve 

decision support for users of optical imaging tests.  

Finally, we present our views and critical opinions on future directions of technology 

innovation for cervical cancer screening and diagnosis in LMICs at the conclusion of the 

article. In short, we see mRNA testing, self-sampling, and real-time optical imaging 

diagnostics with machine learning playing a role in improving global cervical cancer 

prevention efforts. The challenges associated with implementing cervical cancer screening in 

very low-resourced settings, in our opinion, cannot be met with the tools and healthcare 

worker capacity we currently have. To solve the problem, we have to combine accurate 

screening, detection, and treatment into a single visit, and we need to strengthen 

infrastructure. We review what currently available tools exist prior to presenting our views 

on the future of technologies for cervical cancer screening and diagnosis in low-resource 

settings.  

2.5. Recent advances in molecular tests 

Molecular testing is clinically useful as a first line screening method for cervical 

cancer. As previously described, HPV testing is often used in conjunction with cytology or 

as a standalone test for primary cervical cancer screening. In LMICs, HPV testing is a 

recommended screening practice when sufficient resources are available. Here, we describe 

commercialized and in-development advances in molecular tests for cervical cancer 

screening in LMICs.  
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2.5.1. Commercialized tests 

Several assays for HPV testing in LMICs are commercialized and in routine use. 

Some of the tests are packaged as assays that require standard laboratory equipment, and 

others are fully integrated and are sold with all required instrumentation. The tests target 

different biomarkers, including DNA, RNA, and protein. In addition, the partial 

genotyping capability of each test varies. This review focuses on tests that are currently 

in routine use in low-resource settings, subsidized for certain LMICs, or use a detection 

method that could be translatable to the point-of-care, such as isothermal amplification. 

A summary of the tests discussed in this section can be found in Table 2-1. The selected 

tests do not include all FDA-approved HPV screening tests. For example, the Roche 

cobas test is in fairly widespread use in the United States; however, because of the large 

instrument footprint, reliance on advanced infrastructure, and the presence of an 

alternative DNA test that we see as more appropriate for use in LMICs, the GeneXpert 

test, we have not included Roche cobas in our review. Summaries of high-resource 

commercialized HPV tests [29], [71] and their enabling methods [72] have previously 

been described. We acknowledge the challenges of comparing test parameters, e.g. citing 

comparable manufacturing cost estimates or performance data across different sites; in 

this section, we present representative values as cited in the literature. 
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Table 2-1: Summary of selected commercially available HPV tests for cervical cancer 
screening   

qPCR: quantitative polymerase chain reaction; TMA: transcription-mediated amplification; NASBA: nucleic acid sequence-based 
amplification; det.: detection; LOD: limit of detection; pop.: population; inst.: instrument; hyb: hybridization; chem: 

chemiluminescence; fluor: fluorescence; LFA: lateral flow assay; S: screening; R: Referral; Se: sensitivity; Sp: specificity; prep.: 
preparation. 

a subsidized cost in eligible countries under the Hologic Global Access Initiative with unsubsidized costs in parentheses; (est.): 
estimated test costs based on different assay using same platform 

b only types detected for these tests; the remaining tests produce a pooled high-risk result plus partial genotyping. 
c all reported sensitivities and specificities are compared against a gold standard of biopsy-proven CIN2+ 

d values converted from international units/milliliter (IU/mL) to copies/mL using the WHO International Standard, NIBSC 
code 06/202 [91] 

 

Test Bio-
marker 

Det. 
method 

Partial 
geno-
typing 

LOD Se 
(%)c 

Sp 
(%)c 

Pop. Per-
test 
cost 

Inst. 
cost 

Sample 
prep. 
inte-

grated 

Batch
-ing 

digene 
HC2 

(Qiagen) 

DNA Hyb., 
chem. 

No 100,000 
copies/
mL [73] 

85.7-
97.5 
[45], 
[74]    

81.8-
85.4  
[45], 
[74] 

S 
[74], 

R  
[72] 

$71 
[75] 

-- No Yes 

careHPV 
(Qiagen) 

DNA Hyb., 
chem. 

No 100,000 
copies/
mL [76] 

85.7-
88.1 
[45], 
[49] 

83.1-
83.7 
[45], 
[49] 

R 
[72], 
S+R 
[49] 

$5-42 
[77]–
[79] 

$20,000 
[79] 

No Yes 

Gene 
Xpert 
HPV 

(Cepheid) 

DNA qPCR, 
fluor. 

16, 
18/45 

2,903 to 
50,493 
copies/

mLd 

[80] 

94%  
[81] 

83% 
[81] 

S+R 
[81] 

$15-
20 

(est.) 
[82] 

$11,530
-71,500 

[83] 

Yes No 

Aptima 
HPV 

(Hologic) 

RNA TMA, 
fluor. 

16, 
18/45 

60 to 
1220 

copies/
mLe [73] 

97.5 
[74] 

90.2 
[74] 

S [74] $12a 

[84] 
($30 
[83]) 

$0a [84] 
($150, 
000 
[83]) 

Yes No 

Nucli-
SENS 
EasyQ 
(bio-

Mérieux) 

RNA NASBA, 
fluor. 

16, 18, 
31, 33, 

45b 

230 to 
30,000 
copies/
mL [45] 

69-
79.3 
[85]–
[87] 

36-
72.6 
[85]–
[87] 

R 
[85]–
[87] 

$23 
(est.) 
[83] 

$45,000
-65,000 

[83] 

No Yes 

Proofer 
(PreTect) 

RNA NASBA, 
fluor. 

16, 18, 
31, 33, 

45b 

4000 to 
5000 

copies/ 
mL [88], 

[89] 

78.1 
[90] 

75.5  
[90] 

S+R 
[90] 

-- -- No Yes 

OncoE6 
(Arbor 
Vita) 

Protein Sandwich 
assay, 
LFA 

16, 18b 20,000 
cells/ 

mL [50] 

31.3-
53.5 
[49] 

98.9-
99.4 
[49] 

S+R 
[49] 

-- $2,000 
[71] 

No No 
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2.5.1.1. Hybrid capture tests 

Hybrid capture HPV tests rely upon hybridization of target DNA to synthetic RNA. 

The DNA/RNA hybrids are then detected in enzyme-linked immunosorbent assay (ELISA) 

format. Hybrid capture approaches generally are less sensitive than amplification methods 

but detect DNA in the clinically relevant range.  

The digene HC2 DNA Test (Qiagen) is a hybrid capture assay that relies on standard 

laboratory equipment and protocols and for which all required reagents for high-risk HPV 

detection are packaged and sold. The result is a qualitative indicator of the presence of any 

high-risk HPV types without genotyping. The test is complex and requires significant hands-

on time. It is also expensive, at an estimated cost of US$71 per test [75]. The test has high 

sensitivity and relatively high specificity, though there is some cross-reactivity with low-risk 

HPV genotypes [92]. One of the biggest challenges with implementing HC2 is the required 

laboratory infrastructure and instrumentation [45], including a plate reader, shaker, calibrated 

set of pipettes, and refrigerator. 

In an attempt to bring HPV DNA testing closer to the point-of-care, Qiagen 

developed careHPV, a test that utilizes the same hybrid capture testing principles as HC2 in 

a more point-of-care-friendly format. Similarly to HC2, careHPV produces a pooled high-

risk result without genotyping. Along with the required reagents, careHPV packages the 

necessary instruments, which still include a plate reader and orbital shaker. While the single 

source of all testing equipment is helpful, the total cost of instrumentation is still estimated 

to exceed US$20,000, and a stable power supply is necessary [79]. In addition, test 

complexity remains a major challenge with careHPV. The 96-well plate format requires 

training for users to competently and confidently run the test. The per-test cost can be as 
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low as US$5, but only if a batch of 90 samples are run at one time [31], [78]. Additionally, 

the low per-test cost assumes scale-up to 20,000 tests and that no additional capital 

investments will be required. Per-test cost estimates, considering both equipment and 

supplies, were reported as US$42 in a pilot careHPV implementation program in Myanmar 

[79]. Batching requirements can lengthen turnaround time in low-throughput clinical 

settings. The four-hour testing time and batching-related delays mean patients almost always 

have to come back for a second visit to receive results, which increases the likelihood of 

losing patients to follow-up [31]. Despite the challenges faced by careHPV, many groups 

have implemented careHPV and evaluated clinical performance in large-scale studies. For 

example, in a multi-country study with over 16,000 patients, sensitivity and specificity of 

careHPV on physician-collected cervical samples were 81.5% and 91.6% and on self-

collected vaginal samples were 69.6% and 90.9%, respectively. In comparison, sensitivity and 

specificity of VIA were 59.8% and 84.2% and cytology were 58.4% and 87.7%, respectively 

[93]. Other studies have validated the use of careHPV in screening programs in low-resource 

settings [76], [94]–[96] and with self-collected samples [37], [97].  

2.5.1.2. Polymerase chain reaction (PCR) tests 

Nucleic acid amplification tests (NAATs) increase the analytical sensitivity and 

specificity of DNA testing over hybridization approaches, but also generally increase the 

instrumentation requirements. Hybridization approaches target DNA/RNA hybrids, so 

there is greater cross-reactivity with other non-targeted genotypes compared with 

amplification approaches [98]. Polymerase chain reaction (PCR) is the gold standard NAAT 

and utilizes thermocycling to amplify DNA to detectable levels. Thermocycling generally 

requires complex instrumentation, increasing the cost of the technologies. However, some 
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PCR approaches, such as the GeneXpert tests from Cepheid, limit user steps in a format that 

is appropriate for use in LMICs. 

The GeneXpert HPV assay is compatible with the GeneXpert family of benchtop 

analyzers already in global use for tuberculosis (TB) and human immunodeficiency virus 

(HIV) detection, which could facilitate implementation of HPV testing using the GeneXpert 

platform. GeneXpert analyzers automate sample preparation, nucleic acid amplification, and 

fluorescence detection using real-time PCR, providing results with high analytical sensitivity 

and specificity. The GeneXpert HPV assay detects all high-risk HPV types along with partial 

genotyping of HPV16 and HPV18/45. The assay requires very little hands-on time and 

produces a result in an hour [31]. The cassette format is user-friendly, and HPV testing can 

be rapidly scaled with delivery of HPV testing cassettes in locations that already use 

GeneXpert analyzers for TB and HIV testing. A major challenge with GeneXpert, however, 

is the per-test cost. While cost estimates are not yet available for the HPV assay, estimates 

for the MTB/RIF assay exceed US$20 per test [82], and estimates for the HIV and hepatitis 

C (HCV) assays range from US$16.80-17.95 per test [83].3 The instrument costs range from 

US$11,530 for a two-module desktop-based instrument to US$71,500 for a 16-module 

laptop-based instrument [83]. The GeneXpert HPV Assay has been validated in large-scale 

clinical studies with findings that suggest accuracy and reproducibility on-par with well-

established HPV assays. Various studies on different patient populations have shown 89-

100% sensitivity and 42.6-83% specificity [71], [99]–[101] comparable performance between 

 
 

3 Since the time of publication, the FIND-negotiated public sector price per GeneXpert HPV test has been 
published as US$14.90 per test [164]. This price applies to eligible countries, which largely includes LMICs. 
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GeneXpert HPV, Roche cobas, and digene HC2 testing [100], [101], and excellent agreement 

between self-collected vaginal specimens and clinician-collected cervical specimens [102]. If 

the per-test cost and the infrastructure requirements of the instrument could be reduced,4 

the GeneXpert HPV assay would be a high priority technology to implement for primary 

HPV screening.  

2.5.1.3. Isothermal nucleic acid amplification tests5 

In an effort to reduce the infrastructure requirements of PCR, several isothermal 

nucleic acid amplification technologies have been developed as previously described [103]. 

In isothermal approaches, additional enzymes are added to amplification reactions such that 

all amplification processes can occur at a single temperature. Therefore, simple, single-

temperature heaters can be used in place of thermocyclers, reducing infrastructure needs for 

instrumentation. In this section, isothermal NAATs for RNA will be discussed, though these 

technologies can similarly be used for DNA amplification and detection.  

Hologic (Marlborough, MA) has commercialized two Aptima HPV assays: one that 

detects all high-risk types without genotyping (Aptima HPV Assay) and one that 

differentiates genotype 16 from 18 and 45 (Aptima HPV Genotype Assay). The Aptima test 

utilizes transcription-mediated amplification (TMA) and incorporates automated sample 

 
 

4 Cepheid has released new platforms, the GeneXpert Xpress and GeneXpert Edge, which reduce 
infrastructure requirements of the instrument to move testing outside of high-complexity clinical laboratories. 
The GeneXpert Edge, in particular, is well-suited to use in resource-limited settings, with the option for 
connectivity via a touch-screen tablet and battery power [162], [182]. 
5 A new isothermal amplification test that detects 15 high-risk HPV genotypes with separate readouts for HPV 
16 and 18 has become commercially available from Atila BioSystems. This test relies on traditional laboratory 
infrastructure but in a simpler format and with fewer instrumentation requirements than alternative tests [183].  
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preparation. The clinical sensitivity and specificity have been reported as 97.5% and 90.2%, 

respectively [74]. The biggest barriers to implementation of the Aptima test are the cost and 

infrastructure requirements of the instrument that runs the Aptima test, the Hologic Panther 

[75]. The estimated unsubsidized per-test cost is US$30, and the Panther instrument cost is 

US$150,000-175,000 [83]. In 2018, Hologic announced a subsidy for tests using its Panther 

system called the Hologic Global Access Initiative, which is a partnership with the Clinton 

Health Access Initiative, Inc. and MedAccess (backed by the UK government). The Global 

Access Initiative ensures a ceiling price of $12 with no requirements for capital expenditure. 

The $12 per test cost covers “all necessary reagents and consumables, instrument placement, 

service and maintenance, freight and logistics, and replacement tests” [84]. 

Another laboratory-based HPV mRNA test is available in the bioMérieux 

NucliSENS EasyQ HPV test.6 The NucliSENS EasyQ HPV detects five high-risk types (16, 

18, 31, 33, 45) with high analytical specificity and reported limits of detection ranging from 

230 to 30,000 copies/mL for each type [104]. NucliSENS HPV amplifies target RNA by 

nucleic acid sequence-based amplification (NASBA) and detects fluorescence through the 

use of molecular beacons [83]. Studies have shown clinical sensitivities and specificities of 

79.3% and 72.6% [85], 69% and 36% [86], and 76% and 63% [87], all in populations of 

women with abnormal Pap results. The NucliSENS EasyQ instrument cost is estimated at 

US$45,000, and the accompanying miniMAG instrumentation used for low-volume RNA 

extractions is estimated at US$20,000. The per-test cost for a comparable assay, the 

NucliSENS EasyQ HIV test, is US$23 [83]. Pre-processing of the sample, including the 

 
 

6 Since the time of publication, the NucliSENS EasyQ HPV test has been discontinued [172]. 
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method of RNA extraction, has been shown to be important for HPV RNA test accuracy; 

the NucliSENS extraction method allows for higher sensitivity than other common methods 

[105]. The sensitivity may be further improved by employing alternative amplification 

methods and by incorporating additional genotypes. 

The precursor test to the NucliSENS EasyQ HPV is the Pretect HPV-Proofer 

mRNA test, which also detects types 16, 18, 31, 33, and 45. Amplification of the five 

detected genotypes occurs through NASBA, and amplicons are detected in real time by 

fluorescence monitoring on a plate reader. The test format is a pre-loaded microtiter plate, to 

which pre-processed samples are added; therefore, the test must be run within a laboratory 

setting. Thirty samples are run at a time, and the test claims a low hands-on time [106]. The 

test has a reported clinical sensitivity of 78.1% and specificity of 75.5% among a referral 

population [90]. Similarly to NucliSens EasyQ HPV, the sensitivity of the Pretect HPV-

Proofer can be improved with the addition of more high-risk genotypes.  

Currently, the high specificity of RNA testing might be most useful in combination 

with DNA testing. More specifically, if the threshold for positivity of RNA testing is raised, 

lowering the analytical sensitivity and likely improving the clinical specificity, RNA testing 

might be most effective when used in combination with high-sensitivity DNA tests. 

2.5.1.4. Protein tests 

In comparison with HPV DNA tests, oncoprotein tests generally have lower 

sensitivity and higher specificity. Arbor Vita (Fremont, CA) has commercialized a lateral-

flow based E6 oncoprotein test, OncoE6, for HPV types 16, 18, and 45 [49]. The lateral 

flow readout is point-of-care-friendly and has separate detection lines for each HPV type, 



 
 

42 
 

allowing for partial genotyping [50]. Reported clinical sensitivities and specificities of the 

OncoE6 test range from 31.3% to 53.5% and 98.9% to 99.4%, respectively [49]. When 

restricting analysis to patients who were positive for the three genotypes covered by the test, 

the sensitivity increased to 64.5%; therefore, sensitivity limitations are not solely attributable 

to missed genotypes [107]. Equipment for the OncoE6 test is fairly affordable at an 

estimated US$2,000. However, the test requires over 45 minutes of sample preparation with 

several pipetting and centrifugation steps, and therefore is not yet an optimal solution for 

low-resource settings [50], [71], [107].  Automating sample preparation and limiting hands-on 

testing time, as well as increasing the number of genotypes detected, could improve the 

performance and usability of the OncoE6 test.  

2.5.2. HPV tests in development  

While careHPV and GeneXpert have increased access to HPV testing in some low-

resource environments, their cost and infrastructure requirements limit their potential for 

large-scale screening. Similarly, Aptima use will likely increase with their Global Access 

Initiative but will be limited by infrastructure requirements of the Panther instrument. To 

increase accessibility, several promising technologies are being developed to reduce the cost 

and infrastructure necessary for HPV molecular testing (Table 2-2, Figure 2-3).  
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Table 2-2: Summary of in-development HPV tests for cervical cancer screening   

PCR: polymerase chain reaction; LAMP: loop mediated isothermal amplification; LOD: limit of detection; fluor: fluorescence; 
LFA: lateral flow assay; S: screening; R: Referral; Se: sensitivity; Sp: specificity; prep.: preparation; det.: detection. 

 

2.5.2.1. PCR tests 

Global Good has partnered with medical device developer QuantuMDx (Newcastle 

upon Tyne, UK) to develop an HPV assay using the QuantuMDx platform, Q-POC. The Q-

POC analyzer is being developed as a platform for a wide variety of clinical applications 

[109]. The Q-POC process includes a simple specimen processing protocol, in which the 

swab is transferred to a collection tube, the swab handle is removed, the cap to the collection 

tube is closed, and the tube can be directly connected to the assay cassette for elution. Next, 

PCR amplification occurs within the Q-POC instrument. For HPV, this includes a single 

multiplex reaction, amplifying 13 high-risk types. Detection occurs on-board in array format; 

specifically, an array of DNA probes captures amplified target DNA for sequence-specific, 

fluorescence detection. The Q-POC platform reportedly has a small benchtop footprint, 

requires less than 20 minutes inclusive of sample preparation and detection, is battery 

Test Bio-
marker 

Det. 
method 

Partial 
geno-
typing 

LOD Sample 
prep. 

integrated 

Phase of development 

Q-POC 
(QuantuMDx) 

DNA PCR, 
fluor. 

16, 18, 31, 
33, 35, 39, 
45, 51, 52, 
56, 58, 59, 
68a, 68b 

10-50 
copies/ 
reaction 

[108] 

Yes Pilot study under ideal 
conditions (n=70; concordance 

analysis in progress) [108]; 
pursuing multi-site clinical 

evaluation [109] 
Paperfluidic 

chip 
(Klapperich 

lab) 

DNA LAMP, 
LFA 

16 100,000 
copies/ 

mL [110] 

No Addressing limitations of current 
prototype after initial pilot test 
(n=10 in ideal conditions) [110] 

Onco E6/E7 
Eight HPV 
Type Test 

(Arbor Vita) 

Protein Sandwich 
assay, 
LFA 

16, 18, 31, 
33, 35, 45, 

52, 58 

20,000 to 
100,000 
cells/mL 
[111] 114 

Yes Pilot study completed under 
ideal conditions with laboratory 
technicians (n=259, 31 CIN2+; 
Se: 67.7%; Sp: 89.5%); currently 
pursuing larger-scale validation 

studies [111] 
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powered with the capability to perform 15 tests per day, and has a limit of detection of 10 to 

50 copies per reaction for each high-risk type. The probes have high specificity relative to 

other high- and low-risk HPV types, enabling genotyping, and high specificity relative to 

other sexually transmitted viruses [108]. When produced at scale, the estimated 

manufacturing cost for the Q-POC analyzer is GB£500 (approximately US$650) and for 

each cartridge ranges from GB£5-20 (approximately US$6.50-26) based on test complexity 

[109]. The Q-POC test is undergoing a multi-site clinical evaluation after a preliminary pilot 

study under ideal laboratory conditions. The strengths of the test are ease of sample 

preparation, low time to result, and reportedly high sensitivity and specificity. Results of the 

ongoing clinical evaluation will be important in assessing the potential for scale-up and 

widespread use. 

2.5.2.2. Isothermal nucleic acid amplification tests (NAATs) 

As previously described, isothermal NAATs can reduce infrastructure requirements 

associated with thermocycling approaches, and therefore are promising options for use in 

LMICs. Here, an approach toward HPV isothermal NAAT development and a promising 

integrated isothermal NAAT platform that could be expanded to an HPV application are 

described (Figure 2-3 a-b).  
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Figure 2-3: In-development paperfluidic HPV tests. (A) Paperfluidic test developed by 
Rodriguez et al. Example results with input DNA copies ranging from 1E4 to 1E6 and a no-
target control (NTC) are shown. Positive test line signals were observed over 1E4 total input 

copies of HPV 16 DNA; no test line signal formed with the NTC condition, indicating 
analytical specificity of the test. (B) MAD NAAT test developed by LaFleur et al. Internal 

components, including sample inlet port, lysis chamber, sample elution mechanisms, 
amplification reagents, and lateral flow detection are shown (top). The method of use is also 

shown (bottom), with 5 user steps spanning roughly an hour. (C) OncoE6 8-type test 
developed by Zhao et al. Left: example lateral flow strips and capture chemistries are shown. 

Capture antibodies are embedded in lateral flow strips and capture E6/E7 proteins. 
Detection antibodies form a sandwich assay with the immobilized proteins, and alkaline 
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phosphatase (AP) binds and produces a purple colorimetric signal. Three total test strips are 
used to detect 8 high-risk types. Right: method of use of OncoE6 8-type test is shown. First, 
a cervical swab is placed in buffer, and the sample is lysed and conditioned. Next the sample 
is added to detection buffer, and lateral flow strips are placed into the mixture. The lateral 

flow strips are then moved into different buffers for washing and signal development. 
Finally, test strips are read by ensuring control lines are positive on all strips and identifying 
colorimetric signals at any of the test lines. In this figure, the sample is positive for type 16. 

Figures 2-3A and 2-3B reproduced from [110] and [112], respectively, with permission of the Royal Society 
of Chemistry from; permission conveyed through Copyright Clearance Center, Inc. Figure 2-3C reproduced 

from [107] with permission of John Wiley and Sons. 

 

The Klapperich Lab at Boston University has developed a paper-based system for 

extraction, amplification, and detection of HPV 16 DNA [110]. The system uses isothermal 

loop-mediated amplification (LAMP) and lateral flow detection to identify as few as 104 

copies of HPV 16 DNA from samples in less than one hour. The test is made from paper 

and plastic and requires only a single-temperature heater (63 qC) to run, reducing need for 

complex infrastructure or expensive equipment. However, the test does involve a significant 

number of user steps, making it difficult to implement without trained personnel in low-

resource settings. In their publication describing the test, 10 clinical samples were run on the 

paperfluidic chip, and while the sensitivity looked promising (5/5 positive HPV+ samples), 

the test produced false positives compared to qPCR (3/5 negative HPV- samples). The 

Klapperich lab suggests spurious LAMP primer interactions might be responsible for the 

false positive results, and their future work involves addressing these primer interactions as 

well as making the device more user-friendly. In addition, the device detects HPV 16 alone 

and would need to be expanded to additional HPV types for complete utility as a screening 

tool, Nevertheless, the paper and plastic format, reduced infrastructure requirements, and 
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on-device sample preparation are promising steps toward a truly point-of-care HPV DNA 

test. 

Additionally, several groups have developed microfluidic or paper-based platforms 

for nucleic acid amplification, which could be expanded to low-cost HPV molecular testing. 

The Yager lab at the University of Washington developed the multiplexed autonomous 

disposable nucleic acid amplification test (MAD NAAT), which is a sample-to-answer 

nucleic acid amplification test for use in low-resource settings [112]. MAD NAAT uses 

feedback-controlled heaters, two wax valves, dried reagents, and on-device buffer storage to 

1) lyse and fragment DNA, 2) amplify DNA, and 3) release amplicons onto a lateral flow 

strip for detection without any user input. The on-device heater is used in both sample 

preparation (95 qC for 10 minutes) and isothermal amplification (50 qC for 30 minutes), as 

well as to melt the wax valves to release DNA into the amplification chamber and lateral 

flow strip. The strengths of the device are its short time to result (<2 hours), potential low 

cost, and integrated design that limits user steps and the potential for sample contamination. 

The test was designed for amplification of bacterial DNA from a nasal swab, not HPV DNA 

from a cervical swab, and it still needs to be optimized for use with clinical samples and for 

repeatability. As last reported, the completion rate of the device was 62%, with device 

failures due to hardware and flow issues. Nevertheless, the platform is a promising step 

toward a point-of-care molecular test and could potentially be translated to HPV DNA 

detection.  

Other groups have developed paper platforms for individual components of nucleic 

acid testing including sample preparation, amplification, and detection, which are discussed 

in a recent review article [113]. Many of these devices use isothermal amplification of DNA 
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with a single temperature heater, or body heat in the case of recombinase polymerase 

amplification (RPA), to reduce equipment and infrastructure needs [114]. Despite these 

advances, no truly point-of-care platform for DNA or RNA amplification has been validated 

with large-scale clinical studies in low-resource settings.  

2.5.2.3. Protein tests 

Arbor Vita, in collaboration with PATH, has recently developed a new prototype of 

their OncoE6 test (Figure 2-3c). The prototype, the Onco E6/E7 Eight HPV Type Test, 

expands detection to both E6 and E7 oncoproteins and includes two additional lateral flow 

strips for oncoprotein detection of HPV types 16, 18, 31, 33, 35, 45, 52, and 58 [50], [111]. 

The test works in a similar method to the OncoE6, with individual test lines for genotyping 

and with relatively complex and user-intensive sample preparation. In a small clinical study 

(n=259), the new prototype had a sensitivity and specificity of 67.7% and 89.5%, 

respectively [111]. To evaluate true sensitivity and specificity, larger studies on broader 

populations will need to be conducted. The increased test sensitivity relative to the two-type 

test is likely due to the increased number of HPV types tested. However, the sample 

preparation and sensitivity limitations of the OncoE6 test remain the same with this 

prototype. This test will need to be further evaluated clinically to understand its potential 

role in screening and triage. 

2.6. Recent advances in optical tests 

Following molecular screening, confirmatory diagnosis is often performed with 

optical imaging methods, e.g. colposcopy. Traditional optical confirmation technologies, like 

the colposcope, are often unavailable in LMICs due to their reliance on highly trained 
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personnel and costly equipment. However, new approaches toward lower-cost imaging 

technologies with decision support could increase access to optical confirmation of positive 

screening results in LMICs. Optical imaging technologies discussed here include innovations 

in mobile colposcopy, in vivo microscopy, and image analysis methods for automated 

decision support.   

2.6.1. Mobile colposcopy 

Several groups have developed mobile colposcopes in order to reduce the cost 

associated with traditional colposcopes. The technologies described here are at different 

stages of commercialization and are all being evaluated clinically. The devices and 

representative cervical images taken with each device are shown in Figure 2-4.   

 

Figure 2-4: Example low-cost mobile colposcopy systems. For each mobile colposcope 
(top), example cervical images taken with that device are shown (bottom). Reproduced from 
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[115] with permission (MobileODT), [116] with permission of Wolters-Kluwer Health, Inc. (POCkeT 
Colposcope), and [117] with permission (The Gynocular).  

 

2.6.1.1. MobileODT 

MobileODT (Tel Aviv, Israel) has developed a commercial mobile colposcope, the 

Enhanced Visual Assessment (EVA) Colpo, to lower the cost and complexity of colposcopy. 

The device consists of an Android smartphone outfitted with magnifying optics and a set of 

battery-powered LEDs for illumination. Additionally, MobileODT has developed a mobile 

app allowing providers to store patient information, acquire and store cervical images, and 

record locations of biopsies and other clinical observations. The MobileODT system can 

also facilitate remote consultation through live-streaming over telecommunications 

networks, which could potentially increase access to expert colposcopy in medically 

underserved areas. 

Initial clinical validations of the MobileODT EVA Colpo system have been 

promising, though a large scale validation study has yet to be reported. In a small study in 

California, the EVA Colpo was shown to reduce both false positive and false negative rates 

when used in conjunction with Pap testing [118]. In a study involving 250 women, including 

women living with HIV and HIV-negative women in Cambodia, providers’ impressions of 

digital colposcopy performed with the EVA Colpo system were consistent with pathology in 

all 30 women who underwent confirmatory biopsies. The study concludes that digital 

colposcopy was effective in differentiating CIN1 from CIN2+, and the proposed testing 

algorithm moving forward in Cambodia should be HPV testing on self-collected samples, 
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confirmatory testing with digital colposcopy, and treatment on all positive colposcopy results 

[115].  

2.6.1.2. POCkeT Colposcope 

The Point of Care Tampon-based digital (POCkeT) Colposcope was developed by 

researchers at Duke University to be ultra-portable and low cost. Whereas traditional 

colposcopes are designed to acquire images at a distance, the POCkeT colposcope is 

designed to image the cervix from within the vaginal canal (only a few centimeters from the 

cervix). Reportedly, the materials cost of the POCkeT colposcope is roughly US$500, 

compared with US$20,000 for a standard-of-care colposcope [116]. In addition, the POCkeT 

Colposcope can be used with an insertion device that is much smaller than a conventional 

speculum, potentially reducing barriers to use that are associated with fear of discomfort or 

embarrassment [119]. 

In initial studies, the POCkeT Colposcope showed comparable performance to 

commercially available colposcopes in terms of resolving power, color reproduction 

accuracy, lens distortion, and illumination [120]. Early designs of the POCkeT Colposcope 

faced challenges with specular reflection, illumination uniformity, and fogging effects; 

however, subsequent designs have improved each of these areas [121]. A small-scale clinical 

evaluation of the POCkeT colposcope demonstrated fair agreement in physician 

interpretation of images acquired with both standard and POCkeT colposcopes [116].  

2.6.1.3. The Gynocular 

Gynius Plus AB (Göteborg, Sweden) has developed a compact monocular 

colposcope, called the Gynocular, which has comparable optical performance to standard-
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of-care colposcopes, contains a battery-powered illumination system, and weighs just under 

0.5 kg [122]. Practitioners can visualize the cervix directly by looking in an eyepiece on the 

Gynocular, or digital images can be acquired by attaching a mobile device camera to the 

eyepiece. The Gynocular has been used in conjunction with the Swede score (a standardized 

scoring system for colposcopy findings) to conduct clinical evaluations of the device in 

Sweden, Bangladesh, and India [117], [122], [123]. In India, digital Gynocular images from 

94 VIA-positive women were evaluated remotely by six colposcopists using the Swede score 

system.  Diagnostic predictions from the remote evaluation were found to be on par with 

predictions from live colposcopy evaluation (area under curve 0.71 vs 0.69) for detection of 

CIN2+ lesions. 

2.6.2. In vivo microscopy  

In addition to mobile colposcopy, a promising area of imaging research for cervical 

cancer applications is in vivo microscopy, which affords greater resolution. Several optical 

approaches toward in vivo microscopy for both low- and high-resource settings are described 

here. 

2.6.2.1. High-resolution microendoscope (HRME) 

The high-resolution microendoscope (HRME) is a fiber-optic fluorescence 

microscope that can be used to detect cellular and subcellular features in vivo, thereby 

enabling assessment of suspected precancerous and cancerous cervical tissue. It is used in 

combination with the fluorescent dye proflavine, which is applied topically. During imaging, 

the flexible HRME probe is placed in contact with the cervix, enabling the clinician to view 

the size, shape, and distribution of epithelial cell nuclei in real time. The ability to detect 
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subcellular features in real time with the HRME can help the clinician make a clinical 

diagnosis, can help guide biopsy site selection, and in some settings where histopathology is 

unavailable or impractical, can enable see-and-treat strategies. The HRME also provides an 

opportunity for use by non-specialist providers by generating an automated real-time 

diagnosis.  

In small-scale clinical studies, the HRME has shown high diagnostic accuracy in 

differentiating CIN2+ from non-neoplastic tissue. In an early study of 52 women in 

Botswana, the HRME showed a sensitivity of 86% and a specificity of 87% compared with 

histopathology [124]. In a subsequent study of 59 women in Brazil, sensitivity and specificity 

of 92% and 77%, respectively were reported [125]. More recently, a cluster-randomized 

community trial used the HRME in a mobile van to reach women for diagnostic follow-up 

in rural areas of Brazil. Rates of follow-up among 144 women included in the study 

increased from 64% in the standard of care, i.e. women had to travel to a central hospital for 

diagnostic follow-up, to 87% in the mobile van that traveled to their community. 

Furthermore, the diagnostic performance of HRME was comparable to colposcopy [126]. 

Larger-scale studies are currently underway in El Salvador, Brazil, and the Rio Grande Valley 

along the Texas-Mexico border. 

Recent improvements in HRME instrumentation have further reduced cost while 

preserving image quality by leveraging mobile device hardware and single board computers 

(Figure 2-5) [127]–[129].  These even lower-cost designs can further improve uptake of 

HRME in resource-constrained settings.  Additionally, newer optical designs that have 

demonstrated improved axial resolution and contrast through optical sectioning are under 
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development [130], [131].  Studies to assess whether improved optical sectioning for HRME 

systems can improve detection of neoplastic tissues are underway. 

 

Figure 2-5: Example images of low-cost high-resolution microendoscope (HRME) systems.  
(A) The tablet HRME with example images and user interface, (B) mobile phone HRME, 

and (C) Raspberry Pi HRME systems are shown. In all systems, a flexible fiber-optic probe 
is used. (A-B) Reproduced from [127], [128] with permission. (C) Reproduced from [129] with permission 

from Elsevier.  
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2.6.2.2. Other in vivo microscopy technologies 

In addition to the HRME, other existing technologies have demonstrated promising 

results toward in vivo assessment of cervical tissue.  Recently reported studies assessing ex vivo 

cervical specimens using probe-based confocal laser endomicroscopy [132]–[134] and optical 

coherence tomography or microscopy [135]–[137] suggest these methods have potential for 

distinguishing neoplastic cervical tissues. As yet, these methods have not been validated 

extensively for cervical imaging in vivo, and the high cost of these instruments is likely to be a 

barrier to their implementation in LMICs. 

2.6.3. Decision support 

Placing lower-cost technology into the hands of practitioners is a step forward in 

terms of accessibility, but confidence in the technology and removing subjectivity to reduce 

inter-user variability is important for proper uptake and consistent performance. Improved 

algorithms for real-time image classification can bolster confidence in diagnostic decision-

making. One approach to improve image classification algorithms is through the use of 

machine learning (ML) or artificial intelligence (AI). AI has been evaluated with 

cervicography, a procedure in which an image of the cervix is taken with a fixed-focus 

camera during screening. In a study including 9,406 women, real-time interpretation of 

cervigrams without decision support yielded an area under the curve (AUC) of 0.69; after the 

fact, when AI-enabled image classification was developed, the reported AUC was 0.91, 

illustrating the potential for AI-enabled decision support [33]. Similarly, cervigrams obtained 

using VILI and the POCkeT Colposcope were trained using a support vector machine 

(SVM) classifier, and the resulting algorithm produced a sensitivity of 89.2%, a specificity of 
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66.7%, and an AUC of 0.84. Decision support on a procedure as variable as VILI would be 

helpful in improving reproducibility and diagnostic performance [138].  

After-the-fact processing of images is distinct from real-time image classification, 

which will be required for clinically useful decision support. MobileODT has announced a 

collaboration with the National Cancer Institute to implement AI image classification into 

their system. Clinical performance of this approach has yet to be evaluated. Guidelines and 

approaches to artificial intelligence for colposcopic image classification have previously been 

discussed [139]. 

2.7. Conclusion 

Despite the increasing burden of cervical cancer incidence and mortality in LMICs, 

screening for cervical cancer in low-resource settings remains limited by cost, equipment, 

and complexity. Commercially available HPV DNA tests such as careHPV and GeneXpert 

are being used to screen women in LMICs; however, the per-test cost and infrastructure 

requirements limit their sustainability and scalability for country-wide screening. Recent 

advances toward point-of-care molecular testing, including paper-based approaches and 

emerging technologies like the QuantuMDx Q-POC test, hold promise; however, these 

technologies still need to be evaluated for clinical use. These innovations help bring 

molecular testing closer to the point of care so that screen-and-treat options can be 

effectively implemented in LMICs.  

Optical diagnostic tests are important for determining who needs treatment among 

those who screen positive. Without accessible diagnostic tests, screen-and-treat programs are 

implemented and lead to high rates of overtreatment [41]. Several low-cost optical diagnostic 
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tests are in development and undergoing clinical evaluation. Additionally, applying machine 

learning to diagnostic algorithms can improve decision support for non-specialist providers, 

making the use of optical diagnostic tests more likely to succeed widely in low-resource 

settings.  

2.8. Expert opinion 

We need a set of technologies that enable accurate assessment of cervical precancer 

and cancer within a single visit (<1 hour) without expensive instrumentation and with a low 

per-test cost. Clinically, HPV DNA is the best screening option we have, but currently 

available technologies remain too expensive and too complex to effectively scale. 

Within five years, we expect that commercial entities and academic institutions will 

be closer to developing a point-of-care HPV DNA test for screening in low-resource areas. 

Unless the per-test cost of commercial HPV DNA tests like GeneXpert decreases, it does 

not seem likely that scale-up for country-wide screening in LMICs will be sustainable. 

However, increased usage of GeneXpert machines already implemented in TB and HIV 

programs will likely be leveraged to the benefit of cervical cancer screening programs. In five 

years, promising technologies like the QuantuMDx Q-POC test may be closer to 

implementation, depending on the per-test and instrument costs. However, we expect a 

paper-based HPV DNA test to be developed and in clinical testing within two years. If a 

paper-based screening test can produce accurate clinical results, we see high potential for 

scale-up.   

An example of a major success in the field of point-of-care testing is the human 

immunodeficiency virus (HIV) rapid screening test. The format, subsidized cost, and time to 
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result of HIV rapid tests allow for screening to happen nearly anywhere. Major challenges 

that remain with HIV screening include stigma and lack of interaction with medical systems, 

presenting obstacles to reaching key populations. In other words, the technology is no 

longer the limiting factor with HIV screening. Until a format similar to the HIV rapid 

screening test and sustainable financing for scale-up are achieved on a truly point-of-care 

HPV DNA test, HPV DNA testing will remain possible only in more centralized facilities 

with sufficient laboratory infrastructure. As the technology improves, we hope to see more 

programs that are able to screen people who do not have as much contact with medical 

systems. In particular, harder-to-reach populations who have been underserved in terms of 

cervical cancer screening include people living in rural and/or medically underserved areas, 

undocumented immigrants, women who are homeless or incarcerated, and transgender men. 

While researchers have initiated promising programs to reach out to women who are 

homeless [140] and transgender men [141], we anticipate greater ability to screen and follow-

up with patients with fewer technology barriers. Self-collection of samples with high-

performing diagnostics will especially increase ability to screen people who are currently 

underscreened [40]. 

While there are many promising approaches to achieving an ideal HPV test, we see 

the most potential in approaches that limit instrumentation and minimize hands-on time. 

High instrumentation requirements often come from robotic sample manipulation and 

thermocycling used in traditional amplification approaches. Paper-based test designs are a 

feasible approach to circumventing the need for robotic sample manipulation. The format of 

the tests reported by Rodriguez et al. and LaFleur et al. could lower per-test cost while largely 

removing the need for instrumentation [110], [112]. Additional paper-based testing 

approaches should be developed in an attempt to lower cost and instrumentation 
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requirements. Traditional thermocycling approaches can also increase instrumentation 

complexity, and therefore cost and difficulty with maintenance and repair. In comparison, 

isothermal amplification methods like recombinase polymerase amplification (RPA) or loop-

mediated isothermal amplification (LAMP) only require a single-temperature heater. RPA, in 

particular, has a low limit of detection of fewer than 10 total copies, and can be incubated at 

37-42 ºC, the lowest temperature of available isothermal amplification approaches. An 

integrated test that utilizes a paper-based platform for sample manipulation and detects 

through either hybridization or amplification approaches could lead to a lower-cost test with 

lower complexity.  

Sample preparation can limit the utility of otherwise well-performing tests. The 

sample preparation approach employed by the QuantuMDx Q-POC test, if proven to enable 

high-sensitivity detection, could provide a good model for cervical swab-based sample 

processing. In this approach, the swab is immediately placed into a sample tube, the handle 

of the swab is removed, the tube top is closed, and the tube is attached to the testing cassette 

for elution.  

With a point-of-care HPV DNA screening test, a screen-and-treat program could be 

effectively implemented, although patients may be overtreated without effective diagnostic 

technologies. The recent developments of low-cost optical systems like the HRME with 

automated image analysis or cervicography with AI may help to reduce overtreatment if used 

for triage following a screening test.  

We believe that within five years, lower cost technologies like MobileODT, POCkeT 

Colposcope, or HRME will have more widespread use in centralized sites or in mobile vans 

for improved cervical cancer diagnosis. However, we see the best diagnostic option for a 
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low-resource area as cervical imaging with real-time AI-enabled decision support, which 

would reduce the need for equipment other than a camera or mobile phone while providing 

increased specificity for precancerous and cancerous lesions. Studies assessing the accuracy 

of AI-enabled decision support tools will be crucial to validate the utility for diagnostics. 

With more powerful mobile phone processing systems, it is likely AI-enabled algorithms will 

be deployed on mobile phone platforms within the next five years. If AI decision support 

can be accessed in real time with a mobile phone, and clinically useful accuracy is well 

established, diagnosis of cervical precancerous and cancerous lesions will become more 

accessible to patients in low-resource settings. Other diagnostic methods that rely on clinical 

interpretation will remain possible only in more centralized areas with highly trained 

providers. 

We also envision a possible path forward that relies more heavily on HPV mRNA 

testing. In scenarios in which only one test might be feasible, quantitative mRNA testing 

may provide the highest quality clinical information. Qualitative mRNA tests with thresholds 

set for high specificity are less sensitive than DNA testing, and therefore require repeated 

testing; lower thresholds for qualitative mRNA tests lead to similar sensitivities and 

specificities as DNA tests. Clinical utility of a single, quantitative mRNA test will need to be 

validated, as a single mRNA measurement is not necessarily predictive of disease 

progression. However, because disease progression requires sustained overexpression of 

mRNA, testing for HPV mRNA may allow for more accurate assessment of progression. 

Sample preparation, RNA preservation, testing costs, and instrumentation requirements are 

currently barriers to widespread mRNA testing. We see mRNA test development as a 

worthwhile pursuit that could potentially change cervical cancer screening program 

algorithms globally. 
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In addition to innovations in molecular and optical technologies alone, we see an 

opportunity to combine information from molecular and optical tests to improve diagnosis. 

With self-collected HPV DNA swabs, a truly point-of-care screening test, and lower cost 

optical diagnostics with real-time decision support, a single visit including accurate screening, 

diagnosis, and treatment can become the new standard of care in LMICs. 

In summary, we see opportunities for technology to improve access to cervical 

cancer screening among harder to reach populations. Innovations in molecular screening and 

optical diagnostics could allow for accurate, affordable screen-and-treat methods to detect 

and treat cervical precancer in a single visit. Developing and translating low-cost, easy-to-use, 

clinically-relevant molecular and optical testing technologies could reduce the burden of 

cervical cancer globally. 
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Chapter 3 

An Integrated, Sample-to-Answer, Isothermal 

Nucleic Acid Amplification Test for HPV 16 

and 18 DNA Detection at the Point of Care in 

Resource-Limited Settings  

This chapter describes the development of an integrated test for the detection of HPV 

16 and 18 DNA. The integrated test was evaluated with synthetic and clinical 

samples. Parts of Chapter 3 were presented at the 2019 IEEE EMBS Special 

Topic Conference on Healthcare Innovation & Point-of-Care 

Technologies in Bethesda, Maryland and 2020 AAAS Annual Meeting in 

Seattle, Washington. Chapter 3 is currently in preparation for submission. 
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3.1. Abstract 

HPV testing is widely acknowledged as the preferred cervical cancer screening 

method where available. High-risk HPV DNA testing offers the most sensitive screening 

results of the available cervical cancer screening methods. New high-risk HPV DNA tests 

have been developed for resource-limited settings, where the burden of cervical cancer 

remains the highest. While these tests have expanded access to high-risk HPV DNA testing, 

they remain too costly and the instruments remain too complex for widespread use in 

resource-limited settings and must be run in centralized laboratories. We have developed an 

HPV 16 and 18 DNA test that is appropriate for use at the point of care. Our developed test 

relies on isothermal amplification and lateral flow detection, two technologies that allow for 

much simpler instrumentation than existing tests. We integrated all test components into a 

low-cost, manufacturable platform, and we evaluated performance of the integrated test with 

synthetic and clinical samples, demonstrating a clinically-relevant limit of detection of 1,000 

HPV 16 or 18 DNA copies per reaction. Future research for this work will include 

incorporating additional high-risk genotypes and larger-scale clinical validation studies. With 

these developments, we have demonstrated the feasibility of a sample-to-answer, point-of-

care high-risk HPV DNA test—a critical step to achieving decentralized and accessible 

cervical cancer screening globally.  

3.2. Introduction 

Despite the efficacy of early detection and preventative treatment, cervical cancer 

remains a major public health challenge, with approximately 570,000 people diagnosed and 

311,000 people dying from cervical cancer each year [1]. In high-income countries, screening 
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with cytology, and more recently high-risk HPV testing, has led to decreases in cervical 

cancer incidence and mortality [142], [143]. Low- and middle-income countries (LMICs), 

particularly in sub-Saharan Africa, bear the greatest burden of cervical cancer because 

effective screening programs have not yet been established [142], [144].  

An increasing body of evidence unequivocally demonstrates that testing for high-risk 

HPV DNA is more effective than cytology [11], [69], [145], [146] and visual inspection by 

acetic acid (VIA) [69], [147] in the prevention of cervical cancer. Accordingly, high-risk HPV 

DNA testing is increasingly being recommended and adopted as the standard-of-care for 

cervical screening in low-, middle- and high-income countries [19], [144]. 

Rapid high-risk HPV testing methods, such as GeneXpert HPV (Cepheid, 

Sunnyvale, CA), can produce results in one hour and have demonstrated similar clinical 

performance as industry-standard HPV tests, such as the hc2 (Qiagen, Germantown, MD) 

and cobas HPV (Roche Molecular Systems, Pleasanton, CA) [99]–[101], [148]. Moreover, the 

accuracy of high-risk HPV nucleic acid amplification tests performed with provider-collected 

cervicovaginal swabs is comparable to that of self-collected swabs [149], [150]. Self-

collection could decentralize sample collection, making high-risk HPV testing more feasible 

in LMICs. However, existing high-risk HPV tests remain too costly and complex for 

widespread use in LMICs. Even rapid high-risk HPV tests rely on dedicated instruments 

typically only located in centralized laboratories; this increases the sample-to-result time, 

increasing the likelihood that patients will be lost to follow-up prior to completing treatment. 

There is an urgent need for an effective cervical cancer screening test that can be performed 

at the point of care. 
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To be effective at the point of care, nucleic acid tests must accept cellular samples 

from cervicovaginal swabs and rapidly deliver clinically-actionable results with high 

sensitivity and specificity. Instrumentation, including disposable test cartridges, should be 

affordable, rugged, field-serviceable, and designed to prevent user error. Disposable test 

cartridges should fully contain the sample and resulting amplicons to prevent biohazards and 

workspace contamination. Great progress has been made in the field of point-of-care 

diagnostics to design tests that meet many of these criteria [110], [112], [151]; however, there 

remains a need for an integrated test that meets all of these criteria for cervical cancer 

screening applications. 

To address these gaps, we developed a novel HPV 16 and 18 DNA test that 

integrates sample preparation, isothermal amplification, and lateral flow detection. The test is 

performed using a novel platform called NATflow (Axxin Pty Ltd., Victoria, Australia). The 

HPV 16 and 18 DNA test meets the stated needs of integrating sample-to-answer processes 

reliably and in a format that is manufacturable at scale. The test is comprised of the 

NATflow instrument—projected to cost <US$500 at scale—and a NATflow cartridge 

containing reagents for sample preparation, amplification, and lateral flow detection. The 

projected per-test cost is <US$5 at scale. The system is designed to prevent workspace 

contamination by amplified DNA and subsequent false positive results, which remains a 

major challenge in point-of-care molecular testing.  

We demonstrate successful integration of all of the steps required for sample-to-

answer testing in a reliable, manufacturable, and contamination-free format, and we validate 

the test for HPV 16 and 18 detection in cellular samples from cervicovaginal swabs with a 

sample-to-answer time of 45 minutes. 
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3.3. Methods 

3.3.1. Clean reaction setup 

A dedicated room was used for pre-amplification reaction setup. Dedicated biosafety 

cabinets were used for sample preparation and for amplification reaction setup. Post-

amplification activities were physically separated from pre-amplification activities to prevent 

workspace contamination by amplified DNA. When possible, all reagents were prepared 

aseptically in single-use aliquots. Lab spaces were routinely disinfected with 10% bleach 

and/or RNaseAway (ThermoFisher Scientific, Waltham, MA).  

3.3.2. Cell passaging and preparation 

SiHa, HeLa, and CaSki cells were acquired from the American Type Culture 

Collection (ATCC, HTB-35, CCL-2, and CRL-1550, respectively, Manassas, VA). Cells were 

passaged up to ten times, pelleted in quantities of 0.5-10 million cells, and stored at -80 ºC 

until use.  

3.3.3. Target DNA preparation 

Quantitative synthetic DNA standards were acquired from ATCC for HPV 16 (VR-

3240SD) and HPV 18 (VR-3241SD). gBlocks Gene Fragment (gBlock) DNA for the full E7 

genes of HPV 6, 11, 16, 18, 31, 33, 35, 39, 45, 51, 52, 56, 58, 59, 68, 72, and 82 based on the 

sequences published in the PapillomaVirus Episteme (PaVE, available: pave.niaid.nih.gov) 

[152], [153], were obtained from Integrated DNA Technologies, Inc. (IDT, Coralville, IA). 

DNA was extracted from SiHa and HeLa cells (ATCC HTB-35 and CCL-2) using a DNeasy 

Blood & Tissue Kit (Qiagen, Germantown, MD) per manufacturer’s instructions with final 
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elution into 200 µL nuclease-free water. HPV 16 and 18 gBlock DNA and cellular extract 

DNA were quantified against ATCC quantitative synthetic standards via qPCR, as described 

in Section 3.3.4. gBlock DNA for all other HPV genotypes was quantified by a NanoDrop 

ND-1000. Single-use aliquots of ATCC, gBlock, and cell extract DNA were prepared and 

stored at -20 ºC or -80 ºC for up to six months prior to use. Dilutions of target DNA were 

prepared in nuclease-free water on each day of experiments.  

3.3.4. qPCR 

qPCR primers for HPV 16 and 18 were designed by Primer3 software (Table A1). 

All qPCR reactions were assembled using the PowerUp SYBR Green Master Mix (Applied 

Biosystems). Each reaction contained 10 μL 2X Master Mix, 1 μL forward and 1 μL reverse 

primer (each at a 10 μM working concentration in 1X TE), 3-6 μL nuclease-free water, and 

2-5 μL sample. When amplifying unpurified lysate, 2 μL of sample and 6 μL of nuclease-free 

water were added to each reaction. When amplifying purified target, 5 μL of sample and 3 

μL of nuclease-free water were added to each reaction. The thermocycling protocol included 

the following steps: 50 ºC for 2 minutes, 95 ºC for 2 minutes, 40 cycles of 95 ºC for 15 

seconds and 60 ºC for 1 minute, and a melt curve. 

3.3.5. RPA 

RPA nfo primers and probes were designed using PrimedRPA software [154] and are 

listed in Table A1. All primers were diluted to 10 µM working concentrations in 1X TE. 50 

μL RPA nfo (TwistDx, Ltd, Maidenhead, UK) reactions were assembled with 1.95 μL 16rF, 

1.95μL 16rR, 1.3μL 16rP, 1.05μL 18rF, 1.05μL 18rR, 0.7 μL 18rP. For detection on Milenia 

HybriDetect lateral flow strips, 18rRM and 18rPM were used. For detection on custom 
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NATflow-compatible lateral flow strips, 18rRN and 18rPN were used. To prepare 10 μL 

reactions, a master mix comprised of a discrete number of 50 μL reactions was prepared as 

described, then an equal number of enzyme pellets as the number of 50 μL reactions was 

added to the master mix. The mixture was vortexed then placed on ice until the addition of 

target. Target was added at a volume ratio of 1:5 (target to master mix), and 10 μL of the 

combined RPA reagents and target were aliquoted into individual PCR tubes. 

For experiments outside of NATflow cartridges, amplification was carried out for 20 

minutes at 39 ºC either on a benchtop heat block or on a Bio-Rad CFX96 Touch (Hercules, 

CA) with the heated lid set at 105 ºC. Reactions were removed from the heat block or Bio-

Rad CFX96 Touch four minutes into the incubation, vortexed, quickly spun, and replaced in 

the thermocycler for the remaining 16 minutes of incubation. For all other experiments, 

RPA reactions were incubated within the NATflow heat block for 20 minutes at 39 ºC 

without agitation.  

3.3.6. Lysis buffer preparation 

Achromopeptidase (ACP) lysis buffer preparation was adapted from Buser et al. 

[155]. First, 0.48 mg lyophilized ACP (MilliPore Sigma A3547, Burlington, MA) was 

dissolved into 100 μL of 1X TE buffer (ThermoFisher Scientific BP2473) with 5% trehalose 

(Millipore Sigma 90210) to create a 24 U/μL working solution. The 24 U/μL solution was 

then diluted 1:48 into 1X TE buffer with 5% trehalose, yielding the 0.5 U/μL solution used 

for lysis.  

TCEP buffer preparations were adapted from Rabe and Cepko [156]. 100X TCEP 

was prepared by dissolving 358 mg TCEP (MilliporeSigma 580567) in 4 mL nuclease-free 
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water and adding 1 mL of 0.5 M EDTA (ThermoFisher Scientific AM9260G). For 100X 

TCEP with sodium hydroxide (NaOH), 358 mg TCEP was dissolved in 3.43 mL nuclease-

free water, and 1 mL of 0.5 M EDTA and 525 µL of 10 N NaOH (ThermoFisher Scientific 

SS267) were added. For 100X TCEP+NaOH with guanidine hydrochloride (GuHCl), 358 

mg TCEP was dissolved in 568 µL nuclease-free water, and 1 mL of 0.5 M EDTA, 525 µL 

of 10 N NaOH (ThermoFisher Scientific SS267), and 2,857 µL 7 M GuHCl (Promega 

H5381, Madison, WI ) were added. To prepare 1X buffers, the 100X buffers were diluted 

1:100 in nuclease-free water. Thermolabile Proteinase K (New England Biolabs, Inc., 

P8111S, Ipswich, MA) was diluted by adding 1 μL Thermolabile Proteinase K to 49 µL 1X 

TE buffer. 

3.3.7. Lysis evaluation 

To test lysis efficacy of several chemical and enzymatic buffers on preserved 

samples, a pooled negative sample was created from the stored clinical samples described in 

Section 3.3.11. 1 mL of cell suspension from ten patients with negative HPV results were 

combined, and 1.75 mL of the pooled sample was pelleted by centrifuging at 4,000 RPM for 

5 minutes. SurePath supernatant was removed, and the pellet was resuspended in 500 μL 

PBS and split into equal volume aliquots. Each aliquot was again pelleted by centrifuging at 

4,000 RPM for 5 minutes and was reconstituted in 50 μL of each lysis buffer. If a room 

temperature incubation was included in the heating profile for a particular condition, tubes 

were placed into heat blocks set at 23 ºC for the designated time. After lysis, cell lysates were 

placed on ice for up to one hour prior to use.  

To test lysis of stored clinical samples, lysate was amplified using beta actin primers 

in qPCR as previously described. To test lysis ability of using cultured cells, a single CaSki 
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cell pellet containing 1-2 million cells was reconstituted and split into equal volume aliquots. 

Each aliquot was re-pelleted and suspended into one of the following: lysis buffer, 1X TE 

buffer or 1X PBS. For probe sonication, cell aliquots were resuspended in 1X TE in 

microcentrifuge tubes, which were placed in beakers of ice. Cells were sonicated for 30 

seconds total over three 10-second pulses (Qsonica Q125, Newtown, CT). For all ACP lysis 

conditions, cells were incubated in 0.5 U/μL ACP for 5 minutes at 23 ºC followed by a 5 

minute inactivation at 75 ºC. For thermolabile Proteinase K lysis conditions, cells were 

incubated at 37 ºC for 15 minutes followed by inactivation for 10 min at 56 ºC. Chemical 

lysis incubations are noted in each experiment. CaSki cell lysate was quantified in the 

previously described HPV 16 qPCR assay.  

3.3.8. Lateral flow assays 

To produce custom NATflow-compatible lateral flow strips, paper and plastic device 

components were laser cut (Universal Laser Systems VLS 3.60, Scottsdale, AZ) and 

assembled by hand. Devices were constructed from glass fiber (Alstrohm 8951, Mt Holly 

Springs, PA), nitrocellulose (Sartorius UniStart CN95, Goettingen, Germany), cellulose 

(Millipore CFSP223000), and .005” clear adhesive-backed film (Blick Art Supplies 55525-

1021, Galesburg, IL).  Glass fiber sample pads were cut to a dimension of 41x5 mm with a 4 

mm-diameter circular cutout offset 2 mm from the end of the pad. Nitrocellulose 

membranes were cut to a dimension of 45x5 mm. Cellulose wicking pads were cut to a 

dimension of 18x5 mm. Sticky acetate backings were cut to a dimension of 87x5 mm with a 

4 mm circular cutout offset 2 mm from the end of the backing and notches etched 16 mm 

from the edge opposite the circular cutout for nitrocellulose alignment. 



 
 

71 
 

Biotinylated anti-goat, anti-FITC, and anti-digoxigenin were prepared as previously 

described [157], and approximately 320, 160, and 320 nL, respectively, were deposited in 

successive 400 pL drops by the sciFLEXARRAYER S3 (scienion, Berlin, Germany). 

Conjugate dilution buffer was prepared by dissolving 1.25 g bovine serum albumin (BSA, 

Sigma-Aldrich A3912, St. Louis, MO) in 22.5 mL of nuclease-free water and 2.5 mL of 10X 

PBST (Genesee Scientific, 18-173, San Diego, CA). Streptavidin-functionalized 150 nm gold 

nanoshells (NanoComposix GSIR150, San Diego, CA) were diluted 1:1 in the prepared 

conjugate dilution buffer. 40 μL of diluted gold nanoshells were pipetted onto each glass 

fiber sample pad and lyophilized for 24 hours as described in Section 3.3.9. 

To assemble the lateral flow strips, nitrocellulose was aligned 16 mm offset from the 

edge of the sticky acetate opposite the circular cutout. Second, the glass fiber sample pad was 

adhered to the sticky acetate backing such that the circular cutouts on each piece were 

aligned. Finally, the cellulose wicking pad was aligned with the edge of the sticky acetate 

opposite the glass fiber sample pad (Figure A4). Custom NATflow-compatible lateral flow 

strips were compared against commercially available lateral flow strips (HybriDetect 2, 

Milenia, Giessen, Germany). 10 µL RPA reactions with either 0 or 104 input copies of HPV 

16 or 18 gBlock DNA were assembled as previously described. Products were diluted 1:50, 

1:500, or 1:5,000 in either 1X PBST (custom NATflow-compatible lateral flow strips) or 

Milenia buffer (Milenia lateral flow strips). 10 µL of each diluted product were added to each 

type of lateral flow strip in triplicate. Custom NATflow-compatible strips were placed into 

200 µL of 1X PBST, and Milenia strips were placed into 80 µL of Milenia buffer within a 96-

well plate. Custom NATflow-compatible strips and Milenia strips were imaged 15 minutes 

and 5 minutes, respectively, after placing into running buffer. Strips were imaged on a flat-

bed scanner (Epson Perfection V550 Photo, Suwa, Nagano, Japan). 
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3.3.9. Lyophilization 

An RPA nfo master mix for 24 reactions was prepared without adding enzymes, i.e. 

including rehydration buffer, primers and probes, and magnesium acetate. The master mix 

was vortexed thoroughly, then 8 µL were aliquoted into 96 PCR tubes. Separately, 24 RPA 

nfo enzyme pellets were reconstituted in 1.2 mL of nuclease-free water and vortexed 

thoroughly. 10 µL of the reconstituted enzymes were aliquoted into 96 PCR tubes. 6 mL of 

0.5 U/µL ACP were prepared as previously described and 50 µL were aliquoted into 96 PCR 

tubes. Master mix, enzyme, and ACP aliquots were frozen at -20 ºC for a minimum of 2 

hours, at -80 ºC for a minimum of 2 hours, and in liquid nitrogen for 10 seconds prior to 

lyophilizing for a minimum of 24 hours (LabConco FreeZone 12, Kansas City, MO). As 

previously described, 40 µL of diluted gold nanoshells were deposited onto glass fiber pads 

and lyophilized for 24 hours without freezing prior to lyophilization. Lyophilized reagents 

were stored at -20 ºC (amplification reagents, enzymes) or room temperature (glass fiber 

pads) in foil pouches with desiccant for up to one month. 

3.3.10. NATflow cartridge assembly and use 

NATflow cartridges were provided by Axxin Pty Ltd. (Victoria, Australia) and 

assembled according to manufacturer instructions, including 250 µL of 1X PBST loaded into 

the elution buffer ring. Custom lateral flow strips, described in Section 3.3.8, were placed 

within the NATflow cartridge during assembly on the same day as use. Sample preparation, 

amplification, and lateral flow detection were carried out on NATflow instrumentation and 

with NATflow cartridges. Cartridges were scanned on a flat-bed scanner (Epson Perfection) 

and an AX-2X-S lateral flow reader (Axxin) after 15 minutes. 
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3.3.11. Sample-to-answer testing with clinical samples 

Cervicovaginal swabs were collected from a referral population with approval from 

the Institutional Review Board (IRB) at The University of Texas MD Anderson Cancer 

Center, and deidentified cervical samples were transferred to Rice University under an 

exempt protocol reviewed by the IRB at Rice University. Cervicovaginal swabs were 

collected into SurePath preservation media (Becton Dickinson, Franklin Lakes, NJ) and 

stored at -80 ºC until use. Standard of care results were obtained by cobas HPV testing 

(Roche Molecular Systems, Pleasanton, CA). Prior to use, 500 µL of clinical samples were 

aliquoted. Sample aliquots were centrifuged for 10 minutes at 4,000 RPM, supernatant was 

removed, and cells were resuspended in 1X PBS; this process was repeated a second time to 

remove SurePath buffer from cells. Samples were then centrifuged for 10 minutes at 4,000 

RPM, supernatant was removed, and cells were resuspended in 1 mL of nuclease-free water. 

To reverse chemical linkages between proteins and nucleic acids that form due to the 

formalin present in SurePath buffer, samples were heated at 120 ºC for 20 minutes, 

incubated at room temperature for 10 minutes, then vortexed for 5 seconds, a protocol 

adapted from Gilbert et al [158]. This preparation method yields a cellular sample that is 

ready for lysis and DNA amplification.  

After heat treatment, 50 µL of samples were added to lyophilized ACP, pipetted up 

and down three times to mix, and incubated at room temperature (approximately 23 ºC) for 

5 minutes followed by a 5 minute inactivation at 75 ºC. 10 µL of the resulting lysate were 

then transferred to lyophilized RPA nfo reagents within the NATflow amplification 

chamber. The lysate and lyophilized RPA reagents were mixed by pipetting prior to 

incubating the chamber on the NATflow heat block at 39 ºC for 20 minutes to amplify 
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DNA. At the end of the incubation, the NATflow chamber was inverted and twisted into 

the lateral flow cartridge. After 15 minutes, the lateral flow result was read visually, scanned, 

and read by a flat-bed scanner (Epson Perfection) and the Axxin AX-2X-S lateral flow 

reader. 

To quantify HPV copies per reaction, 25 µL of the ACP-produced lysate was 

purified in a Monarch DNA Cleanup Kit (New England Biolabs T1030) per manufacturer’s 

instructions, with elution into 25 µL nuclease-free water. Purified samples were quantified by 

HPV 16, HPV 18, and beta actin qPCR assays as previously described. 

3.3.12. Image analysis 

Signal-to-background (SBR) measurements on scanned cartridge images were 

calculated with a custom image analysis program in MATLAB. Raw RGB images of the 

Axxin cartridges were converted to grayscale, and the inner region of interest (ROI) 

containing the lateral flow strip inside of each cartridge was automatically identified through 

template matching. The complement of the inner ROI was taken, morphological top-hat 

filtering was performed to remove background noise, and the mean image pixel intensities 

across the image were calculated. SBR values for the HPV 16, HPV 18, and the control lines 

of the lateral flow strips were calculated by finding the three highest peaks of the mean 

intensity line plot, corresponding to the test and control lines. The background value was 

measured by finding the peak of the inverse of the mean pixel intensities across the image. 

Cartridges images obtained by the AX-2X-S lateral flow reader were processed using 

an algorithm developed by Axxin Pty Ltd to find localized peaks within the read window. 

The peak value obtained for each test line was used for image analysis. 
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3.3.13. Statistical analysis 

To evaluate statistical significance between lysis conditions, a two-tailed t-test 

assuming equal variances was used (Microsoft Excel version 16.38). To set positivity 

thresholds on signal-to-background (SBR) measurements, SBR was calculated from the HPV 

16 and HPV 18 test lines of a minimum of three lateral flow strips with negative samples—

either no-target controls or clinical samples that tested negative for HPV 16 and 18 by the 

standard-of-care test—from the same experiment. Positivity threshold was set three or four 

standard deviations above the mean SBR value. For images scanned under controlled 

lighting, i.e., on the Axxin AX-2X-S, positivity threshold was set three standard deviations 

above the mean SBR value. For cartridge images obtained on a flatbed scanner, positivity 

threshold was set four standard deviations above the mean SBR value to circumvent false 

positives resulting from shadows. 

3.4. Results 

We developed a sample-to-answer HPV 16 and 18 DNA test that meets critical 

needs of cervical cancer screening programs globally. The requirements for this test include: 

comparable analytical sensitivity and specificity to commercially available HPV DNA tests 

for the detected genotypes, integrated sample-to-answer detection with a limited number of 

user steps, and a manufacturable and self-contained format to prevent workspace 

contamination by amplified DNA. 

The required analytical sensitivity for the assay was benchmarked from the careHPV 

DNA test (Qiagen), which is currently in use in resource-limited settings. careHPV has a 

limit of detection of 100 copies per µL of sample, or 5,000 copies per 50 µL reaction [159]. 



 
 

76 
 

Accordingly, we benchmarked an acceptable limit of detection as 100 copies per µL of 

sample, or 1,000 copies per 10 µL reaction. We benchmarked acceptable specificity as no 

cross-reactivity with off-target HPV genotypes.  

To develop sample-to-answer detection with a limited number of user steps, we 

combined an extraction-free sample preparation method with isothermal amplification. 

Traditional nucleic acid testing approaches generally rely on nucleic acid extraction to purify 

DNA prior to amplification and detection. Nucleic acid extraction adds substantial 

processing time and/or instrument complexity. In addition, traditional polymerase chain 

reaction (PCR) amplification methods utilize thermocycling, which also increases instrument 

cost and complexity. To meet the needs of a point-of-care test, we designed an extraction-

free assay to detect HPV 16 and 18 DNA that relies on recombinase polymerase 

amplification (RPA), an isothermal amplification technology that has been demonstrated to 

tolerate traditional PCR inhibitors, reducing the need to extract and purify nucleic acids prior 

to amplification. 

With our sample-to-answer approach, the only instrumentation required is a single-

temperature heat block. We validated this approach with the NATflow two-temperature heat 

block instrument. Together with the NATflow cartridge, the test platform is manufacturable 

at scale. In addition, we evaluated self-containment of the NATflow consumables, 

confirming effective prevention of workspace contamination by amplified DNA. 

Here, we describe results that characterize: 1) sensitivity and specificity of the 

developed isothermal amplification assay; 2) a sample preparation method that is appropriate 

for use at the point of care; 3) assay integration within a disposable, self-contained cartridge; 

and 4) assay performance with cellular samples from cervicovaginal swabs. Together, these 
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results demonstrate an HPV 16 and 18 DNA test that meets the stated needs for successful 

point-of-care use. 

3.4.1. Analytical sensitivity 

We designed candidate RPA nfo primer and probe sets for the E7 gene of HPV 16 

and 18 using RPA assay design software, PrimedRPA [154]. We experimentally screened 

primer and probe combinations to maximize analytical sensitivity and specificity, first in 

singleplex format, then in multiplexed format. Performance of the optimized multiplexed 

primer sets is characterized in Figure 3-1, and the sequences are included in Table A1. The 

RPA assay for HPV 16 assay reliably detects as few as 50 synthetic HPV 16 DNA copies 

with a length of 299 base pairs and 500 HPV 16 transcript copies extracted from SiHa cells 

per reaction. The HPV 18 assay detects as few as 50 copies of both synthetic HPV 18 DNA 

with a length of 328 base pairs and HPV 18 transcript copies extracted from HeLa cells per 

reaction (Figure 3-1 A-B). In this RPA nfo assay format, the probe and the reverse primer 

each contain one of the antigenic labels present on the final, dual-labeled amplicon that is 

captured in a sandwich lateral flow assay. The higher sensitivity of the HPV 18 assay is likely 

due to the more favorable amplification efficiency between the probe and reverse primer, 

also known as the “cut” product, over the reverse primer and forward primer, or the 

“uncut” product (Figure 3-1 C). The uncut product only contains one of the antigenic labels 

necessary for capture in lateral flow, and therefore the resulting amplicon does not bind to 

the antibodies at the lateral flow test line (Figure A1). 
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Figure 3-1: Limit of detection and specificity of the HPV 16 and 18 multiplex RPA nfo 
reaction. (A) Example lateral flow strips for each tested input copy number of gBlock DNA 
(HPV 16 and 18) and extracted cellular DNA from SiHa (HPV 16) and HeLa (HPV 18) cells 
that were amplified by the developed assay and detected using commercially available lateral 
flow strips (Milenia HybriDetect 2). Image contrast for all strips increased +20%. (B). Signal-

to-background ratio (SBR) for each condition shown in (A). Mean ± standard deviation, 
n=3 for each condition. Positivity threshold, indicated by the dashed line, was calculated to 
be 1.17. The limit of detection was calculated to be 50 copies of gBlock DNA or 500 copies 

of extracted SiHa cellular DNA for the HPV 16 assay and 50 copies of gBlock DNA or 
extracted DNA from HeLa cells for the HPV 18 assay. (C) Gel electrophoresis of the same 

targets shown in (A) and (B). The “uncut” primer-to-primer product should be 200 base 
pairs for both assays, and is not detected by lateral flow. The “cut” probe-to-primer product 

is detected by lateral flow and should be 125 base pairs for both assays. The limit of 
detection on lateral flow is lower for the HPV 18 assay, in part due to favorable formation of 

the cut product compared to the uncut product; the opposite is observed for the HPV 16 
assay. bp: base pairs; L: Low molecular weight ladder. (D) Specificity of the HPV 16 and 18 assays. 
For each target and off-target HPV genotype listed next to the lateral flow strips, 106 input 

copies of gBlock DNA were amplified and detected using commercially available lateral flow 
strips. Positive signal is only seen at the corresponding test line when the HPV genotype of 
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the input target corresponded to that targeted in the assay (dashed box), demonstrating high 
analytical specificity (n=1 for each target). 

 

3.4.2. Sample preparation 

The input to our HPV test is a cellular sample collected with a cervicovaginal swab, 

and the cells must first be lysed to release DNA for detection. To identify an effective cell 

lysis strategy that is compatible with downstream isothermal amplification, we compared the 

efficacy of several chemical and enzymatic lysis methods using cultured cells and preserved 

cells collected with a cervicovaginal swab (Figure A2). In most cervical cancer screening 

programs, cervicovaginal swabs are collected directly into preservation media. For preserved 

cells, we found enzymatic lysis approaches to be most effective. Of the enzymatic 

approaches tested, achromopeptidase (ACP) required the shortest incubation times, and is 

therefore most compatible with a point-of-care testing workflow. Previous studies have 

shown achromopeptidase is an effective lysis agent and is compatible with use at the point-

of-care [112], [155], [160]. We demonstrated effective ACP lysis with a lower deactivation 

temperature of 75 ºC, which simplifies point-of-care instrumentation development. With this 

modified heat profile, we found that ACP provided comparable lysis to the standard of 

probe sonication (Figure 3-2 A). Moreover, we demonstrated that crude cellular lysate 

resulting from ACP treatment could be directly amplified in the RPA assay for HPV 16 

(Figure 3-2 B). 
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Figure 3-2: Sample preparation with achromopeptidase (ACP). (A) ACP lyses CaSki cells 
comparably to probe sonication (p=0.77; NTC n=3, remaining conditions n=9 with 3 

biological x 3 technical replicates). (B) Compatibility of ACP-produced SiHa cell lysate with 
RPA (NTC, +: n=1; SiHa lysate n=3). ACP was added to 75,000 SiHa cells, and 10 µL of 
the resulting lysate was added to 50 µL HPV 16 RPA nfo reactions. The RPA product was 
then diluted 1:50 in Milenia dilution buffer and detected on Hybridetect 1 lateral flow strips 

(Milenia Biotec). Signal-to-background ratio (SBR) indicates successful amplification of HPV 
16 DNA from the unpurified lysate. NTC: no target control; NLC: no lysis control; N.S.: not 

significant; +: positive control; SBR: signal-to-background ratio.  

 

3.4.3. Assay integration 

We integrated the HPV amplification and detection assay onto the NATflow 

platform (Axxin Pty Ltd). The NATflow is composed of a consumable cartridge with three 

components: a lysis tube, amplification chamber, and lateral flow cartridge; and one 

instrument: a two-temperature heat block with integrated timers. In addition, an optional 

lateral flow reader that is compatible with the NATflow cartridges can be used for image 

analysis to improve analytical sensitivity and reduce inter-user variability. All test reagents—

including those for lysis, amplification, and amplicon detection—are lyophilized. The HPV 
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assay workflow on the NATflow platform is shown in Figure 3-3. First, a cellular sample 

collected with a cervicovaginal swab is added to lyophilized ACP within the lysis tube. The 

tube is incubated at room temperature for 5 minutes, then the tube is placed into the first 

heater port (75 ºC) on the NATflow heat block for 5 minutes. An LED ring visually 

indicates the 5 minute countdown; after the time expires, 10 µL of lysate is transferred to the 

lyophilized HPV 16 and 18 RPA amplification reagents in the amplification chamber. The 

amplification chamber cap is added, and the amplification chamber is placed into the second 

NATflow heater port (39 ºC). A second countdown timer provides a visual cue of remaining 

time, and visual and audio cues indicate when the amplification time of 20 minutes has 

expired. Finally, the amplification chamber is inverted and twisted into the lateral flow 

cartridge. The threads between the amplification chamber and lateral flow cartridge ensure 

the system remains closed during elution, preventing workspace contamination by amplified 

DNA. The total time to result is approximately 45 minutes, and the cartridge provides a 

visual readout of HPV 16 and/or 18 positivity. 
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Figure 3-3: Sample-to-answer HPV 16 and 18 test process on the NATflow platform. The 
workflow involves six user steps: 1) adding sample to ACP, 2) incubating sample with ACP 
at room temperature and then at 75 ºC, 3) transferring lysate to amplification reagents, 4) 
adding amplification chamber cap and placing amplification chamber in 39 ºC heater, 5) 

twisting chamber into lateral flow cartridge, and 6) reading result. The total time to result is 
approximately 45 minutes.  
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3.4.3.1. Custom NATflow-compatible lateral flow assay  

We developed custom lateral flow strips to be used with the NATflow detection 

cartridge [157]. We compared the sensitivity of our custom NATflow-compatible lateral flow 

strips to that of Hybridetect 2 lateral flow strips (Milenia Biotec) (Figure A3). The limit of 

detection for our custom NATflow-compatible lateral flow strips was comparable to the 

Milenia lateral flow strips. Details on lateral flow assembly are included in Figure A4.  

We evaluated the stability of custom lateral flow strips at four different storage 

conditions (-20 ºC, 4 ºC, room temperature, and high heat and humidity) over the course of 

one month and found a slight decrease in signal over the month of testing for the -20 ºC, 4 

ºC, and room temperature conditions. The stored lateral flow strips produced correct results 

in all conditions except for the high heat and humidity condition, in which gold nanoshells 

failed to release from the glass fiber pads by week 2. We identified gold nanoshells as the 

least stable assay component, while antibodies remained stable over the month of storage at 

high heat and humidity (Figure A5).  

3.4.3.2. Sample-to-answer testing within the integrated NATflow cartridge  

Integrating an RPA-based assay into a fully enclosed sample-to-answer test involves 

two challenges. First, RPA relies on crowding agents, primarily in the form of polyethelyene 

glycol (PEG), to increase reaction viscosity and improve amplification efficiency. RPA 

products must be diluted prior to detection with lateral flow strips; without dilution, PEG 

prevents amplicons from traveling down the lateral flow strip. In an integrated cartridge, the 

elution buffer volume must be sufficient to dilute crowding agents without flooding the 

lateral flow strip. Second, the sensitivity of RPA is higher when reactions are agitated during 
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the incubation period, either with a brief vortex four minutes into incubation or through 

consistent mixing throughout the incubation period. It can be challenging to provide mixing 

or agitation after the reaction period has commenced in an integrated, non-instrumented 

cartridge. Previous work has shown that reducing the RPA reaction volume is an effective 

alternative to agitation [161]. Using this approach, we optimized elution buffer volume and 

reaction volume, as well as gold nanoshell volume, to maximize signal strength and minimize 

assay cost (Figure A6).  

To evaluate the sample-to-answer performance of the optimized, integrated 

NATflow cartridge, we first lyophilized amplification reagents and gold nanoshells onto 

lateral flow strips and stored all of the lyophilized test components in desiccated foil 

pouches. We then tested a range of input DNA copies from 100 through 10,000 input 

copies of HPV 16 and 18 DNA extracted from SiHa and HeLa cells, respectively. In 

triplicate, we found reliable detection with at least 1,000 input copies of target cellular DNA 

per 10 µL reaction (Figure 3-4). 

 

Figure 3-4: Integrated cartridge performance to amplify and detect DNA extracted from 
SiHa and HeLa cells with lyophilized amplification and lateral flow reagents. (A) Replicates 
of three cartridges with increasing copy numbers from 0 (no-target control, NTC) to 10,000 
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HPV 16 and 18 copies per reaction. Cartridges were scanned after 15 minutes, and images 
were cropped around the test windows. (B) Signal-to-background (SBR) analysis of triplicate 
cartridges in (A). Average ± standard deviation of each test (16, 18) and control (C) line is 

plotted. Positivity threshold, represented with dashed line, is at an SBR value of 2.05. 
Consistent amplification and detection is visible at 500-1,000 copies and higher. NTC: no-

target control; SBR: signal-to-background ratio. 

 

3.4.4. Assessment with cellular samples collected from cervicovaginal swabs 

We demonstrate sample-to-answer HPV 16 and 18 testing on the NATflow platform 

with cellular samples collected with cervicovaginal swabs from a referral population in 

Houston, TX. Samples were collected into SurePath preservation media. Prior to testing, we 

pelleted cells and exchanged them into nuclease-free water. We then heated the samples to 

reduce the DNA-protein crosslinking effects of SurePath buffer. These steps were only 

required due to initial collection into cellular preservation media.  

We then added 50 µL of samples to lyophilized ACP and incubated the mixture at 23 

ºC for 5 minutes for lysis then 75 ºC for ACP inactivation. Next, we transferred 10 µL of 

lysate to lyophilized RPA reagents within the NATflow amplification chamber and placed 

the amplification chamber onto the NATflow heat block at 39 ºC for 20 minutes. We then 

twisted the amplification chamber into the lateral flow cartridge to elute amplicons onto the 

lateral flow strip. Fifteen minutes later, we scanned the lateral flow cartridge on a flatbed 

scanner and on the AX-2X-S lateral flow reader (Axxin Pty Ltd). 

Results from testing cellular samples from cervicovaginal swabs are summarized in 

Figure 3-5 and Figures A7-A9. All of the samples that were quantified by genotype-specific 

HPV assays (Figure A7) had previously tested positive by the standard-of-care test, Roche 

cobas HPV. Relying on an image analysis algorithm from the AX-2X-S lateral flow reader, 
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we determined positivity among 30 total cellular samples from cervicovaginal swabs. The 

integrated RPA assay detected HPV 16 in 12 out of 12 samples that had >1,000 copies of 

HPV 16 per reaction, as quantified by qPCR. The integrated assay detected HPV 16 in one 

of two samples with 500-1,000 copies per reaction and in one out of seven samples that had 

fewer than 500 copies of HPV 16 DNA per reaction. The HPV 16 assay tested negative for 

nine negative clinical samples, including true negative samples and samples positive for HPV 

18 or other (i.e., non HPV 16 or 18) high-risk HPV genotypes. The small number of HPV 

18 positive clinical samples evaluated precludes robust characterization of HPV 18 assay 

performance. The assay was positive for a single sample with 500-1,000 copies of HPV 18 

DNA per reaction; was negative for two samples with fewer than 500 copies per reaction; 

and was negative for 27 negative clinical samples. The negative samples include true 

negatives along with samples that are positive for HPV 16 and other (i.e., non HPV 16 or 

18) high-risk HPV genotypes. Both assays showed high specificity with no false positives 

(Figure 3-5). 

 

Figure 3-5: Clinical testing results processed by the Axxin AX-2X-S reader. (A) The 
integrated HPV 16 assay detected 12/12 samples with more than 1,000 input copies per 
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reaction, 1/2 samples with 500-1,000 copies per reaction, and 1/7 samples with <500 copies 
per reaction. The integrated HPV 16 assay was negative for 9/9 clinically negative samples. 
(B) The integrated HPV 18 assay detected 1/1 sample with 500-1,000 copies per reaction 
and 0/2 samples with <500 input copies per reaction. The integrated HPV 18 assay was 
negative for 27/27 clinically negative samples. (C) Correlation between log copies per 

reaction and peak test line signal at the corresponding HPV genotype test line. Dark grey 
shading represents <500 copies per reaction, light grey shading represents 500-1,000 copies 
per reaction, and white shading represents >1,000 copies per reaction. Horizontal dashed 

line indicates positivity threshold (peak test line signal ≥ 618). 

3.5. Discussion 

We developed and evaluated a point-of-care test that successfully integrates sample 

preparation, isothermal amplification, and lateral flow detection of HPV 16 and 18 DNA in 

a format that is manufacturable, self-contained, and affordable. The process of operating the 

test is simple and requires few user steps. Accordingly, the format of this test meets the 

needs of cervical cancer screening programs in resource-limited settings.  

In developing this test, we designed a multiplexed isothermal amplification assay for 

HPV 16 and 18 with high analytical sensitivity and specificity. In addition, we designed and 

validated a sample preparation method that is appropriate for use at the point of care. We 

then integrated sample preparation, isothermal amplification, and lateral flow detection onto 

the NATflow platform, optimizing several volume and cartridge parameters to allow for the 

necessary dilution of RPA products for lateral flow detection. We demonstrated a limit of 

detection between 500-1,000 copies of HPV 16 and 18 DNA per reaction for cultured cells.  

A similar limit of detection was confirmed for 30 clinical samples collected with 

cervicovaginal swabs into cellular preservation media.  

The demonstrated limit of detection is comparable to careHPV, but lower than some 

other industry-standard HPV tests, including GeneXpert HPV (Cepheid, Sunnyvale, CA).  
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As previously noted, careHPV has demonstrated a clinical sensitivity of 85.7-88.1% and a 

clinical specificity of 83.1-83.7% [45], [49], and careHPV is used in many resource-limited 

settings. GeneXpert HPV relies on nucleic acid extraction and PCR-based amplification to 

achieve a limit of detection of .01-.03 DNA copies/µL or 10-30 plasmid DNA copies per 1 

mL reaction [80]. Cepheid has made strides toward improving the accessibility of the 

GeneXpert family of tests, such as with the GeneXpert Edge instrument [162]; however, 

significant challenges remain in expanding use outside of centralized laboratories, including 

the need for climate control [163] and the high per-test cost ($15/test) [164]. The reduction 

in analytical sensitivity of our developed test relative to GeneXpert HPV is primarily due to 

our extraction-free approach—which allows for lower per-test cost (<$5/test, Table A2) and 

less reliance on the infrastructure of a centralized laboratory—and we do not anticipate the 

different in limit of detection to be clinically relevant, given the high clinical sensitivity of 

careHPV. 

A challenge of this study was collection of samples into SurePath media for routine 

cytology evaluation. SurePath media contains formalin, which crosslinks nucleic acids and 

proteins in long-term storage. The relatively harsh sample preparation methods of buffer 

exchange, centrifugation, and heat treatment at 120 ºC are not appropriate for use in 

resource-limited settings; they are only required due to collection into SurePath media. 

Therefore, in a point-of-care scenario, we recommend swabs be collected directly into lysis 

buffer for direct use in the presented assay. We anticipate that a point-of-care friendly 

collection buffer would allow for improved DNA content relative to inhibitors in the 

sample—including residual SurePath buffer, residual PBS, a percent of protein-DNA 

interactions that are not reversed by heat treatment, and preserved cell components—as well 

as less sample loss during buffer exchange and centrifugation steps. Therefore, appropriate 
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collection buffer design will be critical to improving the limit of detection closer to that of 

GeneXpert HPV.  

An additional limitation of the test is that it targets only two genotypes. While HPV 

16 and 18 account for 70% of invasive cervical cancers globally, recent research has 

demonstrated to maximize clinical sensitivity and specificity, eight high-risk HPV genotypes 

(16, 18, 31, 33, 35, 45, 52, and 58) should be targeted [165]. We envision several strategies to 

achieve detection of eight types, including higher levels of multiplexing in 1-3 total cartridges 

per patient, as well as designing consensus primers. These approaches would rely on the 

same assay optimization parameters employed in this report, and would be readily achievable 

with additional primer design.  

We note an opportunity to improve signal-to-background ratios within our 

cartridges. In the current design, weak positive signal could be missed by visual reads for low 

positives as indicated by the worse performance when imaging cartridges on a flatbed 

scanner instead of a dedicated lateral flow reader with controlled lighting (Figures A8-9), and 

therefore a lateral flow reader may be necessary. The most straightforward way to increase 

signal is with an increased amount of conjugate reporter—gold nanoshells or otherwise. 

Cost is the main challenge, and therefore alternative reporters such as latex and gold 

nanoparticles should be explored in place of the more expensive gold nanoshells used in this 

design. Increased sample volume input to 20 µL instead of 10 µL is feasible with our dilution 

strategy and could increase the signal intensity at each test line and reduce limit of detection, 

as well. 

In demonstrating an effective solution to integrate sample preparation, isothermal 

amplification, and lateral flow detection that is appropriate for use in resource-limited 
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settings, this work represents a significant step toward a point-of-care cervical cancer 

screening test that could be implemented at scale. With the incorporation of additional 

genotypes, large scale evaluation and translation of this test into clinical use in resource-

limited settings will be possible. The format and affordability of this test could allow for 

greater decentralization of cervical cancer screening in resource-limited settings, a critical 

need in pursuit of global cervical cancer elimination.  
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Chapter 4 

A Novel, Low-Infrastructure Method for 

Semi-Quantitative Detection of HPV 16 and 

18 mRNA 

This chapter describes the development of a one-step isothermal reverse transcription 

and amplification assay with real-time detection of HPV 16 and 18 mRNA. The 

assay was evaluated with synthetic and cellular targets, and the methods were 

demonstrated on a low-cost fluorimeter that is appropriate for use at the point-of-care 

in resource-limited settings. Parts of Chapter 4 were presented at the 2017 SelectBio 

Conference on Point-of-Care Diagnostics, Global Health, and Emerging 

Viral Disease; 2018 and 2019 ASCCP Annual Meetings in Las Vegas, 

Nevada and Atlanta, Georgia, respectively; and 2019 AAAS Annual Meeting in 

Washington, DC. Chapter 4 is currently in preparation for submission. 
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4.1. Abstract 

Early detection and preventative treatment has greatly reduced cervical cancer 

mortality in high-resource settings. However, rates of cervical cancer mortality remain high 

in resource-limited settings, where screening, diagnosis, and treatment are often challenging 

to implement and sustain. Cervical cancer screening by high-risk HPV mRNA testing 

remains too costly and complex for use in resource-limited settings. Here, we present 

methods for detecting HPV 16 and 18 mRNA using a low-cost assay on affordable, rugged 

instruments. We demonstrate a clinically-relevant limit of detection with RNA extracted 

from cell lines, and we perform the assay using a low-cost, portable reader. With the 

incorporation of sample preparation and detection of additional genotypes, this test has the 

potential to expand access to HPV mRNA testing and reduce overtreatment in resource-

limited settings. 

4.2. Introduction 

As described in Chapter 2, incidence of and mortality from cervical cancer have 

decreased dramatically in countries with widespread screening programs, yet an estimated 

570,000 women are diagnosed with and 311,000 die from cervical cancer every year [1]. 

Nearly 90% of cervical cancer deaths occur in low- and middle-income countries (LMICs), 

where secondary prevention through cervical screening, diagnosis, and treatment are often 

challenging to implement and sustain [2].  

In LMICs, high-risk HPV testing is the preferred screening test when adequate 

resources are available [5]. However, current equipment for HPV testing requires advanced 

infrastructure, contributing to the poor accessibility of HPV testing in LMICs. Tests for 
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HPV can target viral DNA, mRNA, or oncoproteins. DNA testing for high-risk HPV has 

high clinical sensitivity for cervical precancer and cancer but also detects many transient 

high-risk HPV infections, leading to overtreatment. In contrast, oncoprotein testing is highly 

specific for detection of precancerous and cancerous lesions that are caused by persistent 

high-risk HPV infections. However, oncoprotein testing has limited sensitivity to detect early 

precancers. mRNA testing to detect high-risk HPV E6 or E7 transcripts has the potential to 

achieve both high clinical sensitivity and specificity, thereby providing the best opportunity 

for accurate screening [48], [49], [71], [73], [90]. Commercially available high-risk HPV 

mRNA tests require advanced infrastructure (e.g., electricity and controlled climate) and 

expensive equipment (costing from US$45,000-$150,000) [83]; the per-test cost is estimated 

to be US$74 per test (range: $19-290) in the US [166]. Thus, women living in LMICs have 

very limited access to high-risk HPV mRNA testing.  

Here, we present methods for isothermal reverse transcription and amplification 

with semi-quantitative real-time detection of HPV 16 and 18 E7 mRNA using low-cost, 

rugged equipment designed for use in low-resource settings. HPV 16 and 18 account for 

70% of cervical cancers globally and are high priority molecular targets for a cervical cancer 

screening test. To reduce the cost and complexity of mRNA detection, we employ 

recombinase polymerase amplification (RPA), an isothermal amplification approach that is 

more tolerant of inhibitors compared to other nucleic acid amplification technologies.  

The developed assays rely on the same primer and probe sequences developed for 

HPV DNA amplification and endpoint detection presented in Chapter 3. Here, we translate 

the assays to RPA exo, which is compatible with real-time fluorescence detection. We 

present results on RPA exo assay optimization, then we evaluate performance with 
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increasingly complex targets, including synthetic E7 DNA, extracted celluar DNA, in vitro E7 

transcripts, and extracted cellular RNA. We demonstrate real time HPV RNA detection and 

quantification using two different devices designed to carry out real time isothermal 

amplification reactions in low-resource settings.    

Finally, we present two strategies to reduce per-test reagent costs: multiplexing the 

HPV 16 and 18 assays into one reaction and reducing reaction volume. We demonstrate 

detection of HPV 16 and 18 DNA and RNA detection in small volume reactions on a low-

cost, open-source fluorimeter that is appropriate for use in resource-limited settings. 

Together, these advances allow for detection of HPV 16 and 18 mRNA in a low-cost, low-

infrastructure assay—a critical step toward expanding global access to cervical cancer 

screening by HPV mRNA testing. 

4.3. Methods 

4.3.1. Clean reaction setup 

As described in Chapter 3, all pre-amplification reaction preparation steps were 

performed in dedicated biological safety cabinets. A separate room was used for master mix 

preparation and reaction assembly. When possible, reagents were prepared aseptically in 

single-use aliquots. Lab surfaces were routinely disinfected with 10% bleach and/or 

RNaseAway (ThermoFisher Scientific, Waltham, MA).  

4.3.2. Cell culture 

As described in Chapter 3, SiHa and HeLa cells were acquired from the American 

Type Culture Collection (ATCC, HTB-35, CCL-2, and CRL-1550, respectively, Manassas, 
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VA). Cells were passaged up to ten times, pelleted in quantities of 0.5-10 million cells, and 

stored at -80 ºC until use.  

4.3.3. Target preparation and quantification 

Single-use aliquots of synthetic gBlock DNA and DNA extracted from SiHa and 

HeLa cell lines were prepared and quantified as previously described in Chapter 3.  

To transcribe RNA, gBlocks were designed for the HPV 16 and 18 E7 regions along 

with T7 promoter sequences and were purchased from IDT. E7 sequences were identified 

through the PapillomaVirus Episteme (PaVE, available: pave.niaid.nih.gov) [152], [153]. 

gBlocks were transcribed in vitro via the TranscriptAid T7 High Yield Transcription Kit 

(ThermoFisher Scientific K0441) per manufacturer’s instructions, including digestion by 

DNase I for 30 minutes at 37 ºC. Following DNase digestion, RNA was purified with the 

Monarch RNA Cleanup Kit (New England Biolabs, Inc. T2040) per manufacturer's 

instructions with a final elution step into 100 µL of nuclease-free water. 

Total RNA was extracted from SiHa and HeLa cells using the Monarch Total RNA 

Miniprep Kit (New England Biolabs, Inc., T2010) per manufacturer’s instructions for 

cultured mammalian cells, with final elution into 100 µL of nuclease-free water. Eluted RNA 

was combined with RNase-free DNase I (ThermoFisher Scientific, EN0521) at a DNase I 

concentration of .1U/µL, and the reaction was incubated at 37 ºC for 30 minutes. Following 

DNase I digestion, RNA was purified with the Monarch RNA Cleanup Kit (New England 

Biolabs, Inc. T2040) per manufacturer's instructions with a final elution step into 100 µL of 

nuclease-free water.  
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HPV 16 and 18 E7 RNA concentrations from both in vitro transcripts and extracted 

cellular RNA were estimated with RT-qPCR against DNA standards. Reverse transcription 

efficiency was assumed to be 100%. Single-use RNA aliquots were prepared in nuclease-free 

water and stored at -80 ºC, and dilutions were prepared on the same day as use. 

4.3.4. qPCR and RT-qPCR 

Primer sequences for the primers used in both qPCR and RT-qPCR are provided in 

Table B1; primers were obtained from Integrated DNA Technologies, Inc. (Coralville, IA). 

qPCR reactions were assembled and run as previously described in Chapter 3.  

RT-qPCR reactions were assembled with the Luna Universal One-Step RT-qPCR 

Kit (New England Biolabs, E3005). Each reaction contained 10 µL 2X Luna Universal One-

Step Reaction Mix (2X), 1 µL Luna WarmStart RT Enzyme Mix (20X), 0.8 µL forward and 

0.8 µL reverse primer (each at a 10 µM working concentration in 1X TE), 2.4 µL nuclease-

free water, and 5 µL purified sample. The thermocycling protocol included the following 

steps: 55 ºC for 10 minutes, 95 ºC for 1 minute, 40 cycles of 95 ºC for 10 seconds and 60 ºC 

for 1 minute with a plate read during each cycle, and a melt curve. 

All qPCR and RT-qPCR experiments were carried out on a CFX96 Touch (Bio-Rad 

Laboratories, Hercules, CA).  

4.3.5. RPA and RT-RPA exo 

RPA primer and probe design for the RPA nfo format was previously described in 

Chapter 3. The same primers were employed in this study, and probe labels were redesigned 

for the RPA exo format. Primers were obtained from Integrated DNA Technologies, Inc. 
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and probes were obtained from Biosearch Technologies (Novato, CA). Primer and probe 

sequences are included in Table B1.  

RPA exo kits, with lyophilized enzyme pellets, were obtained through TwistDx, 

Limited (Maidenhead, UK). For all RPA and RT-RPA exo reactions, primers and probes 

were prepared at 10 µM working concentrations in 1X TE. The catalyst for RPA reactions, 

magnesium acetate, was added to the cap of each reaction during assembly and was spun 

into the reaction mix after capping the tube using a mini centrifuge. 

Reactions were then placed onto one of three instruments, summarized in Table 4-1. 

All limit of detection and specificity experiments with synthetic and cell extract targets were 

carried out on the T8-ISO or T16-ISO, used interchangeably. The T8-ISO and T16-ISO 

were set at 40 ºC for 20 minutes with a 1-minute read delay and 20 second sampling rate. 

The pulse width modulation (PWM) was set to 30%. The heat block used with the low-cost, 

open-source isothermal fluorimeter was set at 40 ºC for 20 minutes. The Bio-Rad CFX96 

Touch was set to 40 ºC for 20 minutes with heated lid set at 42 ºC. Small volume reactions 

were tested on the Bio-Rad CFX96 Touch and the low-cost, open-source fluorimeter. 

Reaction optimization was required to match the dynamic range and optical sensitivity of 

each fluorimeter. The reaction conditions for each fluorimeter are described in the Sections 

4.3.5.1 and 4.3.5.2. 
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Table 4-1: Summary of fluorimeters employed in this study 

Instrument Manufacturer or 
developer 

Mixing 
capabilities? 

Minimum 
reaction volume  

(µL) 

Cost (USD) 

T8-ISO or T16-ISO Axxin Pty Ltd 
(Victoria, AU) 

Yes 30-50 $5,000-8,000  
(list price) 

CFX96 Touch Bio-Rad Laboratories 
(Hercules, CA) 

No 10 $39,338  
(list price) 

Low-cost, open-
source fluorimeter 

Coole et al, 2020  
[167] 

No 5 $850  
(estimated cost) 

 

4.3.5.1. RPA and RT-RPA on the T8-ISO or T16-ISO 

50 µL RPA exo reactions for HPV 16 were assembled with 29.5 µL rehydration 

buffer, 2.1 µL forward and 2.1 µL reverse primers, 0.3 µL probe, 0.2 µL Tte UvrD Helicase 

(New England Biolabs, Inc. M1202), 3.3 µL nuclease-free water, 10 µL of target DNA, and 

2.5 µL 280 mM magnesium acetate. 50 µL RPA exo reactions for HPV 18 were assembled 

with 29.5 µL rehydration buffer, 2.1 µL forward and 2.1 µL reverse primers, 0.6 µL probe, 

3.2 µL nuclease-free water, 10 µL target DNA, and 2.5 µL 280 mM magnesium acetate. 

50 µL RT-RPA exo reactions for HPV 16 were assembled with 29.5 µL rehydration 

buffer, 2.1 µL forward and 2.1 µL reverse primers, 0.3 µL probe, 0.2 µL 20 µg/mL Tte 

UvrD Helicase, 1 µL 5,000 U/mL RNaseH (New England Biolabs, Inc. M0297), 1.5 µL 10 

mM dNTPs (New England Biolabs, Inc. N0447), 0.5 µL 200 U/µL SuperScript IV Reverse 

Transcriptase (ThermoFisher Scientific 18090010), 0.3 µL nuclease-free water, 10 µL of 

target DNA, and 2.5 µL 280 mM magnesium acetate. 50 µL RT-RPA exo reactions for HPV 

18 were assembled with 29.5 µL rehydration buffer, 2.1 µL forward and 2.1 µL reverse 

primers, 0.6 µL probe, 1 µL 5,000 U/mL RNaseH, 1.5 µL 10 mM dNTPs, 0.5 µL 200 U/µL 
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SuperScript IV Reverse Transcriptase, 0.2 µL nuclease-free water, 10 µL of target DNA, and 

2.5 µL 280 mM magnesium acetate.  

Multiplex HPV 16 and 18 RPA optimization included a volume range of each primer 

between 0.58 µL and 1.05 µL per reaction and each probe between 0.15 µL and 0.3 µL per 

reaction. The optimized 50 µL multiplex RPA conditions included 29.5 µL rehydration 

buffer, 0.79 µL forward and 0.79 µL reverse primers for both HPV 16 and 18, 0.15 µL HPV 

16 probe, 0.3 µL HPV 18 probe, 0.2 µL 20 µg/mL Tte UvrD Helicase, 4.2 µL nuclease-free 

water, 10 µL target DNA, and 2.5 µL 280 mM magnesium acetate. 

A 2 mm grade 100 hardened AISI 420 stainless steel ball bearing (SimplyBearings, 

Leigh, UK) was added to each reaction tube, and reactions were assembled in high-profile 8-

tube PCR strips with domed caps provided in RPA exo kits. 

4.3.5.2. RPA and RT-RPA on the Bio-Rad CFX96 Touch or low-cost, open-source 

fluorimeter 

For detection on the Bio-Rad CFX96 Touch or low-cost, open-source fluorimeter, 

both HPV 16 and 18 singleplex RPA exo assays were assembled with 29.5 µL rehydration 

buffer, 2.1 µL forward and 2.1 µL reverse primers, 0.6 µL probe, 3.2 µL nuclease-free water, 

10 µL target DNA, and 2.5 µL 280 mM magnesium acetate, and both HPV 16 and 18 

singleplex RT-RPA exo were assembled with 29.5 µL rehydration buffer, 2.1 µL forward and 

2.1 µL reverse primers, 0.6 µL probe, 1 µL 5,000 U/mL RNaseH, 1.5 µL 10 mM dNTPs, 0.5 

µL 200 U/µL SuperScript IV Reverse Transcriptase, 0.2 µL nuclease-free water, 10 µL of 

target DNA, and 2.5 µL 280 mM magnesium acetate.  
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Smaller volume reactions were assembled by first preparing a master mix for a 

discrete number of 50 µL reactions, adding the same discrete number of enzyme pellets to 

the master mix, and mixing well. To prepare small volume reactions, master mix was added 

to each tube as 75% of the reaction volume, target was added to each tube as 20% of the 

total reaction volume, and 280 mM magnesium acetate was added to the lid of each reaction 

as 5% of the total reaction volume.  

Ball bearings were omitted from reaction tubes, and reactions were assembled in 

low-profile 8-tube PCR strips (Bio-Rad TLS0801) with flat, optically clear lids (Bio-Rad 

TCS0803). 

4.4. Results 

We demonstrate isothermal amplification and real-time detection for HPV 16 and 18 

E7 DNA and RNA. Assay conditions required optimization to meet the optical sensitity and 

dynamic range of each fluorimeter. First, we describe results to optimize performance of the 

RPA exo assay using the T8-ISO or T16-ISO, which are low-cost heater/fluorimeters, then 

we characterize assay performance with increasingly complex targets, including synthetic E7 

DNA, extracted celluar DNA, in vitro E7 transcripts, and extracted cellular RNA. Finally, we 

show results obtained when the assay is performed using a low-cost, open-source 

fluorimeter designed for use in resource-limited settings.   

4.4.1. RPA exo assay optimization for DNA detection on the T8-ISO or T16-ISO 

The HPV 16 assay demonstrated spurious primer-probe interactions when 

performed using the manufacturer-recommended RPA primer and probe concentrations on 
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the T8-ISO or T16-ISO, leading to false positives. To suppress false positives while 

maintaining a low limit of detection, we added Tte UvrD helicase to the reaction and 

reduced the amount of probe per reaction (Figure B1). Tte UvrD helicase is an enzyme that 

unwinds double-stranded DNA in isothermal amplification reactions and can improve assay 

specificity. The optimized HPV 16 assay conditions are characterized in Figure 4-1 A. With 

manufacturer-recommended conditions, the designed HPV 18 assay sensitively detected 

synthetic DNA without producing false positive results on the T8-ISO and T16-ISO, as 

demonstrated in Figure 4-1 B. Therefore, we did not further optimize the primer and probe 

concentrations. 

4.4.2. RPA exo analytical sensitivity and specificity with DNA targets 

The limit of detection and time to threshold were evaluated for the optimized HPV 

16 and 18 assays on the T8-ISO and T16-ISO instruments. The HPV 16 assay showed a 

limit of detection of 50 copies per reaction with a 298 base pair target for the E7 gene 

(Figure 4-1 A). The HPV 18 asay showed a slightly more sensitive limit of detection of 10 

copies per reaction with a 328 base pair target for the E7 gene (Figure 4-1 B). Over the copy 

number range of 10-1,000 copies per reaction, all targets that amplified reached the positivity 

threshold between 6.5 and 12.5 minutes from the start of the read window (Figure 4-1 C-D). 

The positivity threshold was set at 1,000 relative fluorescence units (RFU) for both assays. 

We then evaluated analytical specificity with synthetic E7 DNA for a panel of high- 

and low-risk HPV genotypes. Only the targeted genotypes amplified in each assay, 

demonstrating high analytical specificity (Figure 4-1 E-F). 
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Cellular DNA was extracted from SiHa and HeLa cells, which contain integrated 

copies of HPV 16 and 18, respectively, in their genomes. With the longer DNA targets 

extracted from cell lines, the HPV 16 and 18 exo assays showed a higher limit of detection 

of 1,000 HPV DNA copies per reaction (Figure 4-2 A-B). Time to threshold remained 

consistent between 6.5 and 12.5 minutes from the start of the read window (Figure 4-2 C-

D). Semi-quantitative detection is observed for both synthetic and cellular DNA targets, with 

increased target number resulting in decreased time to threshold.  
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Figure 4-1: Analytical sensitivity and specificity with synthetic DNA in singleplex 50 µL 
reactions. The limits of detection were determined to be (A) 50 copies of HPV 16 DNA per 
reaction and (B) 10 copies of HPV 18 DNA per reaction. All copy numbers were tested in 

triplicate. (C-D) Time to threshold for each assay. All targets that amplified reached the 
positivity threshold between 6.5 and 12.5 minutes after fluorescence measurements were 
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initiated on the Axxin T8-ISO or T16-ISO. Number of replicates that amplified out of total 
replicates tested are shown for each copy number. Mean ± standard deviation; n=3 for each 
copy number. (E-F) Only the targeted genotype amplified among a panel of other high- and 

low-risk genotypes. NTC: no-target control; RFU: relative fluorescence units. 

 

Figure 4-2: Assay performance with DNA extracted from cell lines. The limits of detection 
were determined to be (A) 1,000 copies of HPV 16 DNA extracted from SiHa cells per 

reaction and (B) 100 copies of HPV 18 DNA extracted from HeLa cells per reaction. (C-D) 
All targets that amplified reached the positivity threshold between 7 and 15 minutes after 

fluorescence measurements were initiated on the Axxin T8-ISO or T16-ISO. Mean ± 
standard deviation; n=3 for each copy number. NTC: no-target control; RFU: relative fluorescence 

units. 

4.4.3. RT-RPA exo analytical sensitivity with RNA targets 

To detect RNA targets instead of DNA, a reverse transcriptase was added directly 

into the RPA exo master mix. In addition, based on previously optimized methods for one-
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step RT-RPA [168], RNaseH was added. RNaseH hydrolyzes the phosphodiester bonds of 

RNA when it is bound to DNA during reverse transcription, freeing up reverse-transcribed 

DNA for primer binding and subsequent amplification. Finally, we optimized dNTP 

concentration (Figure B2), finding improved assay performance with the addition of 3 mM 

dNTPs. 

We first identified limit of detection with in vitro transcripts, with target lengths of 

318 bases for HPV 16 and 338 bases for HPV 18. With in vitro transcripts, we found 

consistent detection at 1,000 HPV 16 RNA copies and 100 HPV 18 RNA copies per 

reaction. We observed inconsistent detection at 100 HPV 16 RNA copies and 10 HPV 18 

RNA copies per reaction (Figure 4-3 A-B). RNA detection was shown to be semi-

quantitative with a comparable time to amplification as DNA ranging from 6.5 to 12.5 

minutes (Figure 4-3 C-D). 

Finally, limit of detection with RNA extracted from SiHa and HeLa cells was 

assessed. With the longer cellular RNA targets, consistent detection was observed at 1,000 

HPV 16 and 18 copies per reaction (Figure 4-4 A-B). Time to threshold ranged from 6 to 14 

minutes (Figure 4-4 C-D).   
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Figure 4-3: Limit of detection with in vitro transcribed RNA. (A) The HPV 16 assay 
consistently detects 1,000 in vitro transcripts per reaction, with inconsistent detection at 100 

transcripts per reaction. (B) The HPV 18 assay consistently detects 100 in vitro transcripts per 
reaction with inconsistent detection at 10 transcripts per reaction. No-reverse-transcriptase 
controls included 10,000 transcripts per reaction and did not amplify, confirming successful 
DNase treatment of RNA transcripts within the copy number range tested. (C-D) Time to 

threshold remained consistent with DNA detection over the same copy number range 
between 6.5 and 12.5 after fluorescence measurement was initiated.  Mean ± standard 

deviation of replicates that amplified, specified by the number within each bar. NTC: no-target 
control; RFU: relative fluorescence units; RT-: no-reverse-transcriptase control. 
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Figure 4-4: Assay performance with RNA extracted from cells. (A) Per reaction, the HPV 16 
assay consistently detects 1,000 E7 RNA copies extracted from SiHa cells. (B) The HPV 18 
assay consistently detects 1,000 E7 RNA copies extracted from HeLa cells, with inconsistent 
detection at 100 copies per reaction. All no-reverse-transcriptase controls contained 10,000 

copies of E7 RNA per reaction, and did not amplify, confirming successful DNase treatment 
of RNA targets within the copy number range tested. (C-D) Time to threshold ranged 
between 6.5 and 14 after fluorescence measurement was initiated.  Mean ± standard 

deviation; n=3 for each copy number. NTC: no-target control; RFU: relative fluorescence units; RT-: 
no-reverse-transcriptase control. 

 

4.4.4. Multiplexed and small volume reactions 

To reduce assay cost, we: 1) optimized the assay for multiplexed detection of both 

HPV 16 and 18 RNA in a single reaction; and 2) explored small volume reactions that 
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minimize the cost of required enzymes and primers. We first optimized primer and probe 

concentrations within multiplexed reactions to suppress nonspecific amplification and 

minimize time to threshold for both HPV 16 and 18 DNA  (Figure B3). The optimal 

conditions included 158 nM forward and reverse primers for both HPV 16 and 18, 0.3 nM 

HPV 16 probe, and 0.6 nM HPV 18 probe. Performance of the optimized multiplexed assay 

is shown in Figure 4-5, with time to amplification for 1,000 copies/µL of HPV 16 or 18 

DNA amplifying within 10 minutes, and with 0/6 no-target controls amplifying.  

Next, we explored reductions in reaction volume, as smaller volume reactions could 

substantially reduce per-test cost (Table B2). We conducted small volume reactions on two 

instruments: a standard real-time thermocycler, the Bio-Rad CFX96 Touch, and a low-cost, 

open-source fluorimeter that is projected to cost approximately $850 [167] (Figure 4-6). 

Small volume reactions were not pursued using the T8-ISO and T16-ISO instruments 

because the optical module on both instruments requires a minimum reaction volume of 30-

50 µL. On both the Bio-Rad CFX96 Touch and the open-source fluorometer, reactions were 

initiated by a quick-spin and vortex step, and no further agitation was performed throughout 

the duration of the incubation period. The minimum reaction volume at which positive 

samples, containing 1,000 copies of HPV 16 or 18 synthetic DNA, could be differentiated 

from no-target controls was determined to be 10 µL for HPV 16 reactions and 5 µL for 

HPV 18 reaction. A summary of the limit of detection, minimum reaction volume, and 

associated reagent cost is presented in Table 4-2. 
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Figure 4-5: Optimized multiplexed assay. (A) Fluorescence curves for six no-target controls 
(NTCs), one HPV 16 DNA positive control, and one HPV 18 DNA positive control—both 

at 1,000 copies/µL. NTCs remain flat over the 20 minutes of incubation, indicating 
successful false-positive suppression. (B) HPV 16 and 18 positive controls both amplify 

within ten minutes.  
 

 

 Figure 4-6: Small volume reactions. (A-B) Range of reaction volumes incubated and 
measured on the Bio-Rad CFX96 Touch. Two positive samples and two no-target controls 

(NTCs) were included for each reaction volume; all negatives remained negative, and all 
positives—with the exception of one out of two 5 µL HPV 16 reactions—tested positive 

with a threshold at 50 RFU. Therefore, the minimum reaction volume was determined to be 
10 µL for HPV 16 and 5 µL for HPV 18. (C-E) Range of reaction volumes incubated and 

measured on the low-cost, open-source fluorimeter. All positive samples for reaction 
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volumes between 5-50 µL are differentiable from negative samples for (C) HPV 16 and (D) 
HPV 18. (E) Detection of 1,000 HPV 16 or 18 in vitro transcripts per µL—or 5,000 

transcripts/reaction—in 25 µL reactions on the low-cost, open-source fluorimeter. Positive 
samples remain differentiable from NTCs on the lower-cost instrument. For all graphs, axes 
were adjusted based on the maximum fluorescence value obtained, and curves were baseline-

subtracted. 

 

Table 4-2: Assay cost as a function of minimum demonstrated reaction volume on each 
fluorimeter  

Instrument Reaction 
volume (µL) 

Reagent cost for 
two singleplex 

reactions (USD)* 

T8-ISO or T16-ISO 50 $17.33 

CFX96 Touch 10 $3.47 

Low-cost, open-
source fluorimeter 

5 $1.74 

*Cost estimate breakdowns included in Table B1 

4.5. Discussion 

We developed a semi-quantitative isothermal reverse transcription and amplification 

strategy with real-time detection of E7 RNA from HPV 16 and 18. We demonstrated that 

the assay has high analytical sensitivity and specificity using synthetic DNA targets. We then 

characterized the reduction in analytical sensitivity with increasingly complex targets: 

extracted cellular DNA, in vitro transcribed RNA, and extracted cellular RNA. Finally, we 

demonstrated advances to reduce assay cost, including multiplexing the HPV 16 and 18 

assays into a single reaction and reducing the reaction volume, and demonstrated use of the 

assay with low-cost equipment designed to be used at the point-of-care.   
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For both HPV 16 and 18 assays, we demonstrate the ability to detect 100-1,000 in 

vitro transcripts and 1,000 E7 transcripts within extracted total RNA from HPV-positive cell 

lines. Based on reported analytical and clinical sensitivity of commercially available HPV 

mRNA tests (Table 4-3), the limit of detection of our methods are appropriate for cervical 

cancer screening applications.  

 

Table 4-3: Summary of commercially-available and newly-developed HPV mRNA tests 

Test Genotypes 
detected 

Commercially 
available? 

Limit of detection Clinical 
sensitivity 
range (%) 

Clinical 
specificity 
range (%) 

Aptima HPV 
(Hologic) 

All high-risk 
HPV 

Yes 44-50 in vitro 
transcripts/reaction 

[169] 

78.1-96.3 
[170] 

25-96.1 
[170] 

QuantiVirus 
HPV E6/E7 
(DiaCarta) 

All high-risk 
HPV 

Yes 1,960 HPV 18 
copies within HeLa 

cell lysate [171] 

71.9-93.4 
[170] 

15.5-85 
[170] 

NucliSens 
EasyQ HPV 

(bioMérieux) / 
PreTect HPV-

Proofer 
(PreTect AS) 

16, 18, 31, 
33, 45 

Discontinued 
[172] 

10 SiHa or CaSki 
cells; 1 HeLa cell 
per reaction [88]; 

estimated 10-
6,000 HPV 16 

transcripts or 500 
HPV 18 transcripts 

[173] 

72-95 
[170] 

45-92.5 
[170] 

Novel, low-
infrastructure 
HPV mRNA 

test (this 
report) 

16, 18 No 100-1,000 in vitro 
transcripts or 

1,000 E7 
transcripts from 
cellular extracts 

To be 
assessed 

To be 
assessed 

 

In a recent systematic review [170], clinical sensitivity for precancer and cancer 

(CIN2+) detection was found to be higher for Aptima compared with PreTect HPV-Proofer 
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or QuantiVirus, PreTect HPV-Proofer showed higher clinical specificity compared with 

Aptima and QuantiVirus, likely due the PreTect HPV-Proofer detecting fewer HPV 

genotypes [170]. Given the comparable clinical sensitivities and specificities of all three tests, 

and considering the range of limits of detection among them, the limit of detection for the 

developed assay—1,000 E7 transcripts per reaction—corresponds to a clinically relevant 

number of HPV 16 and 18 E7 mRNA transcripts. A clinical study is required to confirm 

acceptable clinical sensitivity and specificity. 

As previously noted in Chapter 3, while HPV 16 and 18 account for 70% of invasive 

cervical cancers, the assay must be expanded to include additional genotypes for clinical 

utility. Given the clinical performance of PreTect HPV-Proofer and NucliSens EasyQ HPV, 

as well as recent research that demonstrates maximized specificity when detecting 8 high-risk 

HPV genotypes [165], we anticipate the need to incorporate between 3-6 additional high-risk 

HPV genotypes. This can likely be accomplished with a test format including 3-4 individual 

reactions with 2-3 multiplexed assays in each reaction. 

Finally, future work will focus on optimizing test format to minimize cost and 

complexity. The cost of the assay is driven primarily by two factors: reaction volume and 

degree of multiplexing. Effects of these two factors on reagent cost are demonstrated in 

Table B2. With two singleplex 50 µL reactions per person—one for HPV 16 and one for 

HPV 18— the total reagent cost would be approximately $17 per test. In this report, we 

demonstrated proof-of-concept detection of HPV 16 and 18 RNA in singleplex 25 µL 

reactions and of HPV 16 and 18 DNA in multiplex 50 µL reactions—both of which have a 

projected reagent cost of $9 per person. All cost estimates are based on off-the-shelf costs 

for small-scale orders, and greater cost reduction is likely possible at scale. With the potential 
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for substantial cost reduction through multiplexing and reduced reaction volume, it is of 

high priority to further optimize small volume, multiplexed assay formats.  

In translating our assay to smaller volumes on a low-cost ($850), open-source 

fluorimeter, we demonstrated amplification without any agitation during the incubation 

period, simplifying the workflow relative to the manufacturer-recommendation of vortexing 

reactions four minutes into incubation. Without agitation during incubation, we maintained 

the ability to detect both DNA and RNA targets. These results are consistent with previous 

work demonstrating that reducing RPA reaction volume can circumvent the need for 

agitation during the reaction [161]. 

In order to translate our methods into clinical use, point-of-care RNA or mRNA 

extraction methods need to be developed and integrated into the overall testing workflow. 

With the methods presented here, RNA extraction is required through a commercially 

available RNA extraction kit that costs approximately $5 per extraction (based on the cost of 

New England Biolabs, Inc. Monarch RNA Extraction Kit, T2010, as of September 2020). 

More importantly, the extraction process requires a centrifuge, set of calibrated pipettes and 

pipette tips, and a skilled technician. Future directions for this project include incorporating 

point-of-care RNA extraction, which can build from promising research toward point-of-

care nucleic acid extraction [174]–[179]. Once sample preparation, amplification, and 

detection methods are integrated into a point-of-care test, clinical validation will be needed 

to evaluate clinical utility.  

The work presented here demonstrates a low-cost method for HPV mRNA 

detection with clinically-relevant analytical sensitivity and compatibility with fluorimeters that 

are appropriate for use in resource-limited settings. With the incorporation of integrated 
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sample preparation and detection of additional genotypes, this test has the potential to 

expand access to HPV mRNA testing and reduce overtreatment in resource-limited settings. 

As such, the methods presented in this report are a critical step toward achieving widespread 

HPV mRNA testing globally. 
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Chapter 5 

Conclusions 

5.1. Summary of Results 

This thesis presents describes the development of novel, low-cost tests to detect the 

presence of high-risk HPV DNA and mRNA in resource-limited settings. Both tests target 

HPV 16 and 18—two genotypes that account for 70% of invasive cancers globally—and 

reduce the per-test cost and infrastructure requirements associated with current HPV testing 

methods. 

5.1.1. HPV DNA 

Chapter 3 presented a novel, multiplexed isothermal nucleic acid amplification assay 

for the detection of HPV 16 and 18 DNA. The assay demonstrated sensitive detection in 

small-volume reactions with synthetic and cellular targets. Sample preparation methods were 

optimized for use with cellular samples from cervicovaginal swabs. Sample preparation, 

DNA amplification, and lateral flow detection with custom lateral flow strips were integrated 

into a sample-to-answer test format using the NATflow platform in collaboration with 

Axxin Pty Ltd. The integrated test detected as few as 500-1,000 copies of HPV 16 or 18 E7 
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DNA within cellular lysate from cervicovaginal swabs that had been collected into a 

preservative buffer. 

5.1.2. HPV mRNA 

In Chapter 4, a low-cost, low-infrastructure method of detecting HPV 16 and 18 

mRNA is presented. Building from the isothermal nucleic acid amplification methods 

described in Chapter 3, the test was translated into a real-time detection format for semi-

quantitative mRNA detection. The developed mRNA test was evaluated with synthetic and 

cellular samples and demonstrated a clinically relevant limit of detection of 1,000 HPV 16 or 

18 E7 transcripts, extracted from cellular samples, per reaction. Finally, the test was 

demonstrated in multiplexed and small volume assay formats on low-cost fluorimeters, 

which significantly reduce the per-test reagent and instrument costs. 

5.2. Conclusion 

In conclusion, this thesis accomplished two specific aims: 

Specific Aim 1:  Designed an integrated, sample-to-answer HPV 16 and 18 DNA 

test that relies on isothermal amplification and lateral flow 

detection. The test demonstrated a limit of detection of 500-

1,000 HPV 16 or 18 DNA copies per reaction, which is 

comparable to commercially available tests. 

Specific Aim 2:  Developed a semi-quantitative HPV 16 and 18 mRNA test that 

relies on real-time isothermal amplification and fluorescence 
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detection with a clinically relevant limit of detection of 1,000 

HPV 16 or 18 E7 transcripts per reaction. 

Existing tools for point-of-care molecular testing continue to face challenges that 

preclude effective use in resource-limited settings. One of the most significant gaps is 

integration of pre- and post-amplification processes—including sample preparation, 

amplification, and endpoint detection—into a contained device that reliably produces 

accurate results and prevents workspace contamination by amplified DNA. I addressed this 

gap in Specific Aim 1 by developing an isothermal amplification assay and optimizing and 

validating a platform that accomplishes reliable, integrated, sample-to-answer molecular 

testing in a format that effectively prevents workspace contamination by amplified DNA. 

Moreover, the test platform is simple to use, requiring minimal training to perform a test on 

the platform competently and confidently, and is manufacturable at scale. Developing this 

test as a truly integrated sample-to-answer platform will allow other scientists to leverage 

these advances in order to translate promising laboratory-based nucleic acid amplification 

and endpoint detection methods into point-of-care tests. 

In addition, semi-quantitative and quantitative mRNA testing provides a wealth of 

useful diagnostic information. Existing tools for point-of-care mRNA testing are also quite 

limited. In Specific Aim 2, I developed and demonstrated a reaction scheme that is 

compatible with fluorimeters designed for use at the point of care. In doing so, I have 

developed solutions that meet critical point-of-care molecular testing needs by contributing a 

low-cost, low-infrastructure method for semi-quantitative mRNA detection in resource-

limited settings. 
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5.3. Future Research Directions 

Future research directions for this work primarily relate to clinical translation of the 

developed tests. A critical future research direction for both tests presented in this thesis is 

to incorporate additional genotypes. The developed tests detect HPV 16 and 18, which 

account for approximately 70% of invasive cervical cancers globally; however, six additional 

genotypes will need to be included to maximize clinical sensitivity and specificity [165]. 

For the developed DNA test, direct collection of cervicovaginal swabs into our 

point-of-care-friendly lysis buffer will be validated. For the HPV mRNA test, point-of-care 

RNA extraction methods will be developed, and the testing methods will be adapted to a 

sample-to-answer format that minimizes pipetting steps and integrates sample preparation.  

Finally, larger-scale clinical evaluations of both tests will be necessary to understand 

clinical performance and inform any further test optimizations. Clinical evaluation of both 

tests is planned in Houston, Texas and in Maputo, Mozambique. 

The work to develop HPV 16 and 18 DNA and mRNA tests presented here can be 

adapted to additional molecular targets. The NATflow platform, in particular, is an effective 

tool to integrate nucleic acid amplification tests to prevent workspace contamination by 

amplified DNA. This thesis presents optimized strategies to facilitate adapting additional 

nucleic acid amplification assays to the NATflow platform for sample-to-answer molecular 

testing, which could increase the accessibility of molecular testing for a wide number of 

infectious and inherited diseases in resource-limited settings. 
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Appendix A 

 This appendix contains supplemental information for Chapter 3, including primer 

and probe sequences, in-depth characterization of sample preparation and lateral flow 

detection, stability data, and detailed clinical testing results. 

Table A1: Primer and probe sequences 

Target Assay Type Name Sequence (5’ Æ 3’) Source 

HPV 
16 

qPCR Forward 
primer 

16qF ATGACAGCTCAGAGGAGGAGGA P3 

qPCR Reverse 
primer 

16qR ACAACCGAAGCGTAGAGTCACA P3 

RPA 
nfo 

Forward 
primer 

16rF CATGGAGATACACCTACATTGCATGAATAT pRPA 

RPA 
nfo 

Probe 16rP /56-FAM/CAATTAAATGACAGCTCAGAGGA 
GGAGGATGAAA/IDSP/AGATGGTCCAGCTG
G/3SPC3/ 

pRPA 

RPA 
nfo 

Reverse 
primer 

16rR /5BIOSG/CACAACCGAAGCGTAGAGTCACA
CTTGCAA 

pRPA 

HPV 
18 

qPCR Forward 
primer 

18qF CCGAACCACAACGTCACACAAT P3 

qPCR Reverse 
primer 

18qR AAGGTCGTCTGCTGAGCTTTCT P3 

RPA 
nfo 

Forward 
primer 

18rF AAGACATTGTATTGCATTTAGAGCCCCAAA pRPA 

RPA 
nfo 
(Mil) 

Probe 18rPM /56-FAM/CAGAGGAAGAAAACGATGAAA 
TAGATGGAGTTAA/IDSP/CATCAACATTTAC
CA/3SPC3/ 

pRPA 

RPA 
nfo 
(NAT) 

Probe 18rPN /5DIGN/CAGAGGAAGAAAACGATGAAATAG
ATGGAGTTAA/IDSP/CATCAACATTTACCA/3
SPC3/ 

pRPA 

RPA 
nfo 
(Mil) 

Reverse 
primer 

18rRM /5DIGN/TACTAGCTCAATTCTGGCTTCACAC
TTACA 

pRPA 

RPA 
nfo 
(NAT) 

Reverse 
primer 

18rRN /5BIOSG/TACTAGCTCAATTCTGGCTTCACA
CTTACA 

pRPA 

Beta 
Actin 

qPCR Forward 
primer 

ACTBqF TCGAGCAAGAGATGGCCAC 
 

Leitao 
et al 

qPCR Reverse 
primer 

ACTBqR GGAAGGAAGGCTGGAAGAGT Leitao 
et al 

Mil: Milenia lateral flow strips; NAT: NATflow-compatible lateral flow strips. Sequences listed with 
modifications per Integrated DNA Technologies, Inc. conventions. Modifications present between slashes. 56-
fam: 5’ single isomer derivative of fluorescein; idsp: internal 1’,2’ dideoxyribose (dSpacer); 3spc3; 5biosg: 5’ 

biotin; 5dign: 5’ digoxigenin. Beta Actin primers from Leitao et al, 2014 [180]. 
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Figure A1: RPA nfo uncut and cut products. RPA nfo relies on an unlabeled forward primer, 
probe with an antigenic label, nfo cut site, and 3’ blocker, and a reverse primer with a second 
antigenic label. When the probe is in a double stranded context, the nfo enzyme cleaves the 
nfo cut site, releasing the blocker and allowing polymerase extension during amplification. 

Amplification between forward and reverse primer produces an uncut product with just one 
antigenic label. Amplification between probe and reverse primer produces a cut product with 

two antigenic labels that can be captured in lateral flow sandwich assays. 

 

forward primer
nfo cut 

site
3’ blocker

antigenic 
label 1

antigenic 
label 2

reverse primer

probe

uncut product: forward to reverse primer

cut product: probe to reverse primer
detected in lateral flow sandwich assay

5’ 3’
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Figure A2: Characterization of lysis by ACP. (A-D) Comparison of lysis methods on pooled 
negative samples stored for more than 1 year in SurePath media. (A,C) Quantification of 

positive control DNA amplified in each buffer and normalized to positive control DNA in 
water to characterize qPCR inhibition by each buffer. (B,D) Equal numbers of cells were 
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lysed by buffers, directly amplified in qPCR, and normalized by the ratios in (A,C). (A,B) 
Positive control DNA (A) and cells (B) were added to each buffer and heated at 23 ºC for 5 
min then 75 ºC for 5 min prior to direct amplification in qPCR. (C,D) Lysis by thermolabile 
proteinase K (ProtK) heated at 37 ºC for 15 min then 56 ºC for 10 min, ACP heated at 23 ºC 
for 5 min then 75 ºC for 5 min, and TCEP+NaOH heated at 75 ºC for 5 min prior to direct 
amplification in qPCR. (E) ACP lysis of cells preserved in PreservCyt buffer for 24-96 hours 
normalized by the ratios in (C). No statistically significant difference was observed in DNA 

detected from lysate over the course of 96 hours (p=0.22-0.81). n=3 for NTC. (F) 
Comparison of fresh versus lyophilized ACP. No statistically significant difference was 

observed between lysis by freshly prepared and lyophilized ACP (p=0.11). Unless otherwise 
noted, NTC n=4; remaining conditions n=9 (3 biological and 3 technical replicates). NLC: no lysis 

control; NTC: no target control; ACP: achromopeptidase; Lyo: lyophilized; N.S.: not statistically 
significant. 

 

 

 

Figure A3: Lateral flow assay (LFA). (A) Sandwich assay components at each line of the 
custom NATflow-compatible lateral flow strips (top) and commercially available Milenia 

HybriDetect 2 lateral flow strips (bottom). (B) Zero (NTC) or 104 input copies of HPV 16 
or 18 DNA were amplified using the NATflow and Milenia RPA nfo assays. The products 

were diluted 1:50 in 1X PBST (for use with custom NATflow-compatible lateral flow strips) 
or supplied buffer (for use with Milenia lateral flow strips). Products were diluted by two 

more orders of magnitude into each buffer. 10 µL of each dilution was applied to the 
corresponding lateral flow strips in triplicate and placed into 200 µL 1X PBST (Custom 
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NATflow-compatible) or 80 µL Milenia buffer (Milenia). Custom NATflow-compatible 
strips were scanned after 15 minutes, and Milenia strips were scanned after 5 minutes per 
manufacturer instructions. (C) Signal-to-background ratio (SBR) was plotted for HPV 18 
and 16 test lines for custom NATflow-compatible and Milenia strips. Mean ± standard 

deviation, n=3 for each condition. Positivity threshold, indicated by the dashed line, was 
calculated to be 1.23 (custom NATflow-compatible) and 1.00 (Milenia).  The limit of 

detection for all strips is the 1:500 dilution. NTC: No-target control; SBR: signal-to-background 
ratio. 

 

 

 

Figure A4: Lateral flow assembly instructions. First, remove the backing paper from the 
sticky acetate. Second, adhere the printed nitrocellulose, aligning it to the dashed line on the 
right. Third, adhere the glass fiber pad with lyophilized gold nanoshells, aligning the circular 

cutouts, and align the cellulose wicking pad on the opposite end of the strip. 

 

 

 

 

 

1. Remove paper from sticky acetate

2. Adhere printed nitrocellulose

3. Add glass fiber pad with lyophilized gold nanoshells and cellulose
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Figure A5: Lateral flow stability. Intensity of the (A) HPV 16 test line, (B) HPV 18 test line, 
and (C) control line following up to four weeks of storage prior to running the test. Lateral 

flow strips were prepared in a large batch during week 0. The lateral flow strips with 
lyophilized gold nanoshell-containing sample pads were prepared as described in the 

methods, though with a shorter sample pad and longer nitrocellulose membrane than in the 
final lateral flow design. A negative control (nuclease-free water) and a positive control 

(10,000 copies of HPV 16 and 18 DNA) were amplified by the RPA nfo assay, diluted 1:50 
in 1X PBST, and stored at 4 ºC for the duration of the study. Lateral flow strips were stored 
in a sealed foil pouch with desiccant at each of the following conditions: -20 ºC, 4 ºC, room 
temperature (RT, approximately 23 ºC), and high heat and humidity (HH, 37 ºC inside of a 

sealed, quart-size plastic container alongside a beaker of filtered water). Each week, a 
minimum of three lateral flow strips from each storage condition was removed, 10 µL of the 

stored amplicon was added to the sample pad, and the strips were placed in 200 µL 1X 
PBST. After 45 minutes, the strips were scanned, and signal-to-background ratio (SBR) was 
calculated. Test and control line signals decreased but are visible over the 4 week time period 

across all storage conditions except the high heat and humidity condition, in which signal 
disappears after two weeks of storage. (D, Left) Images of the example lateral flow strips at 
the week 3 timepoint stored at RT and HH. The greater blue intensity of the glass fiber pad 
stored at HH suggest that storage at HH affects complete release of gold nanoshells from 
the glass fiber pad, likely due to the hydrophobicity of the gold nanoshells. (D, Right) To 

confirm signal loss can be attributed to incomplete conjugate release, we replaced the stored 
gold nanoshell sample pads with freshly prepared gold nanoshell sample pads. The control 
line in the negative control (NTC) and test and control lines in the positive control were 

restored with freshly prepared gold nanoshells. 
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Figure A6: Cartridge optimization. Amplification reaction volume, elution buffer volume, 
and gold nanoshell volume were optimized within the NATflow cartridge; selected 

conditions are indicated by bold font. (A) Amplification reaction volumes between 5 and 50 
µL were loaded into amplification cartridges and with 450 µL elution buffer in the cap. 5 µL 
reactions did not contain enough volume to reliably displace from the PCR tube within the 

amplification chamber, leading to false negatives. 10 to 20 µL reactions both produced 
relatively strong signal. 50 µL reactions showed weaker signal, likely due to insufficient 
dilution of RPA crowding agents. 10 µL reactions were chosen to maximize signal and 

minimize RPA reagent cost per test. (B) Elution buffer volumes between 250 to 450 µL were 
loaded into the amplification chamber cap and tested with 10 µL amplification reactions. 
Smaller elution buffer volumes increased signal on the strip, and 250 µL of elution buffer 

was chosen. (C) Gold nanoshells were diluted to an optical density of 5 OD, and 20 to 80 µL 
were loaded onto sample pads of lateral flow strips. Strongest signal was apparent with 40 µL 
of gold nanoshells, but 20 µL was chosen, as test lines were still visible and due to the high 

cost of gold nanoshells. 
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Figure A7: Characterization of cervicovaginal cellular samples. Copy numbers of HPV 16 or 
18 and beta actin cellular controls were measured by qPCR. Samples are categorized as 

negative, other high-risk HPV (hrHPV), HPV 18 or HPV 16 based on the standard-of-care 
test result, and are ordered from lowest to highest HPV copy numbers. 
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Figure A8: Clinical testing results measured by Axxin AX-2X-S. (A) Images of lateral flow 
strips scanned by the Axxin AX-2X-S lateral flow reader 15 minutes after eluting amplicon 
onto the lateral flow strip. (B) Peak signal at each HPV 16 and 18 test line measured by the 

Axxin AX-2X-S lateral flow reader. Threshold was set as the average ± 3 standard deviations 
of the HPV 16 and 18 test lines of the three negative samples. Positivity was defined as the 

calculated peak value crossing the threshold. 
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Figure A9: Clinical testing results measured by flatbed scanner. (A) Scanned cartridge images 
15 minutes after eluting amplicon onto the lateral flow strip. Due to the depth of the lateral 

flow strip in the cartridge, and therefore the corresponding distance from the flat-bed 
scanner, signal appears weaker in scanned images relative to images acquired on the Axxin 
reader. (B) Signal-to-background ratios for cartridges displayed in (A). Without controlled 
lighting, no HPV 16 samples below 1,000 copies per reaction are detected, and one sample 
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just above 1,000 copies per reaction is missed. No changes were observed to HPV 18 
detection relative to the Axxin AX-2X-S reader. 

 

Table A2: Estimated reagent and cartridge costs for multiplex 10 µL HPV 16 and 18 DNA 
amplification test on NATflow cartridge. 

Test 
component Material Supplier, 

Product number 
Cost per 

multiplex 10 µL 
reaction (USD) 

Sample prep Achromopeptidase Millipore Sigma, 
A3547 0.01 

Amplification 

RPA nfo reagents TwistDx, Limited, 
TAEXO02KIT 0.85 

Primers 
Integrated DNA 
Technologies, 
Inc., Custom 

0.02 

Probes 
Integrated DNA 
Technologies, 
Inc., Custom 

0.02 

Lateral flow 

Capture antibodies 
abcam, ab19224 

and ab64509; 
Sigma-Aldrich 

B7401 
0.18 

Nitrocellulose Sartorius, UniStart 
CN95 0.09 

Cellulose Millipore, 
CFSP223000 0.01 

Acetate Blick Art Supplies, 
55525-1021 0.03 

Glass fiber Alstrohm 8951 0.01 

Elution buffer Genesee 
Scientific, 18-173 0.01 

Gold nanoshells NanoComposix, 
GSIR150 2.75 

Nuclease-free water 
ThermoFisher 

Scientific, 
AM9938 

0.00 

Cartridge NATflow cartridge Axxin Pty Ltd 1.00 

     Total per-test 
cost (USD): $4.97 
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Appendix B 

 This appendix contains supplemental information for Chapter 4, including primer 

and probe sequences, HPV 16 and multiplex assay optimization, dNTP optimization for RT-

RPA, and per-test reagent cost estimates. 

Table B1: Primer and probe sequences for RPA and RT-RPA exo 

Target Assay Type Name Sequence (5’ Æ 3’) Design 
software 

HPV 
16 

PCR Forward 
primer 

16qF ATGACAGCTCAGAGGAGGAGGA P3 

PCR Reverse 
primer 

16qR ACAACCGAAGCGTAGAGTCACA P3 

RPA 
exo 

Forward 
primer 

16rF CATGGAGATACACCTACATTGCATGAATAT pRPA 

RPA 
exo 

Probe 16rP CAATTAAATGACAGCTCAGAGGAGGAGGA(I-
FAM)G(DSP)AA(I-TBHQ1)AGATGGTCCA 
GCTGG-SPACERC3 

pRPA 

RPA 
exo 

Reverse 
primer 

16rR CACAACCGAAGCGTAGAGTCACACTTGCAA pRPA 

HPV 
18 

PCR Forward 
primer 

18qF CCGAACCACAACGTCACACAAT P3 

PCR Reverse 
primer 

18qR AAGGTCGTCTGCTGAGCTTTCT P3 

RPA 
exo 

Forward 
primer 

18rF AAGACATTGTATTGCATTTAGAGCCCCAAA pRPA 

RPA 
exo 

Probe 18rPM CAGAGGAAGAAAACGATGAAATAGATGGAG(
I-FAM) T(DSP)A(I-TBHQ1)CATCAACATTT 
ACCA-SPACERC3 

pRPA 

RPA 
exo 

Reverse 
primer 

18rRM TACTAGCTCAATTCTGGCTTCACACTTACA pRPA 

Probe modifications are listed per Biosearch Technologies, Inc. conventions. PCR primers apply both to 
qPCR and RT-qPCR assays. RPA exo primers and probes apply both to RPA exo and RT-RPA exo 

assays. P3: Primer3; pRPA: PrimedRPA. All primer sequences previously reported in Chapter 3. 
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Figure B1: Suppression of false positives arising from spurious primer-probe interactions in 
the HPV 16 assay. Seven no-target controls (NTCs) and one positive control of 10,000 input 
copies of HPV 16 DNA were tested in each condition. (A) A range of volumes of Tte UvrD 
helicase (20 µg/mL) between 0 and 0.6 µL was added to each 50 µL reaction. The optimal 

condition was 0.2 µL per 50 µL reaction for an effective helicase concentration of 4 
ng/reaction. (B) Probe concentrations of 150 nM and 300 nM were tested with 0.2 µL Tte 

UvrD helicase included in each 50 µL reaction. Reducing the amount of probe from 
manufacturer-recommended concentration of 300 nM to 150 nM reduced the magnitude of 
both false positives and true positives. With 150 nM probe and 4 ng helicase/50 µL reaction, 

false positives are suppressed and true positives are maintained. 
 

 

 

Figure B2: dNTP optimization for RNA detection. Additional dNTPs ranging from 0 to 3 
mM were added to 50 µL HPV 18 RNA reactions with (+) or without (-) reverse 
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transcriptase (RT). 10,000 in vitro HPV 18 transcripts were added to each reaction. The 
addition of 3 mM dNTPs strongly improved amplification efficiency without introducing 

false positives. RFU: relative fluorescence units.  
 
 
 

 

Figure B3: Multiplex assay optimization. A range of HPV 16 and 18 primers and probes 
were tested in order to identify a multiplex assay formulation that does not produce false 
positives and minimizes time to threshold for both targets. Each assay formulation (A-G) 
was tested with 6 no-target controls (NTCs), an HPV 16 positive control, and an HPV 18 

positive control. Both positive controls were prepared at a concentration of 10,000 
copies/reaction. Standard multiplexed concentrations (condition A) produced false positives 

in 6/6 NTCs. Lowering the HPV 16 probe to 30 nM markedly reduced false positives in 
conditions B-G. Condition F was determined to be the optimal formulation for false positive 

suppression (0/6 false positives) and time to threshold (7.8-8.8 minutes). 
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Table B2: Reagent costs for a range of reaction volumes for singleplex and multiplex assays. 

        Cost per reaction (USD) 

        SPX MPX SPX SPX MPX 

Component
  

Supplier, 
Product 
number 

Cost per 
unit (USD) 

Units per 
50 µL 

reaction 
50 µL 50 µL 25 µL 10 µL 10 µL 

RPA exo 
reagents 

TwistDx, 
Limited, 

TAEXO02KIT 
4.27 1.00 4.27 4.27 2.14 0.85 0.85 

SuperScript 
IV reverse 

transcriptase 

ThermoFisher 
Scientific, 
18090200 

6.86 0.50 3.43 3.43 1.72 0.69 0.69 

dNTP mix 
New England 
Biolabs, Inc., 

N0447 
0.06 1.50 0.09 0.09 0.05 0.02 0.02 

RNaseH 
New England 
Biolabs, Inc., 

M0297 
0.28 1.00 0.28 0.28 0.14 0.06 0.06 

Tte UvrD 
helicase 

New England 
Biolabs, Inc., 

M1202 
1.80 0.20 0.36 0.36 0.18 0.07 0.07 

Nuclease-
free water 

ThermoFisher 
Scientific, 
AM9938 

0.00 3.20 0.00 0.00 0.00 0.00 0.00 

Primers 
Integrated 

DNA 
Technologies, 
Inc., Custom 

0.03 4.20 0.11 0.21 0.05 0.02 0.04 

Probes 
LGC Biosearch 
Technologies, 

Custom 
0.20 0.60 0.12 0.24 0.06 0.02 0.05 

      Cost per 
person 17.33 8.89 8.66 3.47 1.78 

 
If a singleplex (SPX) assay is run, two reactions would be run per person—one for HPV 16 
and one for HPV 18, thereby doubling the cost of reagents. If a multiplex (MPX) assay is 

run, a single assay would be run per person. The presented assay is characterized most 
thoroughly in singleplex 50 µL reaction format. In this report, results are shown for 

multiplex 50 µL reactions, singleplex 5-50 µL DNA reactions, and singleplex 25 µL RNA 
reactions. In Chapter 3, we demonstrated the ability to multiplex 10 µL reactions relying on 
the same primers employed in this study with detection of DNA by endpoint lateral flow 

instead of real-time fluorescence. Based on the results in Chapter 3, multiplexing is possible 
for 10 µL reactions, which would reduce the reagent cost per person to $1.78. 
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