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Abstract 
Persistent infection with high-risk types of human papillomaviruses (HPV) is a major 
cause of cervical cancer, and an important factor in other malignancies, for 
example, head and neck cancer. Despite recent progress in screening and 
vaccination, the incidence and mortality are still relatively high, especially in low-
income countries. The mortality and financial burden associated with the treatment 
could be decreased if a simple, rapid, and inexpensive technology for HPV testing 
becomes available, targeting individuals for further monitoring with increased risk of 
developing cancer. Commercial HPV tests available in the market are often relatively 
expensive, time-consuming, and require sophisticated instrumentation, which limits 
their more widespread utilization. To address these challenges, novel technologies 
are being implemented also for HPV diagnostics that include for example, isothermal 
amplification techniques, lateral flow assays, CRISPR-Cas-based systems, as well as 
microfluidics, paperfluidics and lab-on-a-chip devices, ideal for point-of-care testing 
in decentralized settings. In this review, we first evaluate current commercial HPV 
tests, followed by a description of advanced technologies, explanation of their 
principles, critical evaluation of their strengths and weaknesses, and suggestions for 
their possible implementation into medical diagnostics. 
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1 | INTRODUCTION 

In fec t ion w i t h h u m a n p a p i l l o m a v i r u s ( H P V ) is b e l i e v e d t o be the m o s t 

c o m m o n sexua l l y t r a n s m i t t e d i n f e c t i o n in t he w o r l d . It is e s t i m a t e d 

tha t o v e r 8 0 % o f i nd i v i dua l s w i l l e x p e r i e n c e H P V i n f e c t i o n at s o m e 

po in t in t he i r l i v e s . 1 M o s t o f >200 k n o w n t y p e s o f H P V d o no t p o s e 

s ign i f i can t hea l th r isk, a n d if s o , t h e y a re m o s t l y m a n i f e s t e d by sk in o r 

gen i ta l w a r t s . 2 A d i s t i nc t s u b s e t o f H P V s t e r m e d h igh - r i sk ( h r H P V s , 

e.g., H P V 1 6 , 1 8 , 3 1 , 3 3 , o r 4 5 ) , h o w e v e r , m a y i n d u c e ma l i gnan t 

t r a n s f o r m a t i o n o f ep i the l i a l t i s sue , l e a d i n g t o t h e f o r m a t i o n of 

p r e c a n c e r o u s l es ions a n d u l t i m a t e l y c a n c e r — e s p e c i a l l y ce rv i ca l 

c a n c e r ( C C ) , 3 bu t t o a lesser d e g r e e a l so a n o g e n i t a l t u m o r s 4 o r h e a d 

and n e c k c a n c e r ( H N C ) . 5 In fec t ion w i t h h r H P V d o e s no t n e c e s s a r i l y 

resu l t in c a n c e r ; t he v i rus is o f t e n c l e a r e d by t h e i m m u n e s y s t e m 

(w i th in 2 - 3 years) w i t h o u t t he f o r m a t i o n o f l e s i o n s . 6 It is t he 

pe rs i s ten t i n f e c t i o n a s s o c i a t e d w i t h t h e i n teg ra t i on o f v i ra l D N A in to 
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t h e h o s t g e n o m e tha t is r e s p o n s i b l e f o r a s l o w t r a n s f o r m a t i o n o f t h e 

e p i t h e l i u m . 7 

His to r i ca l l y , t h e r e h a v e b e e n s e v e r a l m i l e s t o n e s in t he s c r e e n i n g 

and p r e v e n t i o n o f C C . F o r i n s t a n c e , i n t r o d u c t i o n o f t h e P a p 

(Papan i co laou ) tes t as a r o u t i n e l y u s e d c y t o l o g i c a l tes t s a v e d 

t h o u s a n d s o f l i ves a n d c a u s e d C C , t h e n u m b e r o n e c a n c e r k i l ler o f 

w o m e n in t he U S in ea r l y 1 9 0 0 s , t o d r o p o u t f r o m t h e t o p 1 0 . 8 

H o w e v e r , in a w e l l - k n o w n A T H E N A t r ia l , H P V t e s t i n g w a s s h o w n to 

be a m o r e s e n s i t i v e s t ra tegy f o r C C s c r e e n i n g t h a n the P a p tes t a l o n e , 

tha t is, H P V t e s t i n g had a l o w e r f a l s e - n e g a t i v e ra te f o r p r e d i c t i n g 

ce rv i ca l l e s i o n s . 9 T h i s imp l i es tha t by u s i n g H P V m o l e c u l a r 

d i a g n o s t i c s , m o r e w o m e n can be i den t i f i ed a n d d i r e c t e d f o r f u r t he r 

s u r v e i l l a n c e o r t r e a t m e n t , w h i c h is a r e a s o n w h y H P V t e s t i n g is n o w 

b e i n g c o n s i d e r e d as an add i t i ona l s c r e e n i n g m e t h o d f o r C C in m a n y 

d e v e l o p e d c o u n t r i e s . 1 0 

A n o t h e r m i l e s t o n e is t h e H P V v a c c i n a t i o n , w h i c h has h e l p e d 

b r ing d o w n the p r e v a l e n c e o f C C in t h e U S a l o n e by 6 4 % in f e m a l e s 

a g e d 1 4 - 1 9 y e a r s . 1 1 T h e r e a re c u r r e n t l y t h r e e a p p r o v e d p r o p h y l a c t i c 

v a c c i n e s , tha t is, Gardasi l® (quad r i va len t v a c c i n e i n t r o d u c e d in 2 0 0 6 

t a r g e t i n g H P V 6 , H P V 1 1 , H P V 1 6 a n d H P V 1 8 ) , Cervar i x® (b iva len t 

v a c c i n e s i n c e 2 0 0 7 t a r g e t i n g H P V 1 6 a n d H P V 1 8 ) a n d G a r d a s i l 9® 

(nonava len t v a c c i n e s i n c e 2 0 1 4 t a r g e t i n g H P V 6 , H P V 1 1 , H P V 1 6 , 

H P V 1 8 , H P V 3 1 , H P V 3 3 , H P V 4 5 , H P V 5 2 a n d H P V 5 8 ) . 1 2 C l i n i ca l t r ia ls 

t a r g e t i n g y o u n g w o m e n h a v e s h o w n s im i la r a n d v e r y h igh e f f i c a c i e s 

f o r all t h r e e v a c c i n e t y p e s , s u c h as F U T U R E tr ia ls f o r G a r d a s i l ( 9 8 % 

e f f i c a c y ) , 1 3 P A T R I C I A tr ial (shor t f o r P A p i l l o m a TRIa l aga ins t C a n c e r 

In y o u n g A d u l t s ) f o r C e r v a r i x ( 9 2 . 9 % e f f i c a c y ) 1 4 a n d N C T 0 0 5 4 3 5 4 3 

s t u d y f o r G a r d a s i l 9 w i t h 9 7 % e f f i c a c y . 1 5 M o r e o v e r , r a n d o m i z e d , 

d o u b l e - b l i n d c l in ica l tr ial d e m o n s t r a t e d tha t t h e q u a d r i v a l e n t H P V 

v a c c i n e e f f i c i en t l y p r e v e n t s i n f e c t i o n w i t h H P V 6 , 1 1 , 1 6 , a n d 1 8 a n d 

t h e d e v e l o p m e n t o f re la ted e x t e r n a l gen i ta l l es ions a l so in y o u n g 

m e n , 1 6 a n d a s im i la r tr ial is u n d e r w a y t o s h o w e f f i c a c y f o r t h e 

n o n a v a l e n t v a c c i n e in m e n . 1 7 H P V v a c c i n e s are c o n s i d e r e d v e r y sa fe , 

w i t h o n l y m i l d s i de e f f e c t s , s u c h as pa in a n d s w e l l i n g at t h e i n jec t i on 

s i te , f e v e r o r h e a d a c h e . O n t h e o t h e r h a n d , t h e i m p l e m e n t a t i o n o f t h e 

v a c c i n e s is fa r f r o m un i ve rsa l o r e q u i t a b l e , ma in l y d u e t o h igh v a c c i n e 

c o s t s , r e c e n t s u p p l y s h o r t a g e , o r i n a d e q u a t e d e l i v e r y a n d s t o r a g e 

i n f r as t ruc tu re , bu t a l so d u e t o t he C O V I D - 1 9 p a n d e m i c tha t has 

a f f e c t e d e x i s t i n g H P V v a c c i n a t i o n p r o g r a m s a n d ha l ted t h e i n t r o d u c 

t i on o f n e w p r o g r a m s , 1 8 o r b e c a u s e o f v a c c i n e h e s i t a n c y a n d 

a s s o c i a t e d lack o f c o m m u n i t y e n g a g e m e n t . 1 9 

Less f r e q u e n t , bu t ce r ta in l y n o t less i n te res t i ng , is d e t e r m i n i n g 

H P V s ta tus in H N C . T h e v i rus is i m p l i c a t e d as the c a u s a t i v e a g e n t of 

ce r ta in H N C s u b t y p e s , e s p e c i a l l y o r o p h a r y n g e a l c a r c i n o m a s ( O P C ) 2 0 

w h e r e w e w i t n e s s e d in pas t yea rs a s t e e p i n c r e a s e in i n c i d e n c e in 

n o n - s m o k e r s u n d e r t he age o f 5 0 . 2 1 A m e t a - a n a l y s i s o n >12 0 0 0 

H N C c a s e s p u b l i s h e d in T h e L a n c e t O n c o l o g y r e v e a l e d tha t ~ 3 2 % of 

all c a s e s w e r e H P V - p o s i t i v e , w i t h H P V 1 6 b e i n g t h e m o s t f r e q u e n t 

s u b t y p e (>80%) . 2 2 It w a s s h o w n tha t H P V pos i t i v i t y in H N C s t r o n g l y 

c o r r e l a t e s w i t h a b e t t e r p r o g n o s i s 2 0 s u g g e s t i n g a d i f f e ren t b io log i ca l 

bas is t h a n in H P V - n e g a t i v e t u m o r s , a n d t h u s d i f f e r e n t a p p r o a c h to 

t h e r a p y m a n a g e m e n t . 2 3 I ndeed , i n f o r m a t i o n a b o u t H P V s ta tus in 

t h e s e c a s e s c o u l d be he lp fu l in s e l e c t i n g su i t ab le t r e a t m e n t . 

H P V d i a g n o s t i c s is p e r f o r m e d w i t h c o m m e r c i a l l y ava i l ab le H P V 

tes ts , d e s c r i b e d in g r e a t e r de ta i l in S e c t i o n 2 . T h e s e tes ts , h o w e v e r , 

are re la t i ve l y e x p e n s i v e , t i m e - c o n s u m i n g , a n d requ i re a d v a n c e d 

i n s t r u m e n t a t i o n , l im i t i ng the i r m o r e w i d e s p r e a d a p p l i c a t i o n e s p e c i a l l y 

o u t s i d e t h e l a b o r a t o r i e s at t he p o i n t - o f - c a r e , o r in l o w - r e s o u r c e 

s e t t i n g s . 2 4 N o t su rp r i s i ng l y , a p l e t h o r a of n o v e l s t a t e - o f - t h e - a r t 

t e c h n o l o g i e s h a v e e m e r g e d w i t h t h e a im o f r e d u c i n g ove ra l l cos t , 

t i m e , o r mate r ia l c o n s u m p t i o n in H P V d e t e c t i o n . T h e s e i nc l ude f o r 

e x a m p l e , v a r i o u s i s o t h e r m a l a m p l i f i c a t i o n t e c h n i q u e s ( lATs) as rap id 

a l t e rna t i ves t o c lass ica l P C R ( p o l y m e r a s e c h a i n r e a c t i o n , d e s c r i b e d in 

S e c t i o n 3), d o t b lo ts a n d la tera l f l o w assays w i t h c o l o r i m e t r i c r e a d o u t 

as s i m p l e t o o l s idea l f o r l o w - r e s o u r c e se t t i ngs (Sec t i on 4), C R I S P R -

C a s t e c h n o l o g y ( a c r o n y m f o r c l u s t e r e d regu la r l y i n t e r s p a c e d s h o r t 

p a l i n d r o m i c r e p e a t s — C R I S P R - a s s o c i a t e d p ro te ins ) a d a p t e d f o r b i o -

s e n s i n g r e s e a r c h tha t g rea t l y i m p r o v e s s p e c i f i c i t y o f d e t e c t i o n 

(Sec t ion 5), m i c r o f l u i d i c , p a p e r f l u i d i c a n d l a b - o n - a - c h i p ( L O C ) 

t e c h n o l o g i e s tha t i n teg ra te all r eac t i on s t e p s i n to a s ing le d e v i c e 

(Sec t ion 6), o r n a n o m a t e r i a l s tha t i n c r e a s e sens i t i v i t y o f t he 

m e a s u r e m e n t (Sec t i on 7). In th is r e v i e w , w e s h o w tha t t h e s e 

t e c h n o l o g i e s are p r o m i s i n g c a n d i d a t e s in c u r r e n t H P V d iagnos t i c s , 

but w e a lso r epo r t t h e o b s t a c l e s tha t t h e s e t e c h n o l o g i e s m u s t 

o v e r c o m e t o c o m p e t e w i t h s t a n d a r d m e t h o d s o f d e t e c t i o n t o be 

app l i ed in c l in ica l r ou t i ne . 

2 | OVERVIEW OF C O M M E R C I A L HPV 
TESTS 

In c l in ica l p r a c t i c e , ce rv i ca l c y t o l o g y ( c o m m o n l y k n o w n as P a p s m e a r 

o r P a p test) is a r o u t i n e C C s c r e e n i n g f o r t h e d e t e c t i o n o f a b n o r m a l 

ce rv i ca l ep i the l i a l ce l l s tha t m a y i nd i ca te p r e c a n c e r o u s l es ions o r 

ce rv i ca l c a r c i n o m a . D u e t o t h e l o w sens i t i v i t y o f P a p tes ts , m o l e c u l a r 

H P V d i a g n o s t i c s w h i c h i den t i f i es p r e s e n c e o f an i n f e c t i o n w i t h h i g h -

r isk t y p e s of H P V has b e e n a p p r o v e d as an add i t i ona l t e c h n i q u e f o r 

C C s c r e e n i n g . In fac t , t h e r e is a g radua l t r ans i t i on f r o m c y t o l o g i c a l 

t e s t i n g a l o n e t o a c o m b i n a t i o n o f c y t o l o g y a n d m o l e c u l a r t e s t i n g o r to 

p r i m a r y H P V s c r e e n i n g . 2 5 " 2 7 

C u r r e n t l y , t he m o s t c o m m o n w a y o f d e t e c t i n g H P V is v ia nuc le i c 

ac id a m p l i f i c a t i o n tes ts ( N A A T s ) , e s p e c i a l l y P C R . N A A T s a re h igh ly 

sens i t i ve a n d s p e c i f i c a n d can d e t e c t t h e p r e s e n c e o f H P V D N A o r 

m e s s e n g e r R N A ( m R N A , p r o d u c t o f a g e n e t ransc r ip t i on ) in a v a r i e t y 

of s a m p l e s , i n c l u d i n g ce rv i ca l s m e a r s , ana l a n d bucca l s w a b s , o r in 

sa l i va . P C R - b a s e d tes ts are w i d e l y u s e d d u e t o t he i r h igh sens i t i v i t y , 

spec i f i c i t y , a n d ab i l i t y t o d e t e c t mu l t i p l e H P V t y p e s s i m u l t a n e o u s l y , 

and a re o f t e n u s e d f o r C C s c r e e n i n g , t h e d i a g n o s i s o f gen i ta l wa r t s , 

and f o r o t h e r H P V - r e l a t e d d i s e a s e s . M o s t c o m m e r c i a l t es t s u s e d in 

c l in ica l p rac t i ce a re b a s e d o n P C R t o i den t i f y H P V D N A , pa r t i cu la r l y 

v i ra l la te g e n e LI ( r espons ib le f o r t h e p r o d u c t i o n o f t he ma jo r v i ra l 

c a p s i d p ro te in ) , a n d t w o ea r l y g e n e s E6 a n d E 7 (ac t ing as o n c o g e n e s 

tha t p r o m o t e t u m o r g r o w t h a n d ma l i gnan t t r ans fo rma t i on ) . S o m e o f 

t h e s e D N A tes ts s i m u l t a n e o u s l y i den t i f y seve ra l h r H P V t y p e s w i t h 

o n c o g e n i c p o t e n t i a l , bu t d o no t d i s t i ngu i sh b e t w e e n t h e m i n d i v i d u 

al ly; o t h e r t es t s d e t e c t h r H P V bu t d i f f e ren t i a t e o n l y s o m e , a n d m o s t 
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a d v a n c e d tes ts a l l o w fu l l g e n o t y p i n g by d i s c r i m i n a t i n g e a c h H P V t y p e 

p r e s e n t in t h e s a m p l e . 2 8 , 2 9 H P V D N A t e s t i n g is u s e d t o c o n f i r m H P V 

i n f e c t i o n bu t is n o t i nd i ca t i ve o f p r o g r e s s i o n o f t h e i n f e c t i o n . H e n c e 

o t h e r tes ts , e s p e c i a l l y t h o s e t a r g e t i n g e i t h e r E 6 / E 7 m R N A o r v i ra l 

o n c o p r o t e i n s , w e r e d e v e l o p e d t o d e t e r m i n e ac t i ve t r a n s c r i p t i o n of 

v i rus in i n f e c t e d ce l l s a n d t o p r o v i d e m o r e a c c u r a t e i n f o r m a t i o n o n 

d i s e a s e p r o g n o s i s . 3 0 I ndeed , s o m e s t u d i e s c o n f i r m e d tha t H P V E 6 / E 7 

m R N A t e s t i n g w a s m o r e s p e c i f i c a n d had a h i ghe r p o s i t i v e p r e d i c t i v e 

v a l u e t h a n H P V D N A tes t i ng , m a k i n g t h e m su i t ab le b i o m a r k e r s fo r 

t h e d e t e c t i o n o f h igh - r i sk H P V - a s s o c i a t e d ce rv i ca l p r e c a n c e r o u s 

l e s i o n s . 3 1 3 2 

B a s i c i n f o r m a t i o n a b o u t t he m o s t f r e q u e n t l y u s e d tes ts in c l in ica l 

p rac t i ce is s u m m a r i z e d in T a b l e 1. M o r e d e t a i l e d a n d c o m p r e h e n s i v e 

i n f o r m a t i o n a b o u t c o m m e r c i a l l y ava i l ab le H P V tes ts c a n be f o u n d 

e i t he r in r e f e r e n c e s in T a b l e l 4 0 5 7 o r in o t h e r r e v i e w p a p e r s 3 3 3 7 

D e s p i t e a large n u m b e r o f c o m m e r c i a l l y ava i l ab le H P V tes t s , n e w 

t e c h n o l o g i e s a n d m e t h o d s are b e i n g d e v e l o p e d tha t w o u l d e n a b l e 

fas te r , s imp le r , a n d c h e a p e r i den t i f i ca t i on o f h igh - r i sk ac t i ve H P V 

v i r u s e s w h i l e m a i n t a i n i n g t h e n e c e s s a r y s p e c i f i c i t y a n d sens i t i v i t y . It 

s h o u l d be n o t e d , h o w e v e r , tha t b e f o r e e n t e r i n g c l in ica l p rac t i ce , a n y 

n e w t e c h n o l o g y w o u l d h a v e t o f o l l o w i n te rna t i ona l c o n s e n s u s 

g u i d e l i n e s f o r p r i m a r y s c r e e n i n g , 3 8 as w e l l as t o c o m p l y w i t h 

V A L G E N T s t u d i e s ( V A L i d a t i o n o f H P V G E N o t y p i n g T e s t s 3 9 ) o r w o u l d 

n e e d an a p p r o v a l f r o m t h e U S F o o d a n d D r u g A d m i n i s t r a t i o n 

( F D A ) 3 5 T h e s e a d v a n c e d t e c h n o l o g i e s a re i n t r o d u c e d a n d d e s c r i b e d 

in f o l l o w i n g c h a p t e r s , i n c l u d i n g the i r s t r e n g t h s a n d w e a k n e s s e s . 

3 | ISOTHERMAL AMPLIFICATION 
TECHNIQUES AS RAPID ALTERNATIVES 
TO PCR 

P C R is an e x t r e m e l y ve rsa t i l e n u c l e i c ac id a m p l i f i c a t i o n t e c h n i q u e 

w i t h m a n y d i v e r s e a p p l i c a t i o n s in b i o m e d i c a l r e s e a r c h a n d far 

b e y o n d . It o f f e r s n u m e r o u s bene f i t s , s u c h as h igh sens i t i v i t y a n d 

spec i f i c i t y , re la t i ve s imp l i c i t y , o r o p t i o n o f m u l t i p l e x i n g , a n d is st i l l a 

ma jo r t o o l u s e d in H P V d i a g n o s t i c s a n d g e n o t y p i n g . 5 8 H o w e v e r , P C R 

requ i res a d e d i c a t e d i ns t r umen t—a t h e r m a l c y c l e r — f o r c y c l i n g 

b e t w e e n t e m p e r a t u r e s , is re la t i ve l y t i m e - c o n s u m i n g , a n d h igh ly 

sens i t i ve t o P C R inh ib i to rs , s u c h as v a r i o u s sal ts o r d e t e r g e n t s . T o 

c i r c u m v e n t t h e s e d r a w b a c k s , n e w t e c h n i q u e s f o r n u c l e i c ac id 

amp l i f i ca t i on s ta r t ed t o e m e r g e at t he t u rn of t he m i l l e n n i u m , 

c o l l e c t i v e l y ca l l ed i s o t h e r m a l a m p l i f i c a t i o n t e c h n i q u e s ( lATs) . A s the 

n a m e imp l i es , l A T s o p e r a t e at c o n s t a n t t e m p e r a t u r e w i t h o u t a n e e d 

f o r c y c l i n g , a f e a t u r e p r o v i d e d by spec ia l p o l y m e r a s e s w i t h s t rand 

d i s p l a c e m e n t ab i l i t ies . T h e y a c h i e v e c o m p a r a b l e sens i t i v i t i es as P C R -

based t e c h n i q u e s bu t o f t e n at s h o r t e r t i m e s (in 2 0 - 3 0 min) , a n d are 

usua l l y res is tan t t o P C R inh ib i to rs . T h e f ac t tha t l A T s o p e r a t e at 

c o n s t a n t t e m p e r a t u r e w i t h o u t a n e e d f o r t h e r m a l c y c l i n g is a ma jo r 

f a c t o r w h y t h e y are n o w b e i n g i nc reas i ng l y c o u p l e d w i t h v a r i o u s 

a d v a n c e d t e c h n o l o g i e s , s u c h as la tera l f l o w a s s a y s , L O C d e v i c e s , o r 

m i c r o f l u i d i c p l a t f o r m s (desc r i bed in n e x t sec t ions ) . 

P e r h a p s the m o s t w e l l - k n o w n IAT is a l o o p - m e d i a t e d i s o t h e r m a l 

amp l i f i ca t i on ( L A M P ) , e s p e c i a l l y d u e t o its a s s o c i a t i o n w i t h r e c e n t 

T A B L E 1 O v e r v i e w o f t he m o s t f r e q u e n t l y u s e d c o m m e r c i a l H P V tes ts . 

Number of 

Biomolecule Test name Company Target genotypes 

Tests without specifying HPV type 

D N A Hybr id Capture® 2 ( h c 2 ) 3 1 Qiagen (Digene) Full H P V genome 13 

D N A Cerv is ta H P V H R 3 2 , 3 3 Holog ic E6/E7 14 

Partial genotyping 

D N A C o b a s H P V T e s t 3 4 Roche LI 14 

D N A RealT ime High Risk H P V a s s a y 3 5 A b o t t Mo lecu la r LI 14 

D N A B D Onc la r i t y H P V 3 6 3 7 Bec ton , D ick inson and C o m p a n y E6/E7 14 

D N A Xper t® H P V a s s a y 3 8 C e p h e i d E6/E7 14 

D N A Cerv is ta H P V 1 6 / 1 8 3 9 4 0 Holog ic E6/E7 2 

Full genotyping 

D N A Anyp lex II H P V 2 8 4 1 , 4 2 Seegene LI 28 

D N A INNO-L iPA® H P V G e n o t y p i n g 

Extra II 4 3 

Fuj i rebio LI 32 

D N A P a p i l l o C h e c k 4 4 ' 4 5 Gre iner B i o - O n e El 24 

Non-DNA based tests 

R N A A p t i m a H P V A s s a y 4 6 Holog ic E 6 / E 7 m R N A 14 

prote in O n c o E 6 H P V t e s t 4 7 4 8 A r b o r V i t a Corpora t ion H P V 1 6 / 1 8 E6 oncop ro te in 2 



C O V I D - 1 9 p a n d e m i c w h e n n u m e r o u s L A M P tes ts in a r e v e r s e 

t r a n s c r i p t i o n m o d e ( R T - L A M P ) w e r e i n t r o d u c e d f o r S A R S - C o V - 2 

R N A d e t e c t i o n . 5 9 L A M P t e c h n i q u e uses Bs t p o l y m e r a s e a n d f o u r to 

six p r i m e r s t o rap id l y a m p l i f y e i t h e r D N A o r R N A (unde r 1 h) at 

e l e v a t e d t e m p e r a t u r e s b e t w e e n 5 5 ° C a n d 7 0 ° C . It is c o m m o n l y u s e d 

f o r a m p l i f i c a t i o n o f bac te r ia l a n d v i ra l n u c l e i c a c i d s , a n d t hus H P V has 

b e e n t a r g e t e d by L A M P in v a r i o u s s t u d i e s . 6 0 7 3 D e s p i t e its 

a d v a n t a g e s , L A M P is h igh ly s e n s i t i v e t o c o n t a m i n a t i o n (s imi lar ly to 

P C R ) , r e q u i r i n g i dea l l y s te r i le D N A - f r e e a n d R N A - f r e e w o r k s p a c e . 

M o r e o v e r , d e s i g n o f L A M P p r i m e r s is no t t r iv ia l , a n d n e e d s t o be 

p e r f o r m e d in a spec ia l s o f t w a r e (such as P r i m e r E x p l o r e r V 5 , h t t p s : / / 

p r i m e r e x p l o r e r . j p / e / ) , bu t e v e n th is d o e s no t g u a r a n t e e t ha t t h e 

p r ime rs w i l l be f u n c t i o n a l . U s u a l l y , m o r e se t o f p r ime rs n e e d t o be 

t e s t e d t o f i nd the m o s t su i t ab le o n e . O f t e n , L A M P is c o u p l e d w i t h 

c o l o r i m e t r i c d e t e c t i o n w h i c h u t i l i zes p H i nd i ca to r s tha t c h a n g e c o l o r 

w h e n t h e p H o f t he s o l u t i o n t u rns m o r e a c i d i c . 7 0 7 3 T h i s e x a c t l y 

h a p p e n s in e n z y m a t i c a m p l i f i c a t i o n r e a c t i o n s (i.e., P C R a n d lATs) tha t 

g e n e r a t e h y d r o g e n ions d u r i n g i n c o r p o r a t i o n of d N T P s in to t h e 

g r o w i n g D N A o r R N A s t r a n d , d e c r e a s i n g the p H o f t h e s o l u t i o n . C o l o r 

c h a n g e s a re eas i l y v i s ib le by n a k e d e y e a n d t hus d o n o t r equ i re a n y 

e q u i p m e n t , bu t t h e sens i t i v i t y o f s u c h d e t e c t i o n is r a the r l im i t ed . F o r 

i n s t a n c e , in a s t u d y by Z h o n g et a l . , a u t h o r s d i f f e r e n t i a t e d a m o n g 6 

H P V s u b t y p e s in s a m p l e s f r o m pa t i en t s w i t h c o n d y l o m a a c u m i n a t u m , 

w h e r e p o s i t i v e s a m p l e s w e r e v i s ib le w i t h the n a k e d e y e by c h a n g i n g 

t h e c o l o r o f a h y d r o x y n a p h t h o l d y e f r o m v i o l e t t o b l u e . 6 3 H P V L A M P 

p r o d u c t s can be d e t e r m i n e d a l so w i t h t u r b i d i m e t r y m e a s u r e m e n t s , 

w h e r e m a g n e s i u m p y r o p h o s p h a t e is g e n e r a t e d d u r i n g the L A M P 

reac t i on a n d m a k e s the r e a c t i o n m i x t u r e c l o u d y . Inc reased t u rb i d i t y 

c a u s e d by m a g n e s i u m p y r o p h o s p h a t e pa r t i c l es is m e a s u r e d op t i ca l l y 

at ce r t a i n w a v e l e n g t h by c a l c u l a t i n g t h e a m o u n t o f l ight tha t d i d no t 

pass t h r o u g h the s a m p l e . T u r b i d i m e t r y is a v e r y q u i c k a n d s i m p l e 

m e t h o d w i t h o u t a n e e d f o r a n y e x p e n s i v e lasers a n d f l u o r o p h o r e s , 

but its a c c u r a c y can be n e g a t i v e l y a f f e c t e d by b u b b l e s in t h e s a m p l e , 

s ize o f t he pa r t i c les , o r pa r t i c le s e d i m e n t a t i o n . S e n s i t i v i t y of 

t u r b i d i m e t r y i tse l f d e p e n d s o n s e l e c t e d l ight s o u r c e a n d na tu re of 

t h e e x a m i n e d s u b s t a n c e s , bu t w h e n c o n n e c t e d t o L A M P , it w a s 

d e m o n s t r a t e d t o d e t e c t p o s i t i v e a m p l i f i c a t i o n w i t h as l i t t le as 1 0 

c o p i e s o f t h e ta rge t s e q u e n c e pe r s a m p l e . 6 5 , 6 6 

A l t h o u g h c o l o r i m e t r i c r e a d o u t is q u i c k a n d s t r a i g h t f o r w a r d , it 

su f fe rs f r o m l o w sens i t i v i t y a n d a m b i g u o u s resu l t s . M o r e s e n s i t i v e 

a p p r o a c h is t o use f o r e x a m p l e , R e a l - T i m e L A M P o r d ig i ta l L A M P , 

w h i c h a re L A M P va r i an t s tha t r e s e m b l e R e a l - T i m e P C R a n d d ig i ta l 

P C R , r e s p e c t i v e l y . In f o r m e r c a s e , t he R e a l - T i m e L A M P w a s r e c e n t l y 

c o u p l e d w i t h e n d o v a g i n a l M R I t o i m p r o v e a c c u r a c y f o r e a r l y - s t a g e 

C C d e t e c t i o n in t he g r o u p o f 2 7 C C pa t i en t s a n d 1 4 n e g a t i v e 

c o n t r o l s . 7 4 A u t h o r s h a v e t a r g e t e d n o t o n l y H P V 1 6 a n d H P V 1 8 D N A 

but a l so h T E R T , T E R C / G A P D H , a n d M Y C / G A P D H m R N A t u m o r 

b i o m a r k e r s . O v e r a l l , it w a s the use o f a spa t ia l l y m u l t i p l e x e d L A M P 

assay in c o m b i n a t i o n w i t h h i g h - r e s o l u t i o n i m a g i n g tha t r esu l t ed in 

i m p r o v e d s p e c i f i c i t y f o r c a n c e r d e t e c t i o n . T h e la t te r c a s e i n v o l v i n g 

d ig i ta l L A M P w a s c o m b i n e d w i t h m i c r o f l u i d i c s l ip ch i ps , w h e r e a to ta l 

n u m b e r of 2 2 4 0 d r o p l e t s , e a c h o f 4 . 5 nl a l l o w e d t o q u a n t i f y t he v i ra l 

load o f H P V 1 6 a n d H P V 1 8 by c o m p a r i n g n u m b e r s o f p o s i t i v e w e l l s 

w i t h s t a n d a r d c u r v e o b t a i n e d w i t h p l a s m i d c o n t r o l . 7 5 T h e assay w a s 

t e s t e d o n 1 5 c l in ica l s a m p l e s , s h o w i n g ful l a g r e e m e n t w i t h c o m m e r 

cial C o b a s 4 8 0 0 tes t (Roche) , bu t r e v e a l i n g a l so h i d d e n c o i n f e c t i o n s . 

E l e c t r o c h e m i c a l (EC) e n d - p o i n t d e t e c t i o n is a n o t h e r su i tab le 

t e c h n i q u e u s e d in c o m b i n a t i o n w i t h L A M P . E C m e t h o d s p r o v i d e an 

o p t i o n f o r i n e x p e n s i v e , s i m p l e , a n d m i n i a t u r i z e d i n s t r u m e n t a t i o n w i t h 

t h e poss ib i l i t y o f para l le l m e a s u r e m e n t s at e l e c t r o d e c h i p s a n d a r rays 

w h i l e a l l o w i n g rap id a n d h igh ly s e n s i t i v e d e t e r m i n a t i o n s . 7 6 7 8 F o r 

i n s t a n c e , a d i a g n o s t i c C l i n i c h i p H P V tes t tha t e m p l o y e d L A M P a n d 

e l e c t r o c h e m i c a l D N A c h i p c o u l d r e c o g n i z e 1 3 c l i n i ca l l y r e l e v a n t H P V 

t y p e s in less t h a n 3 h. In t ha t s t u d y , 2 4 7 J a p a n e s e w o m e n , i n c l u d i n g 

1 0 9 w i t h n o r m a l c y t o l o g y , 4 3 w i t h ce rv i ca l i n t raep i the l ia l n e o p l a s i a of 

g r a d e 1 (C IN1) , 6 0 w i t h C I N 2 / 3 , a n d 3 5 w i t h i nvas i ve ce rv i ca l c a n c e r 

w e r e t e s t e d f o r c a r c i n o g e n i c H P V g e n o t y p e s , r e a c h i n g g o o d 

a g r e e m e n t w i t h d i r ec t s e q u e n c i n g . 6 8 O u r t e a m has p u b l i s h e d seve ra l 

r esea rch a r t i c les r e p o r t i n g fas t a n d s i m p l e L A M P - b a s e d assays 

c o m b i n e d w i t h e l e c t r o c h e m i c a l d e t e c t i o n ( E C - L A M P ) , t a rge t i ng 

H P V 1 6 / 1 8 g e n o t y p e s in b o t h ce rv i ca l ce l l l ines a n d ce rv i ca l s m e a r s 

f r o m w o m e n w i t h p r e c a n c e r o u s l es ions (F igure 1 ) . 7 9 ~ 8 2 A f t e r 

d e v e l o p m e n t a n d o p t i m i z a t i o n o f t he a s s a y , 8 0 t he E C - L A M P w a s 

app l i ed i n to a c o h o r t o f 6 1 c l in ica l s a m p l e s t o e v a l u a t e its 

p e r f o r m a n c e a n d c o m p a r e d it w i t h P C R - b a s e d m e t h o d s a n d w i t h 

I N N O - L i P A g e n o t y p i n g a s s a y . 8 1 G o o d s p e c i f i c i t y a n d n e g a t i v e a n d 

pos i t i ve p r e d i c t i v e va lues w e r e r e a c h e d , all o v e r 9 0 % . Later , a D N A 

e x t r a c t i o n s t e p w a s e l i m i n a t e d by a p p l y i n g t h e E C - L A M P d i rec t l y in to 

c r u d e l ysa tes , w h e r e b y the ce rv i ca l s a m p l e s w e r e s c r a p e d f r o m 

s a m p l i n g b r u s h w i t h s te r i le t w e e z e r s , t h e n s i m p l y b o i l e d f o r 5 m i n a n d 

i n t r o d u c e d i n to t h e L A M P m i x t u r e f o r a m p l i f i c a t i o n . 7 9 T h i s e l i m i n a 

t i on n o t o n l y s imp l i f i ed ove ra l l assay , bu t a l so d e c r e a s e d a r isk of 

c o n t a m i n a t i o n by s h o r t e n i n g ove ra l l s a m p l e e x p o s i t i o n t o t he 

e n v i r o n m e n t . T h e last g e n e r a t i o n o f t h e assay i n v o l v e d a t r ans fe r 

of t he p r o t o c o l f r o m m a g n e t i c b e a d s d i r ec t l y t o t he go ld e l e c t r o d e 

ch ips f o r e a s i e r w a s h i n g a n d s h o r t e r h a n d s - o n t i m e . 8 2 L A M P as a 

rap id a n d u n d e m a n d i n g t e c h n i q u e c o u l d be t hus a g o o d c h o i c e f o r 

fas t d e t e r m i n a t i o n o f H P V i n f e c t i o n . 

A n o t h e r IAT, t he r e c o m b i n a s e p o l y m e r a s e a m p l i f i c a t i o n (RPA) , 

o f t e n f u n c t i o n s w i t h f o r w a r d a n d r e v e r s e P C R p r ime rs , bu t i ns tead of 

a T a q p o l y m e r a s e , it u ses a c o c k t a i l o f t h r e e e n z y m e s — r e c o m b i n a s e 

(enab l ing p r i m e r s t o pa i r w i t h h o m o l o g o u s s e q u e n c e s in t a rge t D N A 

st rand) , s i n g l e - s t r a n d e d D N A - b i n d i n g p r o t e i n (s tab i l i z ing s i ng le -

s t r a n d e d D N A s t r u c t u r e s a n d p r e v e n t i n g d i s p l a c e m e n t o f pr imers) , 

and s t r a n d - d i s p l a c i n g p o l y m e r a s e ( p e r f o r m i n g ac tua l s y n t h e s i s of 

c o m p l e m e n t a r y D N A ) . R P A is ca r r i ed o u t at m i ld t e m p e r a t u r e s 

b e t w e e n 3 7 ° C a n d 4 2 ° C , bu t e v e n a r o o m t e m p e r a t u r e m a y be u s e d 

at s o m e w h a t l o w e r e f f i c i e n c y , m a k i n g th is t e c h n i q u e e s p e c i a l l y use fu l 

in v e r y s i m p l e d e v i c e s w i t h o u t a c c e s s t o t h e r m o b l o c k s , s u c h as in 

la tera l f l o w assays (see S e c t i o n 4). P r o p e r m i x i n g b e f o r e a n d d u r i n g 

r e a c t i o n , h o w e v e r , m u s t be e n s u r e d d u e t o re la t i ve ly h igh d e n s i t y of 

t h e f ina l R P A m i x t u r e . If w e l l - p e r f o r m e d , R P A c a n be h igh ly use fu l 

a l t e rna t i ve t o P C R d u e to its s p e e d a n d e x t r e m e l y s i m p l e 

i n s t r u m e n t a t i o n i n v o l v e d . T h e ma jo r d o w n s i d e is t h e ava i lab i l i t y o f 

R P A reagen ts , w h i c h a re s o l d by o n l y a s ing le c o m p a n y ( T w i s t D x ™ , 

h t t p s : / / w w w . t w i s t d x . c o . u k ) , w h i c h no t o n l y i n c r e a s e s the ove ra l l 

https://www.twistdx.co.uk
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F I G U R E 1 E l e c t r o c h e m i c a l assay w i t h L A M P a m p l i f i c a t i o n ( E C - L A M P ) w o r k f l o w . (A) T o a v o i d D N A e x t r a c t i o n , c l in ica l s a m p l e s w e r e s i m p l y 

bo i l ed f o r 5 m i n , f o l l o w e d by the L A M P r e a c t i o n . (B) D i g o x i g e n i n - t a g g e d ( D I G - d U T P ) L A M P p r o d u c t s w e r e h y b r i d i z e d t o b i o t i n y l a t e d D N A 

c a p t u r e p r o b e ( b i o - C P ) a t t a c h e d t o s t r e p t a v i d i n m a g n e t i c b e a d s ( S T R - M B ) , w h i c h t h e n i n t e r a c t e d w i t h a n t i d i g o x i g e n i n a n t i b o d y - h o r s e r a d i s h 

p e r o x i d a s e c o n j u g a t e ( a n t i D I G - H R P ) f o r e n z y m a t i c r e a c t i o n . (C) E l e c t r o c h e m i c a l m e a s u r e m e n t o f t h e e n z y m a t i c r e a c t i o n o n c a r b o n e l e c t r o d e 

ch i p in 8 - e l e c t r o d e f o r m a t . R e p r i n t e d w i t h p e r m i s s i o n f r o m R e f . 7 9 C o p y r i g h t 2 0 2 1 E lsev ie r . 

cos t , bu t p o s e s a r isk in t h e e v e n t o f p r o l o n g e d d i s r u p t i o n s in t h e 

d i s t r i bu t i on o f t h e s e p r o d u c t s . 

In s u m m a r y , l A T s a l l o w fast a n d i n e x p e n s i v e n u c l e i c ac id 

amp l i f i ca t i on w i t h s im i la r e f f i c i e n c y as P C R , r equ i r i ng m i l de r a n d 

c o n s t a n t t e m p e r a t u r e s w i t h o u t a n e e d f o r P C R cyc le r . S i n c e t h e y a re 

m o r e t o l e r a n t t o c o m m o n P C R inh ib i to rs , i s o t h e r m a l r e a c t i o n m a y be 

o f t e n p e r f o r m e d in c r u d e ce l l o r t i s sue l ysa tes w i t h o u t p r e c e d i n g 

D N A e x t r a c t i o n s tep . O n the o t h e r h a n d , d u e t o an u l t r asens i t i ve 

na tu re o f l A T s , c a u t i o n m u s t be t a k e n t o p r e v e n t c o n t a m i n a t i o n of 

t h e w o r k p l a c e a n d if p o s s i b l e , r e a c t i o n s s h o u l d be p e r f o r m e d in 

sea led e n v i r o n m e n t . F u r t h e r m o r e , m o s t s t u d i e s s o fa r d e m o n s t r a t e d 

o n l y a p r o o f - o f - c o n c e p t , w h i l e v a l i d a t i o n w i t h i n c l in ica l s t u d i e s o n a 

la rger n u m b e r o f s a m p l e s is m i s s i n g . T a k e n t o g e t h e r , t h e a d v a n t a g e s 

m a k e l A T s p e r f e c t c a n d i d a t e s f o r i m p l e m e n t a t i o n in d e v e l o p i n g 

c o u n t r i e s , o r in l o w - r e s o u r c e se t t i ngs in g e n e r a l . 

4 | REVERSE DOT BLOTS A N D LATERAL 
FLOW A S S A Y S - I D E A L FOR LOW 
RESOURCE SETTINGS 

A m o n g the n u m e r o u s d i a g n o s t i c t e c h n i q u e s ava i l ab le , r e v e r s e d o t / 

l ine b lo t a n d la tera l f l o w assays (LFA) h a v e g a i n e d s ign i f i can t 

a t t en t i on f o r t he i r s imp l i c i t y , c o s t - e f f e c t i v e n e s s , a n d rap id i t y . T h e 

f i rs t o n e has p r o v e n v a l u a b l e in i d e n t i f y i n g m u t a t i o n s re la ted to 

h e r e d i t a r y d i s e a s e s a n d c a n c e r - a s s o c i a t e d g e n e s , 8 3 w h i l e L F A s w a s 

m o s t l y u s e d f o r p r o t e i n d e t e c t i o n , e s p e c i a l l y a n t i g e n s . 8 4 B e l o w , w e 

d e s c r i b e b o t h t e c h n i q u e s by p r o v i d i n g the i r p r i nc i p l es , e x a m p l e s , 

a d v a n t a g e s as we l l as d r a w b a c k s . 

B r ie f l y , t h e r e v e r s e d o t b l o t / l i n e b lo t is a s i m p l e d i a g n o s t i c 

m e t h o d w h e r e the g e n e - s p e c i f i c o l i g o n u c l e o t i d e p r o b e s a re b o u n d 

(coated) o n t o the p r e d e f i n e d d o t s o r l ines at t h e n y l o n m e m b r a n e , 

r e s p e c t i v e l y , f o l l o w e d by a h y b r i d i z a t i o n o f t h e s e p r o b e s w i t h 

c o m p l e m e n t a r y ta rge t D N A , usua l l y l abe led P C R p r o d u c t s . 8 5 T h e 

ma in b e n e f i t s o f t h e r e v e r s e b lo ts a re t he i r s imp l i c i t y , rap id i ty , 

a c c u r a c y , c o s t - e f f e c t i v e n e s s , a n d o p t i o n of s c r e e n i n g f o r mu l t i p l e 

m u t a t i o n s / p o l y m o r p h i s m s in a s ing le h y b r i d i z a t i o n r e a c t i o n w h e r e 

resu l ts f r o m a s ing le s a m p l e can be l o c a t e d o n a s ing le s t r ip to 

m i n i m i z e use r e r ro rs . M o r e o v e r , s i nce P C R p r o d u c t s (but n o t p robes ) 

are l a b e l e d , po ten t i a l f a l se p o s i t i v e s o c c u r r i n g f r o m b i n d i n g o f t he 

p r o b e s t o n o n s p e c i f i c s e q u e n c e s is less p r o b a b l e . 8 6 D e s p i t e t h e s e 

a d v a n t a g e s , e r ro r s m a y o c c u r d u r i n g the c o n j u g a t i o n s t e p tha t m a y 

resu l t in w e a k s igna ls o r fa lse pos i t i ves . A l s o , a v i sua l d e t e c t i o n w i t h 

n a k e d e y e , w h e r e s igna l i n tens i t y va r ies f r o m s t r o n g t h r o u g h m e d i u m , 

w e a k , v e r y w e a k , a n d n e g a t i v e , m a y lead t o fa l se i n t e r p r e t a t i o n o f 

resu l ts . R e v e r s e b lo t s w e r e u s e d t o s c r e e n f o r H P V i n f e c t i o n a l r eady 

in 1 9 9 8 w h e n G r a v i t t a n d c o l l e a g u e s d e v e l o p e d a r e v e r s e l ine b lo t 

s t r ip a s s a y f o r s c r e e n i n g 2 7 d i f f e r e n t g e n o t y p e s o f H P V . 8 7 T h e 

d e v e l o p e d m e t h o d u s e d a s e n s i t i v e a n d b r o a d - s p e c t r u m P C R 

amp l i f i ca t i on s y s t e m , f o l l o w e d by a s ing le h y b r i d i z a t i o n w i t h a 

r eve rse l ine b lo t d e t e c t i o n f o r ana lys i s o f 1 5 h igh - r i sk a n d e igh t l o w -

risk H P V t y p e s . It w a s a p p l i e d t o a to ta l o f 3 5 9 ce rv i ca l s p e c i m e n s , 

a l t h o u g h 3 0 o f t h e m w e r e e l i m i n a t e d d u e t o fa l se s igna ls , w h i c h can 

be c o n s i d e r e d a ma jo r d r a w b a c k o f th is o t h e r w i s e i n t e r e s t i n g a n d 

s imp le assay . F o r e a c h c l in ica l s a m p l e , t w o m u l t i p l e x P C R s w e r e 

p e r f o r m e d , w h i c h i n c l u d e d a m ix o f b i o t i n y l a t e d p r i m e r s t a r g e t i n g LI 

reg ion of d i f f e r e n t H P V g e n o t y p e s . A l t h o u g h a u t h o r s c o m p a r e d the i r 

resu l ts w i t h t he i r p r e v i o u s w o r k u t i l i z ing d o t - b l o t a s s a y , 8 8 r e a c h i n g 



high c o n c o r d a n c e f r o m 9 7 % t o 1 0 0 % , va l i da t i on w i t h the g o l d 

s t a n d a r d w a s m iss ing . 

L F A , a l so k n o w n as latera l f l o w tes t o r la tera l f l o w d e v i c e , is a 

rap id , s i m p l e , a n d l o w - c o s t p a p e r - b a s e d ana ly t i ca l p l a t f o r m f o r t h e 

qua l i t a t i ve d e t e r m i n a t i o n o f t h e p r e s e n c e o r a b s e n c e o f ta rge t 

ana l y tes in v a r i o u s c o m p l e x s a m p l e s w i t h o u t t h e n e e d f o r s p e c i a l i z e d 

e q u i p m e n t . It is m o s t l y u s e d f o r d e t e c t i o n o f p r o t e i n an t i gens o r 

a n t i b o d i e s s i nce it re l ies o n p r i nc i p l es o f t h e e n z y m e - l i n k e d 

i m m u n o s o r b e n t assays (ELISA) ; t w o w e l l - k n o w n e x a m p l e s a re h o m e 

p r e g n a n c y tes ts a n d rap id a n t i g e n tes ts f o r S A R S - C o V - 2 d e t e c t i o n . 

H o w e v e r , L F A s h a v e b e e n w i d e l y u s e d a l so f o r n u c l e i c a c i d d e t e c t i o n , 

e m p l o y i n g t w o d i f f e ren t f o r m a t s - n u c l e i c a c i d la tera l f l o w ( N A L F ) 

and n u c l e i c ac id la tera l f l o w i m m u n o a s s a y ( N A L F I A ) . 8 9 , 9 0 N A L F 

d i r ec t l y d e t e c t s P C R - a m p l i f i e d D N A p r o d u c t u s i n g c a p t u r e a n d 

labe led r e p o r t e r o l i g o n u c l e o t i d e p r o b e s c o m p l e m e n t a r y t o t he 

p r o d u c t . U s u a l l y , c a p t u r e p r o b e s a re i m m o b i l i z e d o n a n i t r o c e l l u l o s e 

m e m b r a n e u s i n g a sma l l m o l e c u l e in c o n j u n c t i o n w i t h its h igh -a f f i n i t y 

c o u n t e r p a r t , l ike b i o t i n - s t r e p t a v i d i n , w h i l e r e p o r t e r p r o b e s a re t a g g e d 

w i t h go ld n a n o p a r t i c l e s f o r s igna l g e n e r a t i o n . S i n c e h y b r i d i z a t i o n 

t a k e s p lace o n a p a p e r , a n y s e c o n d a r y s t r u c t u r e f o r m a t i o n w i t h i n t h e 

t h r e e D N A s e q u e n c e s s e v e r e l y d i s rup t s i n t e rac t i ons , n e c e s s i t a t i n g 

e x t e n s i v e o p t i m i z a t i o n f o r e a c h n e w t a r g e t . 9 1 O n t h e o t h e r h a n d , 

N A L F I A d e t e c t s h a p t e n - l a b e l e d D N A (mos t l y e x p l o i t i n g p r i m e r s 

t a g g e d w i t h d i g o x i g e n i n o r b iot in) u s i n g c a p t u r e a n d l abe led r e p o r t e r 

a n t i b o d i e s o r s t r e p t a v i d i n . 9 2 T h i s a r c h i t e c t u r e e l im ina tes the n e e d fo r 

s p e c i f i c o p t i m i z a t i o n o f t h e latera l f l o w s t r ip , a l l o w i n g t h e s t r ip 's 

r eagen ts t o be n o n t a r g e t - s p e c i f i c . 9 1 A t yp i ca l L F A s t r ip c o n s i s t s of 

t h r e e p a d s a n d a d e t e c t i o n z o n e (F igure 2). F i rs t , l i qu id s a m p l e is 

l o a d e d in to a s a m p l e pad a n d t h e a n a l y t e m o v e s v ia cap i l l a r y f l o w 

(w i thou t a n y e x t e r n a l f o r c e s app l ied) t o t h e c o n j u g a t e re lease p a d , 

w h e r e it i n te rac t s w i t h s p e c i f i c a n t i b o d i e s c o n j u g a t e d t o c o l o r e d o r 

f l u o r e s c e n t pa r t i c les , m o s t l y co l l o i da l go l d a n d la tex m i c r o s p h e r e s . 9 3 

T h e c o n j u g a t e - a n a l y t e c o m p l e x t h e n m o v e s a l o n g t h e s t r ip t o t h e 

d e t e c t i o n z o n e t o b ind w i t h i m m o b i l i z e d a n t i b o d i e s o r an t i gens at 

p r e d e f i n e d l ines ca l l ed tes t l ine a n d c o n t r o l l ine. T h e ta rge t 

r e c o g n i t i o n o c c u r s at t he tes t l ine, w h e r e , as the n a m e imp l ies , 

a p p e a r s a l ine v i s ib le by a n a k e d e y e . N o l ine a p p e a r s w i t h o u t a 

ta rge t . C o n t r o l l ine pu re l y i nd i ca tes tha t t he l iqu id m i g r a t e d p r o p e r l y 

t h r o u g h t h e s t r ip . T h e last p a d , ca l l ed a b s o r b e n t pad (or a b s o r p t i o n 

pad) at t he e n d o f t h e s t r ip m a i n t a i n s t h e p r o p e r f l o w ra te a n d s t o p s 

b a c k f l o w of t h e s a m p l e . M a j o r c h a l l e n g e s o f L F A s i nc l ude l o w 

m u l t i p l e x i n g ab i l i t ies (on ly f e w b i o m a r k e r s c a n be d e t e c t e d s i m u l t a 

neous ly ) , l o w e r sens i t i v i t y r esu l t i ng in fa lse n e g a t i v e s (espec ia l l y in 

l o w v i ra l l oad s a m p l e s resu l t i ng in fa in t tes t l ines tha t m a y be d i f f i cu l t 

t o read w i t h n a k e d eye) a n d n e e d f o r h i gh -qua l i t y a n t i b o d i e s (to 

e n s u r e a c c u r a t e a n d re l iab le resu l ts d u e t o e x c l u s i v e b i n d i n g o f t he 

a n t i b o d i e s t o t h e ta rge t a n a l y t e a n d n o t n o n s p e c i f i c a l l y to o t h e r 

b i o m o l e c u l e s ) . L F A tes ts are o f t e n c o u p l e d w i t h P C R a m p l i f i c a t i o n . 

F o r i n s tance , X u e t a l . d e v e l o p e d a d u a l - c o l o r f l u o r e s c e n c e - b a s e d 

L F A t o a d d r e s s l o w m u l t i p l e x i n g i ssues b y d e t e c t i n g f o u r c o m m o n 

H P V t y p e s (6, 1 1 , 1 6 , a n d 18) 9 4 S i n c e f l u o r o p h o r e - l a b e l e d d e t e c t i o n 

p r o b e s f o r e a c h g e n o t y p e w e r e i n c l u d e d in t h e P C R r e a c t i o n a n d 

c a p t u r e p r o b e s w e r e i m m o b i l i z e d at d i f f e r e n t l o c a t i o n s o f t he s t r ip , 

mu l t i p le s e q u e n c e s c o u l d be h y b r i d i z e d in a s ing le la tera l f l o w assay . 

In fac t , d u e t o t h e p r e s e n c e o f f i ve tes t l ines, t he s u g g e s t e d assay 

c o u l d d e t e c t up t o 1 3 H P V t y p e s in less t h a n 3 0 m i n a f t e r P C R 

a m p l i f i c a t i o n . T h e d e v e l o p e d a s s a y w a s a p p l i e d t o 1 5 7 ce rv i ca l 

s a m p l e s a n d c o m p a r e d w i t h resu l ts f r o m G e n o A r r a y kit , a c h i e v i n g 

9 8 . 1 % ( 1 5 4 / 1 5 7 ) c o n c o r d a n c e b e t w e e n t h e s e t w o m e t h o d s . 

B e s i d e s P C R , latera l f l o w assays f o r H P V d e t e c t i o n are 

i nc reas ing l y c o m b i n e d a l so w i t h l A T s , m o s t l y R P A , w h i c h w a s 

d e s c r i b e d in c h a p t e r 3 . 9 5 9 8 F o r i n s t a n c e , a s t u d y by M a e t a l . 

u t i l i zed R P A t o d e t e c t 2 5 H P V t y p e s f r o m as l o w as 1 0 0 fg of 

g e n o m i c D N A pe r r e a c t i o n , u s i n g a pane l o f 4 5 0 c e r v i c a l c l in ica l 

s a m p l e s . A f t e r R P A a m p l i f i c a t i o n , t he p r e s e n c e of t he ta rge t 

s e q u e n c e s in s a m p l e s w a s d e t e c t e d b y la tera l f l o w d ips t i ck a n d 

r e v e r s e d d o t b lo t t e c h n i q u e s . G o o d c o n c o r d a n c e b e t w e e n the 

d e t e c t i o n m e t h o d s a n d r o u t i n e ce rv i ca l s c r e e n i n g w a s a c h i e v e d , 

r e a c h i n g 9 4 . 7 % a g r e e m e n t f o r la tera l f l o w d ips t i ck a n d 9 7 . 8 % 

a g r e e m e n t f o r t he r e v e r s e d d o t b l o t . 9 7 A v e r y r e c e n t s t u d y by 

K u n d r o d et a l . u t i l i zed an i n v e n t i v e l o w - c o s t N A T f l o w p l a t f o r m 

( c o m m e r c i a l l y ava i l ab le f r o m A x x i n P t y Ltd.) f o r R P A - b a s e d d e t e c t i o n 

of H P V 1 6 a n d H P V 1 8 9 8 T h e p l a t f o r m d id n o t r equ i re D N A 

e x t r a c t i o n s t ep , bu t i ns tead i n v o l v e d a s t r e a m l i n e d s a m p l e p r e p a r a 

t i on t e c h n i q u e tha t c o u l d be d i r ec t l y a d d e d t o t h e a m p l i f i c a t i o n 

reac t i on by u s i n g a c h r o m o p e p t i d a s e e n z y m e ( A C P ) f o r e n z y m a t i c 
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F I G U R E 2 F u n d a m e n t a l s o f la tera l f l o w assay , s h o w i n g (A) ove ra l l l a you t o f t he tes t s t r ip a n d (B) v isua l d e t e c t i o n o f resu l ts b a s e d o n a 

p r e s e n c e o f tes t l ine (T) a n d c o n t r o l l ine (C). C r e a t e d w i t h B i o R e n d e r . c o m . 
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lys is o f t h e ce l l s , r e d u c i n g ove ra l l assay t i m e t o o n l y 4 5 m i n . T h e 

p e r f o r m a n c e o f t he tes t w a s e v a l u a t e d w i t h b o t h p r o v i d e r - c o l l e c t e d 

s a m p l e s (30 s a m p l e s c o l l e c t e d in t h e U.S.) a n d s e l f - c o l l e c t e d s a m p l e s 

in l o w - r e s o u r c e se t t i ngs (55 s a m p l e s s e l f - c o l l e c t e d in M o z a m b i q u e ) . 

W h e n c o m p a r e d w i t h q P C R , t h e sens i t i v i t y o f d e t e c t i n g H P V 1 6 w a s 

1 0 0 % f o r s a m p l e s c o n t a i n i n g a m i n i m u m o f 1 0 0 0 c o p i e s pe r r e a c t i o n 

and 9 3 % fo r t h o s e w i t h at leas t 5 0 0 c o p i e s pe r r e a c t i o n . T h e 

s p e c i f i c i t y o f t h e tes t f o r H P V 1 6 w a s 1 0 0 % , t h e p o s i t i v e p r e d i c t i v e 

v a l u e w a s 8 6 % a n d the n e g a t i v e p r e d i c t i v e v a l u e w a s 5 6 % . W h e n 

e v a l u a t i n g c o m b i n e d H P V 1 6 a n d H P V 1 8 in p r e s e r v e d s a m p l e s , 

N A T f l o w a n d c o b a s s h o w e d an ove ra l l a g r e e m e n t o f 8 5 % . A l l 

d i s c o r d a n t s a m p l e s had f e w e r t h a n 5 0 0 c o p i e s p e r r e a c t i o n , 

i n d i c a t i n g tha t l o w v i ra l l oad s a m p l e s c o u l d be m o r e d i f f i cu l t t o 

d e t e r m i n e w i t h th is p l a t f o r m . T h e p r o j e c t e d c o s t o f a s ing le tes t w a s 

less t h a n $ 5 , s h o w i n g a g rea t po ten t i a l f o r p o i n t - o f - c a r e H P V 

d i a g n o s t i c s . In a n o t h e r s t udy , R u n g k a m o l t i p et a l . d e v e l o p e d an R P A -

based L F s t r ip f o r c o m b i n e d H P V 1 6 / 1 8 D N A d e t e c t i o n by m o n i t o r 

i ng c i r c u l a t i n g c e l l - f r e e D N A ( c f D N A ) f r o m s e r u m of 3 9 ce rv i ca l 

c a n c e r s a m p l e s a n d 2 9 c o n t r o l s a m p l e s w i t h the p u r p o s e o f a v o i d i n g 

i nvas i ve s a m p l i n g . 9 6 T h e resu l t s o b t a i n e d w i t h i n 3 0 m in w e r e 

c o m p a r e d w i t h d ig i ta l d r o p l e t P C R , s h o w i n g 1 0 0 % sens i t i v i t y a n d 

8 8 . 2 4 % s p e c i f i c i t y . H o w e v e r , it s h o u l d be n o t e d t ha t c i r c u l a t i n g H P V 

D N A has a v e r y l o w a b u n d a n c e in s e r u m o f w o m e n w i t h 

p r e c a n c e r o u s ce rv i ca l l es ions a n d t hus its use as a d i a g n o s t i c 

b i o m a r k e r is q u e s t i o n a b l e . Ins tead , s e v e r a l s t u d i e s d e m o n s t r a t e d 

tha t it m a y ac t as a p r o g n o s t i c b i o m a r k e r in b l o o d of pa t i en t s w i t h 

p r ima ry t u m o r s o f c e r v i x t o m o n i t o r a d v a n c e d s tages o r poss ib l e 

m e t a s t a s e s . 9 9 - 1 0 3 

5 | CRISPR-CAS SYSTEM FOR IMPROVED 
SELECTIVITY 

C R I S P R - C a s t e c h n o l o g y (shor t f o r C l u s t e r e d Regu la r l y I n te r spaced 

S h o r t P a l i n d r o m i c R e p e a t s / C R I S P R - a s s o c i a t e d p ro te in ) w a s i n t ro 

d u c e d in 2 0 1 2 by the r e s e a r c h g r o u p o f J e n n i f e r D o u d n a a n d 

E m m a n u e l l e C h a r p e n t i e r ( a w a r d e d jo in t N o b e l P r i ze in c h e m i s t r y in 

2 0 2 0 ) , w h i c h r e v o l u t i o n i z e d n o t o n l y g e n o m e e d i t i n g bu t a l so 

m o l e c u l a r b i o l o g y in g e n e r a l . 1 0 4 S o o n a f t e r th is d i s c o v e r y , C R I S P R -

C a s s y s t e m w a s i n t r o d u c e d in to m o l e c u l a r d i a g n o s t i c s , i n c l u d i n g t h e 

f ie ld o f b i o s e n s i n g . Its p r i nc ip l e l ies in a c l e a v a g e o f s p e c i f i c nuc le i c 

ac id s e q u e n c e s r e c o g n i z e d by a gu ide R N A tha t is m a d e up o f t w o 

par ts : C R I S P R R N A ( c r R N A ) , a 1 7 - 2 0 n u c l e o t i d e s e q u e n c e c o m p l e 

m e n t a r y t o t he ta rge t n u c l e i c a c i d , a n d a t r a n s - a c t i v a t i n g R N A 

( t r a c r R N A ) s c a f f o l d r e c o g n i z e d by a ca ta l y t i ca l l y a c t i v e C a s p r o t e i n . 

T h e f ina l C R I S P R - C a s c o m p l e x t h e n b i nds to t h e ta rge t s e q u e n c e a n d 

c l e a v e s it in a h igh ly s p e c i f i c m a n n e r . T h i s t e c h n o l o g y had a h u g e 

i m p a c t o n m o l e c u l a r d i a g n o s t i c s by g rea t l y i n c r e a s i n g s p e c i f i c i t y of 

b i o a s s a y s . 1 0 5 C u r r e n t l y , t h e r e is a p l e t h o r a o f d i f f e ren t c a s p a s e s , fo r 

e x a m p l e , C a s 9 , C a s l 2 , C a s l 3 , C a s l 4 , a n d t h e i r s u b t y p e s , 1 0 6 1 0 7 t ha t 

spec i f i ca l l y c l e a v e v a r i o u s ta rge t m o l e c u l e s s u c h as s i n g l e - s t r a n d e d 

(ss) D N A , d o u b l e - s t r a n d e d (ds) D N A , ss R N A w i t h c i s - a n d / o r t r ans -

c l e a v a g e ac t i v i t y , o r e v e n u n w i n d d s D N A . 1 0 9 A c c o r d i n g l y , 

C R I S P R - C a s s y s t e m has b e e n e m p l o y e d in d e t e c t i o n o f w i d e range 

of b i o m a r k e r s , i n c l u d i n g m i c r o R N A s , 1 1 0 1 1 1 D N A m e t h y l a t i o n , 1 1 2 

s ing le po in t m u t a t i o n s , 1 1 3 1 1 4 v a r i o u s bac te r i a s u c h as Salmo

nella,115'116 Yersinia pestis117 o r v i r u s e s s u c h as S A R S - C o V - 2 , 1 1 8 

E B V , 1 1 9 as we l l as H P V . 1 2 0 " 1 4 2 In teres t ing ly , C R I S P R - C a s t e c h n o l o g y 

w a s r e c e n t l y u s e d a l so in a t r e a t m e n t o f H P V i n f e c t i o n - a s s o c i a t e d 

ce rv i ca l c a n c e r . B y u s i n g l i p o s o m e d e l i v e r y o f C R I S P R - C a s 9 , a u t h o r s 

e f f e c t i v e l y k n o c k e d o u t H P V , w h i c h , in t u rn , i n d u c e d a u t o p h a g y a n d 

t r i gge red ce l l d e a t h - r e l a t e d i m m u n e a c t i v a t i o n by r e l e a s i n g d a m a g e -

re la ted m o l e c u l a r p a t t e r n s . 1 4 3 

T h e C R I S P R - C a s s y s t e m fac i l i t a tes i den t i f i ca t i on o f i nd i v idua l 

H P V g e n o t y p e s at v e r y l o w c o p y n u m b e r s . M o s t o f t h e s e H P V assays 

are f r e q u e n t l y c o u p l e d w i t h R P A a n d use f l u o r e s c e n c e e n d - p o i n t 

d e t e c t i o n . A n i n t e r e s t i n g e x a m p l e w a s r e p o r t e d by X u et a l . , 1 3 3 

c o m b i n i n g a m i c r o f l u i d i c d e v i c e w i t h R P A r e a c t i o n a n d C R I S P R -

C a s l 2 a tha t e n s u r e d m u l t i p l e x e d d e t e c t i o n o f n ine h r H P V g e n o t y p e s 

w i t h i n 4 0 m i n . T h e s o - c a l l e d M i C a R p l a t f o r m w a s in i t i a ted by 

t h e r m o l y s i s o f t he s a m p l e (w i t hou t D N A ex t rac t i on ) , f o l l o w e d by a 

m u l t i p l e x e d R P A . T h e R P A p r o d u c t s w e r e t h e n l o a d e d in to the 

m i c r o f l u i d i c d e v i c e a n d spec i f i ca l l y c l e a v e d w i t h C R I S P R - b a s e d 

s y s t e m c o n t a i n i n g C a s l 2 a , c r R N A , a n d a f l u o r e s c e n c e repo r te r . T h e 

assay t a r g e t e d LI g e n e a n d w a s a p p l i e d f o r s c r e e n i n g o f 1 0 0 ce rv i ca l 

s m e a r s a m p l e s w i t h 9 7 . 8 % sens i t i v i t y a n d 9 8 . 1 % s p e c i f i c i t y . 1 3 3 A 

s imi la r a p p r o a c h w a s i n t r o d u c e d by Z h a o e t a l . 1 4 1 by c o m b i n i n g R P A 

and f l u o r e s c e n c e r e a d o u t i n t o a m i c r o f l u i d i c d u a l - d r o p l e t d e v i c e . T h i s 

s y s t e m w a s d e v e l o p e d f o r dua l d e t e c t i o n o f H P V 1 6 a n d H P V 1 8 , 

r e a c h i n g an u l t r a l o w l imi t o f d e t e c t i o n (1 a M , - 1 c o p y / r e a c t i o n ) in 

on l y 3 0 m i n . M o r e o v e r , w h e n c o m p a r e d t o s t a n d a r d P C R , the 

sens i t i v i t y o f 9 2 . 3 % a n d t h e s p e c i f i c i t y o f 1 0 0 % o n a pane l o f 2 0 

c l in ica l s a m p l e s w a s a c h i e v e d . H o w e v e r , assay t a r g e t e d LI g e n e tha t 

can be los t d u r i n g H P V i n teg ra t i on in to t h e h o s t g e n o m e , 1 4 4 , 1 4 5 

l ead ing to poss ib l e fa l se n e g a t i v e resu l ts . 

A l t h o u g h ma jo r i t y o f C R I S P R - b a s e d s t u d i e s use s o m e D N A 

amp l i f i ca t i on t e c h n i q u e b e f o r e d e t e c t i o n , 1 2 2 " 1 2 7 1 2 9 " 1 3 1 ' 1 3 3 ' 1 3 7 " 1 4 2 

seve ra l w o r k s r e p o r t e d a l so a m p l i f i c a t i o n - f r e e s t r a te -

g i e s . 1 2 1 ' 1 2 8 , 1 3 2 ' 1 3 4 , 1 4 6 A n i n t e r e s t i n g t e c h n o l o g y ca l l ed p o l y d i s p e r s e 

d r o p l e t d ig i ta l C R I S P R - C a s - b a s e d assay has b e e n i n t r o d u c e d by X u e 

et a l . 1 3 4 w h e r e b y t h e r e a c t i o n m i x t u r e c o n t a i n i n g C R I S P R - C a s 

c o m p o n e n t s a n d a f l u o r e s c e n t d y e - l a b e l e d r e p o r t e r p r o b e w a s 

v o r t e x e d w i t h oi l t o g e n e r a t e mu l t i p l e d r o p l e t s . T h e f ina l p r o t o c o l 

i n c l u d e d b o t h C a s l 2 a ( c l eav ing d s D N A ) a n d C a s l 3 a ( c l eav ing s s R N A ) , 

c o u p l e d t o f l u o r e s c e n t labe ls g e n e r a t i n g g r e e n ( F A M ) a n d red ( H E X ) 

pos i t i ve d r o p l e t s , r e s p e c t i v e l y , f o r a dua l d e t e c t i o n a s s a y in o n e 

m ix tu re . H e n c e , t h e a s s a y c o u l d i n d e p e n d e n t l y d e t e c t H P V 1 8 D N A 

f r o m 2 3 ce rv i ca l s m e a r s ( C a s l 2 a , H E X ) a n d a l so S A R S - C o V - 2 R N A 

f r o m 3 2 n a s o p h a r y n g e a l s w a b s ( C a s l 3 a , F A M ) . L im i t o f d e t e c t i o n f o r 

H P V w a s 1 6 2 pg/u.1 o f g e n o m i c D N A w i t h i n 2 0 m in o f r e a c t i o n t ime . 

A s s a y sens i t i v i t y a n d s p e c i f i c i t y r e a c h e d 1 0 0 % f o r b o t h assay ta rge ts , 

but it s h o u l d be n o t e d tha t n u m b e r of t e s t e d s a m p l e s w a s t o o l o w f o r 

r e l evan t s ta t i s t i ca l ana lys i s . 

O v e r a l l , C R I S P R - C a s t e c h n o l o g y has rap id l y e n t e r e d b i o s e n s i n g 

resea rch a n d has a l r eady m a d e a huge i m p a c t by i n c r e a s i n g s p e c i f i c i t y 

of i nd i v idua l assays in a re la t i ve l y i n e x p e n s i v e m a n n e r . H o w e v e r , 



seve ra l t e c h n i c a l c h a l l e n g e s pers is t , i n c l u d i n g o f f - t a r g e t a c t i v i t y (i.e., 

c l e a v a g e at o t h e r t h a n r e c o g n i t i o n site) o r s o m e t i m e s l o w e r e f f i c i e n c y 

of c l e a v a g e by c a s p a s e s . 1 4 7 M o r e o v e r , w h e n a p p l i e d t o t he f ie ld of 

b i o s e n s i n g , m o s t w o r k s re l i ed o n p r e - a m p l i f i c a t i o n s t e p f o r i n c r e a s e d 

sens i t i v i t y , p r o l o n g i n g ove ra l l p r o t o c o l t i m e . N e v e r t h e l e s s , c o m b i n a 

t i on w i t h q u i c k l A T s , as s h o w n f o r e x a m p l e , in a w o r k by G a n b a a t a r 

w h o c o u p l e d 2 0 m in of R P A r e a c t i o n w i t h 1 0 m in o f C R I S P R - C a s l 2 a 

c l e a v a g e , 1 2 2 c o u l d be a p r o m i s i n g p a t h w a y f o r its p o s s i b l e use in l o w -

r e s o u r c e se t t i ngs . 

Resu l t s f r o m a b o v e s t u d i e s u s i n g C R I S P R - C a s s y s t e m imp l ies tha t 

it o f f e r s g o o d s e q u e n c e r e s o l u t i o n at a s ing le n u c l e o t i d e l e v e l , bu t 

d i s c r i m i n a t i o n o f i nd i v idua l g e n o t y p e s w o u l d requ i re v e r y p r e c i s e 

des ign o f g R N A . A l t h o u g h H P V is a sma l l v i rus , t h e r e is qu i t e large 

i n t r a - h o s t s e q u e n c e var iab i l i t y w i t h i n h igh ly c o n s e r v e d s e q u e n c e s , 

and up t o a 1 0 0 0 u n i q u e va r i an t s w e r e i den t i f i ed w i t h i n i nd i v idua l 

s a m p l e s . 1 4 8 O u r e x p e r i e n c e t hus s h o w s tha t it is be t t e r t o use 

t e c h n i q u e s w h i c h r e c o g n i z e l o n g e r s e q u e n c e s by u s i n g p r i m e r s o r 

p r o b e s , o r t o use C R I S P R - C a s s y s t e m at t h o s e i n s t a n c e s w h e r e s ing le 

m i s m a t c h e s p lay a c ruc ia l ro le . 

6 | MICROFLUIDICS A N D L A B - O N - A - C H I P 
T E C H N O L O G Y - I N T E G R A T I N G INDIVIDUAL 
STEPS INTO A SINGLE DEVICE 

M i c r o f l u i d i c t e c h n o l o g i e s , s o m e t i m e s r e f e r r e d t o as " l a b - o n - a - c h i p " 

p r o v i d e an o p p o r t u n i t y t o c r e a t e d e v i c e s o r c h i p s tha t c o u l d c o m p e t e 

w i t h c lass ica l t e c h n i q u e s in b i o m e d i c a l a n d c h e m i c a l r e s e a r c h . 1 4 9 1 5 2 

T h e s e l o w - c o s t d e v i c e s can p r o c e s s m ic ro l i t e r s of s o l u t i o n v i a 

cap i l l a ry c h a n n e l s in a h i g h - t h r o u g h p u t m a n n e r , t hus r e d u c i n g t h e 

r e q u i r e m e n t f o r s a m p l e s a n d r e a g e n t s . Impor tan t l y , all r e a c t i o n s a n d 

w a s h i n g s t e p s a re p e r f o r m e d in s e a l e d r e a c t i o n s y s t e m s , idea l fo r 

p r e v e n t i n g c r o s s - c o n t a m i n a t i o n . L O C t e c h n o l o g y r e p r e s e n t s rap id l y 

g r o w i n g f ie ld in D N A d i a g n o s t i c s , a n d n u m e r o u s d e v i c e s w e r e 

i n t r o d u c e d a l so f o r H P V a n a l y s i s . 1 5 3 " 1 6 7 

F o r e x a m p l e , an i n t e r e s t i n g i n n o v a t i o n w a s an a u t o m a t e d 

d i a g n o s t i c s o f h igh - r i sk H P V s by u s i n g m a c h i n e l ea rn i ng c o u p l e d 

w i t h s i ng le - ce l l d r o p l e t P C R a n d m u l t i p l e x e d m i c r o f l u i d i c s c h i p . 1 5 8 

Images o f d r o p l e t s t o c o n f i r m p r e s e n c e o f a m p l i f i e d H P V p r o d u c t s 

w e r e c a p t u r e d by i n v e r t e d f l u o r e s c e n t m i c r o s c o p e w i t h C C D c a m e r a , 

f o l l o w e d by an ana lys i s u s i n g C i r c l e H o u g h T r a n s f o r m t e c h n i q u e fo r 

c i rc le d e t e c t i o n a n d t r a n s f e r l ea rn i ng of L e N e t neura l n e t w o r k 

( t e rmed d rop le t - ne t ) . A l t h o u g h t h e assay w a s p e r f o r m e d o n l y o n 

ce rv i ca l c a n c e r ce l l l ines a n d sti l l r e q u i r e d re la t i ve l y e x p e n s i v e 

i n s t r u m e n t a t i o n , it c o u l d p a v e t h e w a y f o r f u t u r e a u t o m a t i o n of 

p o i n t - o f - c a r e d i a g n o s t i c s w i t h the po ten t i a l t o i m p r o v e a c c u r a c y a n d 

d e c r e a s e ove ra l l t i m e a n d cos t . A s w e m e n t i o n e d a b o v e , s e a l e d 

reac t i on s y s t e m s m a y p r e v e n t a e r o s o l c o n t a m i n a t i o n w h i c h is 

c o m m o n in n u c l e i c ac id a m p l i f i c a t i o n t e c h n i q u e s . T o f u r t h e r d e c r e a s e 

t h e r isk o f c o n t a m i n a t i o n , M o u et a l . r e p o r t e d a f e m t o l i t e r - s i z e d 

m i c r o f l u i d i c h y b r i d i z a t i o n assay w i t h o u t D N A a m p l i f i c a t i o n , y e t 

r e a c h i n g u l t r a l o w a t t o m o l a r d e t e c t i o n l i m i t s . 1 5 3 T h e p r i nc ip l e w a s 

s imi la r t o t h e h c 2 c o m m e r c i a l ki t , r e l y i ng o n an a n t i b o d y tha t c a p t u r e s 

D N A / R N A h y b r i d s , bu t it u s e d f e m t o l i t e r - s i z e d d r o p l e t s f o r c o n c e n 

t ra t i ng e n z y m e - c a t a l y z e d f l u o r e s c e n t p r o d u c t s i n to a sma l l v o l u m e to 

i n c r e a s e d e t e c t a b l e s igna l , a n d m a g n e t i c b e a d s f o r a c c e l e r a t i n g 

reac t i on t i m e . In te res t ing ly it r e a c h e d b e t t e r sens i t i v i t y t h a n h c 2 by 

d e t e c t i n g s a m p l e s w i t h l o w v i ra l l o a d . O n the o t h e r h a n d , t h e w h o l e 

s t u d y w a s c o n d u c t e d w i t h o n l y 2 0 H P V - p o s i t i v e c l in ica l s a m p l e s 

w i t h o u t u s i n g n e g a t i v e c o n t r o l s . 

T h e p h y s i c s o f m i c r o f l u i d i c s re l ies o n t h e p u m p s o r p r e s s u r e to 

g e n e r a t e f lu id f l o w , r equ i r i ng e i t h e r spec ia l i n s t r u m e n t a t i o n o r 

e lec t r i c i t y . T h i s , c o n s e q u e n t l y , l imi ts m i c r o f l u i d i c s - b a s e d d i a g n o s t i c s 

in l o w - r e s o u r c e se t t i ngs . T o r e s o l v e th is i ssue , p a p e r - b a s e d m i c r o 

f l u id i cs (paper f lu id ics ) i n t r o d u c e d by W h i t e s i d e s g r o u p in 2 0 0 7 1 6 8 has 

r ecen t l y g a r n e r e d m u c h a t t e n t i o n d u e to its ab i l i t y t o p a s s i v e l y 

t r a n s p o r t f lu ids t h r o u g h cap i l l a ry a c t i o n , w h i c h c i r c u m v e n t s the 

p r o b l e m of p u m p s o r o t h e r f lu id h a n d l i n g e q u i p m e n t . S u c h p a p e r -

f l u id i c p l a t f o r m fo r H P V ana lys i s w a s c o n s t r u c t e d by u s i n g s o l e l y 

p a p e r a n d a d h e s i v e s h e e t s . 1 6 3 It i n t eg ra t ed all t he s t e p s , i n c l u d i n g 

D N A e x t r a c t i o n , L A M P a m p l i f i c a t i o n , a n d la tera l f l o w d e t e c t i o n of 

H P V 1 6 D N A v ia i m m u n o c h r o m a t o g r a p h i c s t r ips at t he pane l o f t en 

ce rv i ca l s a m p l e s . A l t h o u g h t w o o u t o f f i ve n e g a t i v e s a m p l e s e x h i b i t e d 

fa in t p o s i t i v e tes t l ines, m o s t p r o b a b l y d u e t o s e l f - p r i m i n g o f L A M P 

p r imers , th is l o w - c o s t d i s p o s a b l e p a p e r f l u d i c c h i p c o u l d r e p r e s e n t a 

v i ab le o p t i o n f o r q u i c k d i a g n o s t i c s o f H P V i n f e c t i o n o n c e the i ssue of 

fa l se p o s i t i v e s is r e s o l v e d . A c o m b i n a t i o n o f a b o v e - m e n t i o n e d 

p r i nc ip les , tha t is, hyb r i d c a p t u r e s t r a tegy t o a v o i d D N A a m p l i f i c a t i o n 

and p a p e r - b a s e d assay w i t h o u t a n e e d f o r p u m p s , has b e e n v e r y 

r ecen t l y r e p o r t e d by R i c h a r d s - K o r t u m g r o u p . 1 6 1 T h e a s s a y c o m p r i s e d 

t w o - d i m e n s i o n a l p a p e r n e t w o r k ( 2 D P N ) a n d a p o i n t - o f - c a r e s a m p l e 

p r e p a r a t i o n p r o t o c o l to d e t e c t H P V 1 6 D N A f r o m e x f o l i a t e d ce rv i ca l 

ce l ls w i t h i n an h o u r . It w a s c o n d u c t e d no t o n l y in c o n t r o l l e d 

l a b o r a t o r y se t t i ngs u s i n g ce rv i ca l s a m p l e s f r o m S a l v a d o r bu t a l so in 

f ie ld se t t i ngs in M o z a m b i q u e o n s e l f - c o l l e c t e d s a m p l e s . A s e x p e c t e d , 

t h e a c c u r a c y o f t he f ie ld t e s t i n g o n s e l f - c o l l e c t e d s a m p l e s w a s l o w e r 

c o m p a r e d t o t h e l a b o r a t o r y t es t i ng , w h i c h w a s a t t r i b u t e d t o a h ighe r 

s a m p l e t u rb i d i t y in t h e c a s e o f s e l f - c o l l e c t i o n . A s a u t h o r s n o t e d , 

add i t i ona l p r e t r e a t m e n t o f s e l f - c o l l e c t e d s a m p l e s wi l l be n e e d e d to 

e l im ina te fa lse p o s i t i v e resu l t s , bu t o t h e r w i s e , th is s t u d y h o l d s g rea t 

p r o m i s e f o r r e m o t e l o w - r e s o u r c e H P V d i a g n o s t i c s . 

Desp i te the advantages that microf lu id ic p lat forms offer, inc luding 

opt ions of min iatur izat ion, portabi l i ty and sealed env i ronment to p revent 

con tamina t ion , there are still chal lenges that l imit t hem to reach their full 

potent ia l . For instance, manufac tur ing process is qui te comp lex , no t ful ly 

s tandard ized and as such is not ready for mass p r o d u c t i o n . 1 4 9 M o r e o v e r , 

microf lu id ic dev ices face chal lenges w h e n coup led wi th o the r plat forms, 

especial ly those fo r imaging record ings, and require t rained personne l and 

str ingent, f requent qual i ty checks that limit their appl icat ions especial ly 

fo r l o w resources e n v i r o n m e n t . 1 6 9 In this sense, paper -based microf lu id ic 

dev ices are cons ide red the mos t p romis ing candidates for l o w resource 

sett ings as they are low-cos t , easy - to -use , d isposable , and virtual ly 

equ ipment - f ree . H o w e v e r , the areas of improvemen t a lso exist, such as 

high sample re tent ion w i th in paperf lu id ic channels and higher l imits of 

de tec t ion assoc ia ted w i th the tradit ional visual de tec t ion , both of t h e m 

leading to relat ively l o w sensi t iv i ty of m e a s u r e m e n t . 1 7 0 
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7 | N A N O M A T E RIALS ENHANCING ASSAY 
SENSITIVITY 

Grea t progress in nanob io techno logy and in nanomater ia l sc ience have 

enab led mass ive d e v e l o p m e n t of b ioassays and b iosensors at the 

nanoscale. Nanomater ia ls s h o w un ique mechan ica l , opt ica l , e lectr ical , 

and even magnet ic features d u e to their small d imens ions , and enab le 

u l t ra low de tec t ion limits as a result o f their large su r face - to -vo lume 

r a t i o s . 1 7 1 1 7 4 Dis t inct nanost ruc tures w e r e in t roduced, such as gold or 

si lver nanopart ic les, ca rbon nanotubes , g raphene ox ide , quan tum dots, 

po lymer ic nanocompos i tes , o r even var ious nanorods o r nanowi res , 

w h i c h serve e i ther as carr iers for b io recep to r immobi l iza t ion o r as s ignal-

generat ing reporters. Frequent ly , mult ip le nanomater ia ls are c o m b i n e d 

toge ther to create c o m p l e x arch i tectures in a single assay t o ob ta in as l o w 

detec t ion limits as possib le, but o f ten w i thou t any appl icat ion in real 

clinical sett ings. A s such , this pursue for ultrahigh sensi t iv i ty is 

quest ionab le if not demons t ra ted on cl inical mater ial . M o r e o v e r , 

nanomater ia ls are still relat ively cost ly and their poss ib le negat ive health 

and env i ronmenta l impact has been a mat ter of numerous d i s c u s s i o n s . 1 7 5 

Var ious s tud ies have repor ted penet ra t ion and accumula t ion of 

nanomater ia ls in to cy top lasm o r even cell n u c l e u s . 1 7 5 1 7 9 

A p p l i c a t i o n o f n a n o m a t e r i a l s f o r H P V ana l ys i s is re la t i ve l y 

c o m m o n , bu t as w e d i s c u s s e d a b o v e , p l e n t y o f r epo r t s d o n o t s h o w 

feas ib i l i t y o n c l in ica l m a t e r i a l . 1 8 0 1 8 4 Ins tead , m a n y o f t h e m use 

" s p i k i n g " w h e r e b y s y n t h e t i c s e q u e n c e s a re i nse r t ed in to the s e r u m to 

s h o w t h e p e r c e n t a g e o f r e c o v e r e d s e q u e n c e s a n d t hus t o e v a l u a t e 

poss ib l e ma t r i x e f f e c t s . M a n y n a n o m a t e r i a l - b a s e d p a p e r s tha t 

ac tua l l y u s e d ce rv i ca l s a m p l e s f r o m w o m e n t e s t e d the i r assays o n a 

re la t i ve ly l o w n u m b e r o f p a t i e n t s . 1 8 5 1 9 0 F o r i n s tance , H o n g et a l . 

e m p l o y e d c a r b o x y l i c g r o u p - f u n c t i o n a l i z e d m a g n e t i c n a n o p a r t i c l e s fo r 

spl i t e l e c t r o c h e m i l u m i n e s c e assay f o r d e t e c t i o n o f H P V 1 6 b a s e d o n 

go ld n a n o c l u s t e r p r o b e s . T h e i n t r o d u c t i o n o f v a r i o u s n a n o m a t e r i a l s 

led t o an u l t r a l o w d e t e c t i o n l imi t o f 6 .8 a M , a n d t h e assay w a s a p p l i e d 

t o 2 7 ce rv i ca l s m e a r s w i t h subs tan t i a l a g r e e m e n t w h e n c o m p a r e d to 

h c 2 assay . In a n o t h e r s m a l l - c o h o r t s t u d y , S u n e t a l . d e v e l o p e d a 

p h o t o e l e c t r o c h e m i c a l b i o s e n s o r a r ray ( P E B A ) f o r m u l t i p l e x e d d e t e c 

t i on o f n ine H P V g e n o t y p e s (F igure 3 ) . 1 8 5 A u t h o r s r e p o r t e d t h e 

d e t e c t i o n l imi t o f 0.1 copies/p.1 a n d a n a l y z e d a to ta l o f 4 0 c l in ica l 

s a m p l e s , i n c l u d i n g 2 0 H P V - p o s i t i v e a n d 2 0 H P V - n e g a t i v e s a m p l e s . 

R e l a t i v e l y large c o h o r t o f 2 0 9 ce rv i ca l s a m p l e s w a s u s e d fo r 

v a l i d a t i o n o f a n o v e l n a n o p a r t i c l e - a s s i s t e d P C R assay ( n a n o P C R ) fo r 

d e t e c t i o n o f E 6 g e n e s o f H P V 1 6 a n d H P V 1 8 . 1 9 1 A l t h o u g h a u t h o r s 

d id n o t ca l cu l a te sens i t i v i t y a n d s p e c i f i c i t y o f t he i r n a n o P C R assay , it 

d i s p l a y e d 1 0 - f o l d m o r e s e n s i t i v e d e t e c t i o n t h a n tha t of a c o n v e n 

t iona l P C R , u s e d o n l y f e w m ic ro l i t e r s o f t h e s a m p l e a n d a l l o w e d t h e 

reac t i on t o r each m o r e q u i c k l y t h e ta rge t t e m p e r a t u r e , h e n c e 

s h o r t e n i n g ove ra l l assay t ime . 

D e s p i t e h u g e a d v a n c e s in n a n o t e c h n o l o g y , c lea r b e n e f i t s o f its 

a p p l i c a t i o n f o r H P V d i a g n o s t i c s h a v e ye t t o be d e m o n s t r a t e d 

e s p e c i a l l y f o r l o w r e s o u r c e se t t i ngs in t e r m s o f s imp l i c i t y o r c o s t -

e f f e c t i v e n e s s , a n d po ten t i a l hea l t h a n d e n v i r o n m e n t a l r isks n e e d to 

be a d d r e s s e d . In a d d i t i o n , n a n o m a t e r i a l s o f t e n s h o w l o w e r 

r e c o g n i t i o n e f f i c i e n c i e s f o r t a rge t a n a l y t e s in c o m p l e x b io log i ca l 

e n v i r o n m e n t s , s l o w k ine t i cs o f b i n d i n g p r o c e s s e s d u e t o h e t e r o g e 

n e o u s i n te r f aces , a n d q u e s t i o n a b l e s tab i l i t y o f n a n o m a t e r i a l - b a s e d 

su r f aces , w h i c h a re all i ssues tha t n e e d t o be t a k e n in to an a c c o u n t 

w h e n d e s i g n i n g b i o s e n s i n g t e c h n o l o g i e s . 1 9 2 

8 | CONCLUSION A N D 
R E C O M M E N D A T I O N S 

T h e r e c e n t C O V I D - 1 9 p a n d e m i c has u n d o u b t e d l y a c c e l e r a t e d 

d e v e l o p m e n t o f n o v e l t e c h n o l o g i e s f o r d e t e c t i o n o f v i ra l i n f ec t i ons , 

i n c l u d i n g H P V . C o m m o n l y , H P V is d e t e c t e d at t he n u c l e i c ac id leve l 

v ia P C R - b a s e d a s s a y s , w h i c h is c o n s i d e r e d go ld s t a n d a r d . H o w e v e r , 

n e w ana ly t i ca l t o o l s h a v e e m e r g e d in last yea rs tha t c o u l d ou t -

c o m p e t e t h e m in t e r m s o f s imp l i c i t y , cos t , o r t i m e e f f i c i e n c y . V a r i o u s 

i s o t h e r m a l a m p l i f i c a t i o n t e c h n i q u e s w e r e i n t r o d u c e d as i n t e res t i ng 

a l t e rna t i ves t o P C R tha t o b v i a t e a n e e d f o r t h e r m a l c y c l i n g , h e n c e 

p r o v i d i n g an o p p o r t u n i t y t o c o n s t r u c t s i m p l e a n d rap id d i a g n o s t i c 

t o o l s a n d d e v i c e s f o r p o i n t - o f - c a r e t es t i ng . T h i s is n i ce l y e v i d e n c e d by 

f o r e x a m p l e , n u m e r o u s la tera l f l o w assays c o u p l e d t o R P A d e p l o y a b l e 

in f ie ld se t t i ngs , C R I S P R - b a s e d s y s t e m s tha t i m p r o v e s p e c i f i c i t y o f 

d e t e c t i o n , m i c r o f l u i d i c a n d L O C d e v i c e s i n t eg ra t i ng all r e a c t i o n s t e p s 

and f inal r e a d o u t , as w e l l as d i v e r s e n a n o m a t e r i a l s w h i c h g rea t l y 

e n h a n c e sens i t i v i t y o f t h e m e a s u r e m e n t . In s o m e c a s e s , L F A d e v i c e s 

o r C R I S P R - b a s e d s y s t e m s m a y sti l l b e n e f i t f r o m P C R a m p l i f i c a t i o n , 

but e v e n he re the l A T s a re g a i n i n g g r o u n d . M a j o r d r a w b a c k o f t h e s e 

t e c h n o l o g i e s , h o w e v e r , is t he i r i nsu f f i c i en t a p p l i c a t i o n in to c l in ica l 

mater ia l t o p r o v e the i r u s e f u l n e s s . Un t i l r ecen t l y , m a n y s t u d i e s u s e d 

o n l y s p i k i n g o f s y n t h e t i c H P V s e q u e n c e s i n to s e r u m t o m i m i c real 

se t t i ngs o r u t i l i zed c a n c e r ce l l l ines w i t h w e l l - d e f i n e d H P V s ta tus . A 

r e a s o n f o r s p i k i n g o r f o r u s i n g o n l y ce l l l ines is p e r h a p s a lack of 

a c c e s s t o h i gh -qua l i t y b i oma te r i a l f r o m pa t i en t s tha t s u c c e s s f u l l y 

p a s s e d p re -ana l y t i ca l p r o c e d u r e s u s e d in s a m p l e c o l l e c t i o n , p r o c e s 

s ing , s t o r a g e , a n d s h i p p i n g , s i gn i f i can t l y i n f l u e n c i n g n u c l e i c ac id 

in tegr i t y . It is w o r t h n o t i n g tha t a n u m b e r o f a c a d e m i c a n d / o r 

c o m m e r c i a l b i o b a n k s ex is t , i n c l u d i n g E u r o p e a n r e s e a r c h i n f ra 

s t r u c t u r e f o r b i o b a n k i n g ( B B M R I - E R I C ) , In te rna t iona l S o c i e t y f o r 

B i o l og i ca l a n d E n v i r o n m e n t a l R e p o s i t o r i e s ( ISBER) , o r E u r o p e a n , 

M i d d l e E a s t e r n , o r A f r i c a n S o c i e t y f o r B i o p r e s e r v a t i o n a n d B i o b a n k 

i ng ( E S B B ) , w h i c h o f f e r h u m a n s a m p l e s a n d a s s o c i a t e d da ta of 

s t a n d a r d i z e d q u a l i t y f o r r e s e a r c h p u r p o s e s . A n o t h e r s ign i f i can t 

d r a w b a c k is tha t m o s t o f t h e s e t e c h n o l o g i e s w e r e n o t ye t fu l l y 

t e s t e d in l o w - r e s o u r c e se t t i ngs o u t s i d e w e l l - e q u i p p e d l abo ra to r i es o r 

hosp i ta l s . O n l y f e w r e l e v a n t s t u d i e s , m o s t l y u t i l i z ing L F A c o m b i n e d 

w i t h R P A 9 8 o r p a p e r f l u d i c d e v i c e w i t h h y b r i d c a p t u r e t e c h n o l o g y , 1 6 1 

s h o w e d p e r f o r m a n c e in l o w - r e s o u r c e se t t i ngs in d e v e l o p i n g c o u n t r 

ies. A u t h o r s o f t h e f o r m e r s t u d y e v e n e s t i m a t e d a c o s t o f a s ing le tes t 

t o be a r o u n d $ 5 , a v e r y a f f o r d a b l e p r i ce d u e t o t he i r e x t r a c t i o n - f r e e 

and P C R - f r e e a p p r o a c h . 9 8 O t h e r a u t h o r s d i d no t e s t i m a t e p r o j e c t e d 

co s t s o f t h e i r a s s a y s , bu t it can be e x p e c t e d tha t by i m p l e m e n t i n g 

C R I S P R - C a s s y s t e m , m i c r o f l u i d i c d e v i c e s o r n a n o m a t e r i a l s , ove ra l l 

p r i ce pe r tes t w o u l d i n c r e a s e . F u r t h e r m o r e , n o n c o l o r i m e t r i c - b a s e d 

(o ther t h a n n a k e d - e y e ) e n d - p o i n t d e t e c t i o n s y s t e m s (e.g., 
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F I G U R E 3 S c h e m a t i c i l l us t ra t ion o f t h e p h o t o e l e c t r o c h e m i c a l b i o s e n s o r a r ray ( P E B A ) p l a t f o r m . (A) T h e c l in ica l s a m p l e s p r e t r e a t m e n t a n d 

a m p l i f i c a t i o n . (B) S c h e m a t i c i l l us t ra t ion o f t he P E B A s e t u p f o r H P V g e n o t y p i n g . (C) S c h e m a t i c i l l us t ra t ion o f t he f a b r i c a t e d P E B A f o r d e t e c t i n g 

H P V - r e l a t e d g e n e s . Q D , q u a n t u m do t . R e p r i n t e d w i t h p e r m i s s i o n f r o m R e f . 1 8 5 C o p y r i g h t 2 0 2 3 E lsev ie r . 

f l u o r e s c e n c e , l u m i n e s c e n c e o r e l e c t r o c h e m i c a l ) r equ i re ini t ia l i n ves t 

m e n t s in t e r m s o f n e w i n s t r u m e n t a t i o n . 

In th is r e v i e w , w e t r i ed t o h igh l igh t t h o s e s t u d i e s w h e r e a u t h o r s 

i n c l u d e d c l in ica l s a m p l e s o b t a i n e d f r o m pa t ien ts , m o s t l y ce rv i ca l 

s m e a r s . H o w e v e r , H P V can be d e t e c t e d a l so n o n - i n v a s i v e l y , e i t h e r in 

s e l f - c o l l e c t e d vag ina l s w a b s , o r in a l iqu id b i o p s y f o r m a t , t ha t is, in 

u r ine , b l o o d , o r sa l i va . W h i l e ce rv i ca l s m e a r s requ i re a pe l v i c 

e x a m i n a t i o n by a g y n e c o l o g i s t , c o l l e c t i o n o f a vag ina l s p e c i m e n fo r 

H P V t e s t i n g can be p e r f o r m e d by the pa t i en t s t h e m s e l v e s , a f e a t u r e 

tha t is e s p e c i a l l y a t t r ac t i ve in r e s o u r c e - l i m i t e d a reas , m a k i n g the H P V 

t e s t i n g w i t h s e l f - c o l l e c t e d s a m p l e s as a poss ib l e p r i m a r y s c r e e n i n g 

a l t e r n a t i v e . 1 9 3 A large m e t a - a n a l y s i s o f 1 2 s t u d i e s s h o w e d g o o d 

a c c u r a c y b e t w e e n p a t i e n t - c o l l e c t e d vag ina l s a m p l e s a n d t h o s e 

o b t a i n e d by a c l i n i c i an , bu t d u e to h igh ly h e t e r o g e n e o u s da ta a n d a 

v a r i e t y o f s p e c i m e n c o l l e c t i o n d e v i c e s tha t h a v e b e e n u s e d in 

i nd i v idua l s t u d i e s , n o r e c o m m e n d a t i o n w a s p r o v i d e d . 1 9 4 

U r i n e is e s p e c i a l l y a t t r ac t i ve s i n c e it p e r m i t s f r e q u e n t se l f -

c o l l e c t i o n a n d the s a m p l i n g o f large p o p u l a t i o n s t o m e a s u r e f o r 

e x a m p l e , t h e i m p a c t o f H P V v a c c i n a t i o n p r o g r a m s . 1 9 5 M o r e o v e r , 

u r ine s a m p l i n g , un l i ke ce rv i ca l s a m p l i n g , is a m o r e p r e f e r r e d c h o i c e 

and b e t t e r a c c e p t e d by w o m e n , 1 9 6 w h i c h m a y lead t o i n c r e a s e d 

p o p u l a t i o n c o v e r a g e in s c r e e n i n g p r o g r a m s . O n the o t h e r h a n d , u r ine 

t e s t i n g f aces c h a l l e n g e s s u c h as l o w e r H P V l o a d , p r e s e n c e of P C R 

inh ib i t o rs a n d c o n t a m i n a t i n g p a t h o g e n s , a n d p o s s i b l e h i ghe r ra te of 

fa l se p o s i t i v e s d u e t o H P V i n f e c t i o n of t he u r i na ry t rac t o r t h e l o w e r 

gen i ta l t rac t . A l t h o u g h m a n y s t u d i e s h a v e s h o w n c o r r e l a t i o n b e t w e e n 

H P V d e t e c t i o n in c e r v i x a n d u r i n e , 1 9 5 1 9 7 2 0 3 t h e y w e r e o f t e n v e r y 

d i s c r e p a n t d u e t o d i v e r s e m e t h o d o l o g i e s u s e d d u r i n g s a m p l i n g , 

s t o rage , s a m p l e p r e p a r a t i o n , a n d D N A e x t r a c t i o n , a n d f u r t h e r 

o p t i m i z a t i o n a n d s t a n d a r d i z a t i o n is r e q u i r e d . 

R e g a r d i n g the b l o o d ana lys i s , m o s t a u t h o r s f o c u s o n t h e ro le of 

H P V c i r c u l a t i n g D N A as a p r o g n o s t i c b i o m a r k e r in b l o o d o f pa t i en t s 
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w i t h p r i m a r y t u m o r s t o m o n i t o r a d v a n c e d s tages o r poss ib l e 

m e t a s t a s e s . " 1 0 3 C i r c u l a t i n g H P V t hus d o e s n o t s e e m as a su i t ab le 

b i o m a r k e r f o r e v e n t u a l s c r e e n i n g p r o g r a m s d u e t o l o w a b u n d a n c e of 

H P V in p r e c a n c e r o u s l e s i o n s . 2 0 4 , 2 0 5 Sa l i va r y t e s t i n g is a n o t h e r 

n o n i n v a s i v e o p t i o n a l l o w i n g f o r ea r l y H P V d i a g n o s t i c s o f H N C , 

e s p e c i a l l y f o r r isk s t ra t i f i ca t i on o f pa t i en t s w i t h h e a d a n d n e c k 

s q u a m o u s ce l l c a r c i n o m a ( H N S C C ) , o r f o r poss ib l e m o n i t o r i n g of 

r e c u r r e n c e a f te r t r e a t m e n t . 2 0 6 H o w e v e r , c o n t r a d i c t o r y c o n c l u s i o n s 

w e r e d r a w n w h e n e v a l u a t i n g sens i t i v i t y o f sa l i va ry t e s t i n g a n d its 

u s e f u l n e s s as a p r e d i c t i v e i n d i c a t o r . 2 0 3 , 2 0 7 A p p a r e n t l y , m o r e s t u d i e s 

are n e e d e d t o p r o v e sa l i va ry H P V as p o t e n t i a l l y v a l u a b l e b i o m a r k e r 

f o r d e t e c t i o n o f H N S C C . U n f o r t u n a t e l y , t h e po ten t i a l o f a d v a n c e d 

t e c h n o l o g i e s d e s c r i b e d in th is w o r k has n o t y e t b e e n fu l ly u t i l i zed in 

n o n i n v a s i v e d i a g n o s t i c s o f H P V in u r ine , b l o o d o r sa l i va , o r in se l f -

c o l l e c t e d s a m p l e s in g e n e r a l , s u c h as in vag ina l s w a b s . T h i s 

c o m b i n a t i o n , h o w e v e r , is h igh ly a t t r ac t i ve a n d w e e n v i s i o n tha t in 

nea r f u tu re , n e w ana ly t i ca l t oo l s w i l l b e c o m e ava i l ab le e n a b l i n g 

s imp le a n d rap id H P V d i a g n o s t i c s w i t h g o o d p r e c i s i o n at t he p o i n t - o f -

ca re o r in l o w - r e s o u r c e se t t i ngs . 

A U T H O R C O N T R I B U T I O N S 

Al l a u t h o r s r e v i e w e d the ava i l ab le l i t e ra tu re a n d w r o t e i nd i v idua l 

par ts o f t h e m a n u s c r i p t . M a r t i n B a r t o s i k a n d R o m a n H r s t k a e d i t e d 

t h e f ina l v e r s i o n o f t he m a n u s c r i p t . 

A C K N O W L E D G M E N T S 

T h e f inanc ia l s u p p o r t o f t he C z e c h H e a l t h R e s e a r c h C o u n c i l (No . 

N U 2 1 - 0 8 - 0 0 0 5 7 ) , N a t i o n a l Inst i tu te f o r C a n c e r R e s e a r c h (P ro 

g r a m m e E X C E L E S , ID P ro jec t N o . L X 2 2 N P O 5 1 0 2 ) - F u n d e d by t h e 

E u r o p e a n U n i o n - N e x t G e n e r a t i o n E U , Large r e s e a r c h i n f r as t r uc tu re 

B B M R I . c z (Pro jec t N o . L M 2 0 2 3 0 3 3 ) a n d M H C Z - D R O ( M M C I , 

0 0 2 0 9 8 0 5 ) is g rea t l y a c k n o w l e d g e d . 

C O N F L I C T O F INTEREST S T A T E M E N T 

T h e a u t h o r s d e c l a r e n o c o n f l i c t o f in te res t . 

D A T A AVAILABILITY S T A T E M E N T 

D a t a s h a r i n g n o t a p p l i c a b l e t o th is a r t i c le as n o d a t a s e t s w e r e 

g e n e r a t e d o r a n a l y s e d d u r i n g t h e c u r r e n t s t udy . 

ORCID 

Martin Bartosik © h t t p : / / o r c i d . o r g / 0 0 0 0 - 0 0 0 2 - 4 7 2 8 - 1 6 2 6 

Ludmila Moranova © h t t p : / / o r c i d . o r g / 0 0 0 0 - 0 0 0 3 - 3 1 1 7 - 5 5 3 5 

Nasim Izadi h t t p : / / o r c i d . o r g / 0 0 0 0 - 0 0 0 3 - 2 4 0 1 - 9 6 3 0 

Johana Strmiskova h t t p : / / o r c i d . o r g / 0 0 0 9 - 0 0 0 1 - 1 5 4 1 - 0 1 9 8 

Rovery Sebuyoya 3 h t t p : / / o r c i d . o r g / 0 0 0 0 - 0 0 0 2 - 3 7 6 9 - 6 6 7 6 

Jitka Holcakova h t t p : / / o r c i d . o r g / 0 0 0 0 - 0 0 0 2 - 7 3 2 3 - 8 9 2 0 

Roman Hrstka © h t t p : / / o r c i d . o r g / 0 0 0 0 - 0 0 0 2 - 6 1 3 9 - 2 6 6 4 

REFERENCES 

1. Chesson H W , Dunne EF , Har i r i S, M a r k o w i t z LE. The est imated 

l i fet ime probabi l i ty o f acqui r ing human papi l lomavirus in the Un i ted 

States. Sex Transm Dis. 2 0 1 4 ; 4 1 ( l l ) : 6 6 0 - 6 6 4 . 

2. Egawa N , Doorbar J . The low-r isk papi l lomavi ruses. Virus Res. 

2 0 1 7 ; 2 3 1 : 1 1 9 - 1 2 7 . 

3. Sch i f fman M , Cast le P E , Je ron imo J , Rodr iguez A C , W a c h o l d e r S. 

Human papi l lomavirus and cerv ical cancer . The Lancet. 

2007 ;370 (9590 ) : 890 -907 . 

4. Dunne EF , Park IU. H P V and H P V - a s s o c i a t e d d iseases. Infect Dis 

Clin North Am. 2013 ;27 (4 ) :765 -778 . 

5. Lechner M , Liu J , Mas te rson L, Fen ton TR. H P V - a s s o c i a t e d 

oropharyngeal cancer : ep idemio logy , molecular b io logy and cl inical 

management . Nat Rev Clin Oncol. 2022 ;19 (5 ) :306 -327 . 

6. S teenbergen R D M , Snijders P J F , He ideman D A M , Mei je r O L M . 

Cl in ical impl icat ions of (epi)genetic changes in H P V - i n d u c e d 

cervical p recancerous lesions. Nat Rev Cancer. 2 0 1 4 ; 14(6): 

3 9 5 - 4 0 5 . 

7. de Boer M A , Jo rdanova ES, Ken te r G G , et a l . H igh human 

papi l lomavirus oncogene m R N A express ion and not viral D N A 

load is assoc ia ted w i th poor prognosis in cerv ical cancer pat ients. 

Clin Cancer Res. 2007 ;13 (1 ) :132 -138 . 

8. Cerv ica l Cance r Stat is t ics, 2 0 2 3 . h t t p s : / / w w w . c d c . g o v / c a n c e r / 

cerv ica l /s ta t is t i cs / 

9. Suh D H , Lee K - H , K i m K, Kang S, K im J - W . Ma jo r cl inical research 

advances in gyneco log ic cancer in 2 0 1 4 . J Gynecol Oncol. 

2015 ;26 (2 ) :156-167 . 

10. Liang LA, E inzmann T, Franzen A , et a l . Cerv ica l cancer screening: 

compar ison of convent iona l pap smear test, l iqu id-based cyto logy, 

and human papi l lomavirus test ing as s tand-a lone or co tes t ing 

strategies. Cancer Epidemiol Biomarkers Prevent. 2021;30(3) : 

4 7 4 - 4 8 4 . 

11 . Abass i L H P V Vacc ine 's impress ive success story. American Council 

on Science and Health. 2 0 1 6 . h t t p s : / / w w w . a c s h . o r g / n e w s / 2 0 1 6 / 

0 2 / 2 3 / h p v - v a c c i n e - s u c c e s s - s t o r y 

12. Illah O , Ola i tan A . Upda tes on H P V vacc ina t ion . Diagnostics. 

2023;13(2) :243 . 

13 . Kjaer S K , Nygärd M , Sundst röm K, et a l . Final analysis of a 14-year 

long- term fo l l ow-up s tudy of the e f fec t iveness and immunogen ic -

ity of the quadr iva lent human papi l lomavirus vacc ine in w o m e n 

f rom four nord ic count r ies . EClinicalMedicine. 2 0 2 0 ; 2 3 : 1 0 0 4 0 1 . 

14. Leht inen M , Paavonen J , W h e e l e r C M , et a l . Overa l l e f f icacy of 

H P V - 1 6 / 1 8 AS04 -ad juvan ted vacc ine against grade 3 or greater 

cervical intraepithel ial neoplas ia: 4 -year end -o f - s tudy analysis of 

the randomised , doub le-b l ind P A T R I C I A tr ial. Lancet Oncol. 

2 0 1 2 ; 1 3 ( l ) : 8 9 - 9 9 . 

15 . Gueva ra A , Cabe l lo R, W o e l b e r L, et a l . A n t i b o d y pers is tence and 

ev idence of immune m e m o r y at 5 years fo l low ing adminis t rat ion of 

the 9-va lent H P V vacc ine. Vaccine. 2017 ;35 (37 ) : 5050 -5057 . 

16. G iu l iano A R , Palefsky J M , G o l d s t o n e S, et a l . Ef f icacy of 

quadr ivalent H P V vacc ine against H P V infect ion and disease in 

males. N Engl J Med. 2011 ;364 (5 ) :401 -411 . 

17. G iu l iano A R , W i l k i n T, Baut is ta O M , et a l . Design of a phase III 

ef f icacy, immunogen ic i ty , and safety s tudy of 9-va lent human 

papi l lomavirus vacc ine in prevent ion of oral pers is tent in fect ion in 

men. Contemp Clin Trials. 2 0 2 2 ; 1 1 5 : 1 0 6 5 9 2 . 

18. T o h Z Q , Russell F M , Gar land S M , Mu lho l land EK , Pat ton G , 

Licciardi P V . Human papi l lomavirus vacc inat ion after C O V I D - 1 9 . 

JNCI Cancer Spectrum. 2021 ;5 (2 ) :pkab011. 

19. G raham J E , M ish ra A . G loba l chal lenges of imp lement ing human 

papi l lomavirus vacc ines. Int J Equity Health. 2011;10(1) :27. 

20 . Spence T, Bruce J , Y i p K, Liu F F . H P V assoc ia ted head and neck 

cancer. Cancers. 2016;8(8) :75. 

2 1 . Ma ru r S, D 'Souza G , W e s t r a W H , Forast iere A A . H P V - a s s o c i a t e d 

head and neck cancer : a v i rus-re lated cancer ep idemic . Lancet 

Oncol. 2 0 1 0 ; l l ( 8 ) : 7 8 1 - 7 8 9 . 

22 . Nd iaye C , M e n a M , A l e m a n y L, et a l . H P V D N A , E 6 / E 7 m R N A , and 

p l 6 I N K 4 a detec t ion in head and neck cancers : a systemat ic rev iew 

and meta-analys is . Lancet Oncol. 2 0 1 4 ; 1 5 ( 1 2 ) : 1 3 1 9 - 1 3 3 1 . 

http://BBMRI.cz
http://orcid.org/0000-0002-4728-1626
http://orcid.org/0000-0003-3117-5535
http://orcid.org/0000-0003-2401-9630
http://orcid.org/0009-0001-1541-0198
http://orcid.org/0000-0002-3769-6676
http://orcid.org/0000-0002-7323-8920
http://orcid.org/0000-0002-6139-2664
https://www.cdc.gov/cancer/
https://www.acsh.org/news/2016/


12 of 16 
W I L E Y - MEDICAL V IROLOGY" 

BARTOŠÍK ET A L . 

23 . Powe l l S F , V u L, Spanos W C , Pyeon D. The key d i f ferences 4 2 . 

be tween human papi l lomavi rus-pos i t ive and -negat ive head and 

neck cancers : biological and cl inical impl icat ions. Cancers. 

2021 ;13(20) :5206 . 4 3 . 

24 . Tsu V D , N jama-Meya D, Lim J , Murray M , de Sanjose S. Opportunit ies 

and challenges for introducing H P V testing for cervical cancer 

screening in sub-Saharan Afr ica. Prev Med. 2018;114:205-208. 

25 . Fon tham E T H , W o l f A M D , C h u r c h TR, et a l . Cerv ica l cancer 44 . 

screen ing for individuals at average risk: 2 0 2 0 guidel ine update 

f rom the A m e r i c a n Cance r Soc ie ty . CA Cancer J Clin. 2020;70(5) : 

3 2 1 - 3 4 6 . 

26 . A r b y n M , Ant t i la A , Jo rdan J , et a l . European guidel ines for qual i ty 

assurance in cerv ical cancer screen ing, second ed i t ion—summary 4 5 . 

document . Ann Oncol. 2010 ;21 (3 ) :448 -458 . 

27 . von Karsa L, A r b y n M , De V u y s t H, et a l . European guidel ines for 

qual i ty assurance in cerv ical cancer screen ing. Summary of the 

supp lements on H P V screen ing and vacc ina t ion . Papillomavirus Res. 4 6 . 

2 0 1 5 ; 1 : 2 2 - 3 1 . 

28 . Bonde J H , Sandr i M T , G a r y D S , A n d r e w s J C . Cl in ica l uti l i ty of 

human papi l lomavirus geno typ ing in cervical cancer sc reen ing : a 

systemat ic rev iew. J Low Genit Tract Dis. 2020 ;24(1 ) :1 -13 . 4 7 . 

29 . Sta ler M H , W r i g h t T C , Parvu V , et al. H P V test ing wi th 16, 18, and 

4 5 geno typ ing strat i f ies cancer risk for w o m e n wi th normal 

cy to logy. Am J Clin Path. 2019 ;151 (4 ) :433 -442 . 

30 . Bruno M T , Ferrara M , Fava V , Rapisarda A , C o c o A . H P V genotype 4 8 . 

determinat ion and E 6 / E 7 m R N A detec t ion for management of 

H P V posi t ive w o m e n . Virol J. 2018;15(1) :52 . 

3 1 . Benevo lo M , V o c a t u r o A , Caracen i D, et a l . Sensi t iv i ty , speci f ic i ty , 4 9 . 

and cl inical value of human papi l lomavirus (HPV) E 6 / E 7 m R N A 

assay as a tr iage test for cerv ical cy to logy and H P V D N A test. J Clin 

Microbiol. 2011 ;49 (7 ) : 2643 -2650 . 50. 

32 . Dabesk i D, Duvl is S, Basheska N , et a l . C o m p a r i s o n be tween H P V 

D N A test ing and H P V E 6 / E 7 M R N A test ing in w o m e n wi th 

squamous cel l abnormal i t ies of the uter ine cervix. Prilozi. 51 . 

2 0 1 9 ; 4 0 ( l ) : 5 1 - 5 8 . 

33 . Poljak M , Os t rbenk Va lencak A , G impe l j Domjan ic G , X u L, 

A r b y n M . Commerc ia l l y avai lable molecular tests for human 52. 

papi l lomaviruses: a global ove rv iew . Clin Microbiol Infect. 

2020 ;26 (9 ) :1144 -1150 . 

34 . Poljak M , Kocjan B J , Os t rbenk A , Seme K. Commerc ia l l y avai lable 53 . 

molecular tests for human papi l lomavi ruses (HPV) : 2 0 1 5 update. 

J Clin Virol. 2 0 1 6 ; 7 6 : S 3 - S 1 3 . 

35 . Salazar KL , D u h o n D J , O l s e n R, Thral l M . A rev iew of the F D A -

approved molecular test ing p lat forms for human papi l lomavirus. 

J Am Soc Cytopathol. 2019 ;8 (5 ) :284-292 . 54. 

36 . Integrating H P V test ing in cervical cancer sc reen ing program: a 

manual for program managers. In: Pan A m e r i c a n Heal th Organ iza 

t ion ; 2 0 1 6 . 

37 . A r b y n M , S imon M , Peeters E, et a l . 2 0 2 0 list o f human 55 . 

papi l lomavirus assays sui table for pr imary cervical cancer sc reen

ing. Clin Microbiol Infect. 2021 ;27 (8 ) : 1083 -1095 . 

38 . W H O Guide l ines A p p r o v e d by the Gu ide l ines Rev iew Commi t t ee . 

In: W H O guideline for screening and treatment of cervical pre-cancer 

lesions for cervical cancer prevention. W o r l d Heal th Organ iza - 56. 

t ion ; 2 0 2 1 . 

39 . A r b y n M , D e p u y d t C , B e n o y I, et a l . V A L G E N T : a pro toco l fo r 

cl inical val idat ion of human papi l lomavirus assays. J Clin Virol. 57. 

2 0 1 6 ; 7 6 : S 1 4 - S 2 1 . 

4 0 . Ter ry G , H o L, Londesborough P, Cuz i ck J , M ie l zynska -Lohnas I, 

Lor incz A . De tec t ion of high-r isk H P V types by the hybr id capture 

2 test. J Med Virol. 2001 ;65 (1 ) :155 -162 . 58. 

4 1 . Kur ian E M , Capore l l i M -L , Baker S, W o d a B, C o s a r EF, 

Hu tch inson L Cerv is ta H R and H P V 1 6 / 1 8 assays vs hybr id 

capture 2 assay. Am J Clin Path. 2011 ;136 (5 ) :808 -816 . 

Einstein M H , Mar tens M G , Garc ia F A R , et a l . Cl in ica l val idat ion of 

the Cerv is ta H P V H R and 1 6 / 1 8 geno typ ing tests for use in w o m e n 

wi th A S C - U S cy to logy. Gynecol Oncol. 2010 ;118 (2 ) :116 -122 . 

Pyne M T , Law C , Hi l lyard D R , Sch laberg R. Tes t ing and genotyp ing 

of high-r isk human papi l lomavirus by the cobas H P V test and the 

hybr id capture 2 high-r isk H P V D N A test us ing cervical and vaginal 

samples. J Clin Microbiol. 2014 ;52 (5 ) : 1720 -1723 . 

Poljak M , Os t rbenk A . The A b b o t t RealTime High Risk H P V test is a 

cl inical ly val idated human papi l lomavirus assay for tr iage in the 

referral populat ion and use in pr imary cervical cancer sc reen ing in 

w o m e n 30 years and older: a rev iew of val idat ion studies. Acta 

Dermatovenerol Alp Panon Adriat. 2013 ;22(2) :43-47 . 

Latsuzbaia A , V a n d e n Broeck D, V a n Keer S, et a l . Va l ida t ion of B D 

onclar i ty H P V assay on vaginal se l f -samples versus cerv ical 

samples using the V A L H U D E S pro toco l . Cancer Epidemiol 

Biomarkers Prevent. 2022 ;31 (12 ) : 2177 -2184 . 

Mar t ine i i i M , G iubb i C , Sech i I, et a l . Evaluat ion of B D Onclar i ty™ 

H P V assay on se l f -co l lec ted vaginal and f i rs t -void ur ine samples as 

compared to c l in ic ian-co l lec ted cerv ical samples: a pi lot s tudy. 

Diagnostics. 2022 ;12 (12 ) :3075 . 

Latsuzbaia A , V a n d e n Broeck D, V a n Keer S, et a l . Compar i son of 

the cl inical accuracy of Xpe r t H P V A s s a y on vaginal se l f -samples 

and cerv ical c l in ic ian- taken samples w i th in the V A L H U D E S 

f ramework . J Mol Diagn. 2023 ;25 (9 ) :702 -708 . 

G u o M , Khanna A , Feng J , et a l . Ana ly t ica l per fo rmance of cerv ista 

H P V 1 6 / 1 8 in SurePa th pap spec imens . Diagn Cytopathol. 

2015 ;43 (4 ) :301-306 . 

Ba r tho lomew D A , Luff R D , Qu ig ley N B , Cur t is M , O l s o n M C . 

Analy t ica l per fo rmance of Cervista® H P V 1 6 / 1 8 geno typ ing test 

for cerv ical cy to logy samples. J Clin Virol. 2 0 1 1 ; 5 1 ( l ) : 3 8 - 4 3 . 

K w o n M - J , Roh K H , Park H, W o o H-Y. C o m p a r i s o n of the Anyp lex 

II H P V 2 8 assay wi th the hybr id capture 2 assay for the de tec t ion of 

H P V in fec t ion . J Clin Virol. 2014 ;59 (4 ) :246 -249 . 

Li l lsunde Larsson G , Car lsson J , Kar lsson M G , He len ius G . 

Evaluat ion of H P V genotyp ing assays for archival cl inical samples. 

J Mol Diagn. 2015 ;17 (3 ) :293 -301 . 

X u L, Padalko E, Os t rbenk A , Poljak M , A r b y n M . Cl in ica l evaluat ion 

of I N N O - L i P A H P V genotyp ing E X T R A II assay us ing the V A L G E N T 

f ramework . Int J Mol Sei. 2018 ;19(9 ) :2704 . 

D ide lo t M - N , Boul le N, Damay A , Cos tes V , Segondy M . 

Compar i son of the Papi l loCheck® assay wi th the d igene H C 2 

H P V D N A assay for the de tec t ion of 13 high-r isk human 

papi l lomaviruses in cerv ical and anal scrapes. J Med Virol. 

2011 ;83 (8 ) :1377 -1382 . 

Schopp B, Ho lz B, Zago M , et a l . Evaluat ion of the per fo rmance of 

the novel Papi l loCheck® H P V geno typ ing test by compar ison w i th 

t w o o ther geno typ ing systems and the H C 2 test. J Med Virol. 

2 0 1 0 ; 8 2 : 6 0 5 - 6 1 5 . 

Basu P, Banerjee D, Mi t ta l S, et al. Sensi t iv i ty of A P T I M A H P V E 6 / 

E7 m R N A test in compar ison wi th hybr id capture 2 H P V D N A test 

for de tec t ion of high risk oncogen ic human papi l lomavirus in 396 

b iopsy con f i rmed cerv ical cancers . J Med Virol. 2016;88(7) : 

1 2 7 1 - 1 2 7 8 . 

Kr ings A , Dücke lmann A M , M o s e r L, et a l . Per fo rmance of O n c o E 6 

cervical test w i th co l lec t ion methods enabl ing se l f -sampl ing. B M C 

Womens Health. 2018;18(1) :68 . 

Yu L, J iang M , Q u P, et al. Cl in ica l eva luat ion of human 

papi l lomavirus 1 6 / 1 8 oncopro te in test for cerv ical cancer sc reen

ing and H P V posi t ive w o m e n tr iage. Int J Cancer. 2018;143(4) : 

8 1 3 - 8 2 2 . 

Santos F L S G , Invengäo M C V , Araü jo E D , Barros G S , Bat ista M V A . 

Compara t i ve analysis of d i f ferent P C R - b a s e d strategies for H P V 

detect ion and genotyp ing f rom cerv ical samples. J Med Virol. 

2 0 2 1 ; 9 3 ( l l ) : 6 3 4 7 - 6 3 5 4 . 



BARTOSIK ET A L . 
' MEDICAL VIROLOGY _ W I L E Y ~ 

13 of 16 

59 . Jamwa l V L , Kumar N , Bhat R, et a l . Op t im iza t ion and val idat ion of 76. 

R T - L A M P assay for d iagnosis of S A R S - C o V 2 inc lud ing the global ly 

dominant De l ta var iant. Virol J. 2021;18(1) :178. 

60 . Mudh ige t i N , Ka lawat U , Hul ikal N , Kante M . Evaluat ion of l oop - 77. 

mediated isothermal ampl i f icat ion assay for de tec t ion and typ ing of 

human papi l loma virus 16 and 18 f rom endocerv ica l samples. Indian 

J Med Microbiol. 2019 ;37 (2 ) :241 -247 . 78. 

6 1 . Zhang L, Ju Y , H u H, et a l . Pre l iminary estab l ishment and val idat ion 

of a loop-med ia ted isothermal ampl i f icat ion assay for conven ien t 

screen ing of 13 types of high-r isk human papi l lomavi ruses in 79. 

cervical secret ions. J Virol Methods. 2 0 2 2 ; 3 0 3 : 1 1 4 5 0 1 . 

62 . Luo L, N ie K, Y a n g M J , et a l . V isua l de tec t ion of high-r isk human 

papi l lomavirus genotypes 16, 18 , 4 5 , 52 , and 58 by loop-med ia ted 

isothermal ampl i f icat ion w i th hydroxynaphtho l blue dye . J Clin 80 . 

Microbiol. 2 0 1 1 ; 4 9 ( 1 0 ) : 3 5 4 5 - 3 5 5 0 . 

63 . Z h o n g Q , Li K, C h e n D, W a n g H, Lin Q , Liu W . Rapid de tec t ion and 

subtyp ing of human papi l lomavi ruses in condy loma acuminatum 

using loop-med ia ted isothermal ampl i f icat ion wi th hydroxy- 8 1 . 

naphthol blue dye . Br J Biomed Sci. 2018 ;75 (3 ) :110 -115 . 

64 . X i X , C a o W - L , Y a o X , et a l . Rapid diagnosis of seven high-r isk 

human papi l lomavirus subtypes by a novel l oop-med ia ted isother

mal ampl i f icat ion me thod . Mol Cell Probes. 2 0 2 2 ; 6 1 : 1 0 1 7 8 7 . 82 . 

65 . Hamzan N l , A b . Rahman N , Suraiya S, M o h a m a d I, 

George Kalarakkal T, M o h a m a d S. Real - t ime loop-med ia ted 

isothermal ampl i f icat ion assay for rapid de tec t ion of human 

papi l lomavirus 16 in oral squamous cel l ca rc inoma. Arch Oral Biol. 83 . 

2 0 2 1 ; 1 2 4 : 1 0 5 0 5 1 . 

66 . Y a n g J , Zhao C , Lu K. Deve lopmen t and appl icat ion of a rapid 

detec t ion sys tem for human papi l lomavirus and Herpes s implex 84 . 

v i rus-2 by loop-med ia ted isothermal ampl i f icat ion assay. Microb 

Pathos. 2 0 1 6 ; 9 7 : 1 7 8 - 1 8 2 . 85 . 

67 . Jearana ikoon P, Prakrankamanant P, Lee layuwat C , W a n r a m S, 

L impaiboon T, P romptmas C . The evaluat ion of l oop-med ia ted 

isothermal ampl i f ica t ion-quar tz crystal microba lance ( L A M P - Q C M ) 86 . 

b iosensor as a real- t ime measurement of H P V 1 6 D N A . J Virol 

Methods. 2 0 1 6 ; 2 2 9 : 8 - 1 1 . 

68 . Satoh T, M a t s u m o t o K, Fujii T, et a l . Rapid geno typ ing of 

carc inogenic human papi l lomavirus by loop-med ia ted isothermal 87 . 

ampl i f icat ion us ing a n e w au tomated D N A test (Cl in ichip HPV™). 

J Virol Methods. 2 0 1 3 ; 1 8 8 ( l - 2 ) : 8 3 - 9 3 . 

69 . Prakrankamanant P, Lee layuwat C, P romptmas C , et a l . The 

deve lopmen t of D N A - b a s e d quar tz crystal microba lance integrated 88 . 

w i th isothermal D N A ampl i f icat ion sys tem for human papi l loma

virus type 58 de tec t ion . Biosens Bioelectron. 2 0 1 3 ; 4 0 ( l ) : 2 5 2 - 2 5 7 . 

70 . Lin J , M a B, Fang J , et a l . Co lo r imet r i c de tec t ion of 2 3 human 

papi l lomavirus genotypes by loop-med ia ted isothermal ampl i f i ca- 89 . 

t ion . Clin Lab. 2017 ;63 (3 ) :495 -505 . 

7 1 . V o DT, S tory M D . Faci le and d i rect de tec t ion of human 90. 

papi l lomavirus (HPV) D N A in cells us ing loop-med ia ted isothermal 

ampl i f icat ion ( L A M P ) . Mol Cell Probes. 2 0 2 1 ; 5 9 : 1 0 1 7 6 0 . 

72 . Kumvongp in R, Jearana ikoo l P, Wi la i luckana C , et al. H igh 91 . 

sensi t iv i ty, l oop-med ia ted isothermal ampl i f icat ion comb ined wi th 

co lor imetr ic go ld-nanopar t ic le probes for visual detec t ion of high 

risk human papi l lomavirus genotypes 16 and 18. J Virol Methods. 92 . 

2 0 1 6 ; 2 3 4 : 9 0 - 9 5 . 

73 . Y in K, Pandian V , Kad imiset ty K, et a l . Real - t ime co lor imetr ic 

quant i tat ive molecular de tec t ion of in fect ious diseases on 93 . 

smar tphone-based d iagnost ic p la t form. Sci Rep. 2020 ;10(1 ) :9009 . 

74 . Wormald B, Rodr iguez-Manzano J , Mose r N, et al. Loop-mediated 94. 

isothermal amplification assay for detecting tumor markers and human 

papillomavirus: accuracy and supplemental diagnostic value to en-

dovaginal MRI in cervical cancer. Front Oncol. 2021;11:747614. 95 . 

75 . Y u Z , Lyu W , Y u M , et a l . Se l f -par t i t ion ing S l ipCh ip for s l ip - induced 

droplet fo rmat ion and human papi l lomavirus viral load quant i f ica

t ion wi th digital L A M P . Biosens Bioelectron. 2 0 2 0 ; 1 5 5 : 1 1 2 1 0 7 . 

Bartosik M , J i rakova L. E lec t rochemica l analysis of nucle ic acids as 

potent ial cancer b iomarkers. Curr Opin Electrochem. 2 0 1 9 ; 1 4 : 

9 6 - 1 0 3 . 

Ond raskova K, Sebuyoya R, M o r a n o v a L, et a l . E lec t rochemica l 

b iosensors for analysis of D N A po in t mutat ions in cancer research. 

Anal Bioanal Chem. 2023 ;415 (6 ) : 1065 -1085 . 

C a m p u z a n o S, Barderas R, Y a n e z - S e d e n o P, Pingarron J M . 

E lec t rochemica l b iosens ing to assist mul t iomics analysis in preci 

sion medic ine . Curr Opin Electrochem. 2 0 2 1 ; 2 8 : 1 0 0 7 0 3 . 

Izadi N , Sebuyoya R, M o r a n o v a L, Hrs tka R, A n t o n M , Bartosik M . 

E lec t rochemica l b ioassay coup led to L A M P react ion for de termi 

nation of high-r isk H P V infect ion in c rude lysates. Anal Chim Acta. 

2 0 2 1 ; 1 1 8 7 : 3 3 9 1 4 5 . 

Bartosik M , J i rakova L, A n t o n M , Vo j tesek B, Hrs tka R. G e n o m a g -

netic L A M P - b a s e d e lec t rochemica l test for de terminat ion of h igh-

risk H P V 1 6 and H P V 1 8 in cl inical samples. Anal Chim Acta. 

2 0 1 8 ; 1 0 4 2 : 3 7 - 4 3 . 

A n t o n M , M o r a n o v a L, Hrs tka R, Bartosik M . App l i ca t ion of an 

e lec t rochemica l L A M P - b a s e d assay for sc reen ing of H P V 1 6 / 

H P V 1 8 in fect ion in cerv ical samples. Anal Methods. 2 0 2 0 ; 12(6): 

8 2 2 - 8 2 9 . 

Sebuyoya R, M o r a n o v a L, Izadi N , et a l . E lec t rochemica l D N A 

b iosensor coup led to L A M P react ion for ear ly d iagnost ics of 

cervical p recancerous lesions. Biosensors Bioelectronics: X . 2 0 2 2 ; 

1 2 : 1 0 0 2 2 4 . 

Behesht ian M , Izadi N , Kr iegshauser G , et a l . Preva lence of 

c o m m o n M E F V mutat ions and carr ier f requenc ies in a large cohor t 

of Iranian populat ions. J Genet. 2016 ;95 (3 ) :667 -674 . 

G u m u s E, Bingol H , Zo r E. Lateral f l ow assays for de tec t ion of 

disease b iomarkers. J Pharm Biomed Anal. 2 0 2 3 ; 2 2 5 : 1 1 5 2 0 6 . 

Saiki R K , W a l s h PS, Levenson C H , Erl ich H A . Gene t i c analysis of 

ampl i f ied D N A wi th immobi l ized sequence-spec i f i c o l igonuc leot ide 

probes. Proc Nat Acad Sci. 1989 ;86 (16 ) :6230 -6234 . 

Kawasak i E, Saiki R, Erl ich H. [27] Gene t i c analysis using 

po lymerase chain react ion-ampl i f ied D N A and immobi l ized ol igo

nucleot ide probes: reverse dot -b lo t typ ing. In: W u R, ed . Methods in 

enzymology. A c a d e m i c Press; 1 9 9 3 : 3 6 9 - 3 8 1 . 

Grav i t t P E , Pey ton C L , A p p l e RJ , W h e e l e r C M . G e n o t y p i n g of 27 

human papi l lomavirus types by us ing L I consensus P C R products 

by a s ing le-hybr id izat ion, reverse line blot de tec t ion me thod . J Clin 

Microbiol. 1998 ;36 (10 ) :3020 -3027 . 

Bauer H M , G r e e r C E , M a n o s M M . Determina t ion of genital human 

papi l lomavirus in fect ion us ing consensus P C R . In: Her r ing ton C S , 

M c G e e J O D , eds. D iagnost ic molecular pathology: a pract ical 

approach. United Kingdom. O x f o r d Un ivers i t y Press; 1 9 9 2 : 1 3 2 - 1 5 2 . 

An t i och ia R. Paper -Based b iosensors : f ront iers in po in t -o f -care 

detec t ion of C O V I D - 1 9 d isease. Biosensors. 2021;11(4) :110. 

G . A n d r y u k o v B. Six decades of lateral f l ow immunoassay : f rom 

determin ing metabol ic markers to d iagnos ing C O V I D - 1 9 . AIMS 

Microbiol. 2020 ;6 (3 ) :280-304 . 

Akahn P, Yazgan-Kara tas A . Deve lopmen t of a nucle ic ac id -based 

lateral f l ow dev ice as a rel iable d iagnost ic too l for respiratory viral 

in fect ions. MethodsX. 2 0 2 3 ; 1 1 : 1 0 2 3 7 2 . 

Jause t -Rub io M , S v o b o d o v a M , Mai ra l T, e t a l . U l t rasensi t ive, rapid 

and inexpens ive de tec t ion of D N A using paper based lateral f l ow 

assay. Sci Rep. 2016 ;6 (1 ) :37732 . 

Koczu la K M , Ga l lo t ta A . Lateral f l ow assays. Essays Biochem. 

2016 ;60 (1 ) :111-120 . 

X u Y , Liu Y , W u Y , X ia X , Liao Y , Li Q . F luorescent p robe-based 

lateral f l ow assay for mul t ip lex nucle ic acid de tec t ion . Anal Chem. 

2014 ;86 (12 ) :5611 -5614 . 

Landaverde L, W o n g W , Hernandez G , Fan A , K lapper ich C. 

M e t h o d for the e luc idat ion of L A M P products captured on lateral 

f l ow str ips in a point o f care test for H P V 16 . Anal Bioanal Chem. 

2 0 2 0 ; 4 1 2 ( 2 4 ) : 6 1 9 9 - 6 2 0 9 . 



14 of 16 
- W I L E Y - MEDICAL V IROLOGY " 

BARTOSIK ET A L . 

96 . Rungkamol t ip P, Temisak S, P iboonpra i K, et a l . Rapid and 114. 

ul t rasensi t ive de tec t ion of c i rcu lat ing human papi l lomavirus E7 

cel l - f ree D N A as a cerv ical cancer b iomarker . Exp Biol Med. 

2021 ;246(6 ) :654 -666 . 

97 . M a B, Fang J , Lin W , Y u X , Sun C , Zhang M . A s imple and ef f ic ient 115 . 

method for potent ia l po in t -o f -care diagnosis of human papi l loma

virus genotypes : comb ina t ion of isothermal recombinase po lymer

ase ampl i f icat ion w i th lateral f l ow dipst ick and reverse do t blot. 116. 

Anal Bioanal Chem. 2019 ;411 (28 ) : 7451 -7460 . 

98 . Kund rod K A , Barra M , W i l k i n s o n A , et a l . A n integrated isothermal 

nucleic acid ampl i f icat ion test to de tec t H P V 1 6 and H P V 1 8 D N A in 

resource- l imi ted set t ings. Sci Trans! Med. 2023 ;15 (701 ) :eabn4768 . 117. 

99 . Pao C C , H o r J J , Y a n g F P , Lin C Y , T s e n g C J . De tec t ion of human 

papi l lomavirus m R N A and cerv ical cancer cells in per ipheral b lood 

of cerv ical cancer pat ients w i th metastasis. J Clin Oncol. 

1997 ;15 (3 ) :1008 -1012 . 118. 

100 . Porn thanakasem W , Shote lersuk K, Termrungruangler t W , 

V o r a v u d N , Niruth isard S, Mut i rangura A . Human papi l lomavirus 

D N A in plasma of pat ients w i th cervical cancer . B M C Cancer. 119 . 

2001 ;1 :2 . 

1 0 1 . W i d s c h w e n d t e r A , Blassnig A , W i e d e m a i r A , M i i l l e r -Ho l zne r E, 

Mt i l ler H M , Mar th C . H u m a n papi l lomavirus D N A in sera of cerv ical 120. 

cancer pat ients as tumor marker. Cancer Lett. 2003 ;202 (2 ) :231 -

2 3 9 . 

102 . Sathish N , A b r a h a m P, Peedicay i l A , et a l . H P V D N A in p lasma of 

pat ients w i th cerv ical ca rc inoma. J Clin Virol. 2004 ;31 (3 ) :204 -209 . 121 . 

103 . Jeanno t E, Becet te V , Campi te l l i M , et a l . C i rcu la t ing human 

papi l lomavirus D N A de tec ted us ing drop le t digital P C R in the 

serum of pat ients d iagnosed wi th ear ly stage human 

papi l lomavi rus-assoc ia ted invasive ca rc inoma. J Pathol Clin Res. 122 . 

2016 ;2 (4 ) :201-209 . 

104 . J inek M , Chy l insk i K, Fonfara I, Hauer M , D o u d n a J A , 

Charpent ie r E. A programmable d u a l - R N A - g u i d e d D N A e n d o n u - 123 . 

c lease in adapt ive bacter ial immuni ty . Science. 2012 ;337(6096) : 

8 1 6 - 8 2 1 . 

105 . Zhao L, Q i u M , Li X , Y a n g J , Li J . C R I S P R - C a s l 3 a sys tem: a novel 124. 

tool for molecular d iagnost ics. Front Microbiol. 2 0 2 2 ; 1 3 : 1 0 6 0 9 4 7 . 

106 . M a k a r o v a KS, W o l f Y l , Iranzo J , et a l . Evo lu t ionary c lassi f icat ion of 

C R I S P R - C a s sys tems: a burst o f class 2 and der ived var iants. Nat 125 . 

Rev Microbiol. 2020 ;18(2 ) :67-83 . 

107 . M a k a r o v a K S , W o l f Y l , A l khnbash i O S , et a l . A n updated 

evo lu t ionary c lassi f icat ion of C R I S P R - C a s sys tems. Nat Rev 

Microbiol. 2 0 1 5 ; 1 3 ( l l ) : 7 2 2 - 7 3 6 . 126. 

108 . Zhuang X , Y a n g X , C a o B, et a l . R e v i e w - C R I S P R / C a s systems: 

endless possibi l i t ies for e lec t rochemica l nucle ic acid sensors. 

J Electrochem Soc. 2022 ;169 (3 ) : 037522 . 127. 

109 . Tangpraser tcha i N S , D i Fel ice R, Zhang X , et a l . C R I S P R - C a s 9 

mediated D N A unw ind ing de tec ted us ing s i te-d i rec ted spin 

label ing. ACS Chem Biol. 2017 ;12 (6 ) : 1489 -1493 . 128. 

110 . Sha Y , Huang R, Huang M , et a l . Cascade C R I S P R / c a s enables 

ampl i f ica t ion- f ree m i c r o R N A sens ing wi th fM-sens i t i v i t y and 

s ing le-base-speci f ic i ty . Chem Commun. 2021 ;57 (2 ) :247 -250 . 

1 1 1 . G u o X , T ian T, D e n g X , S o n g Y , Z h o u X , S o n g E. C R I S P R / C a s l 3 a 129. 

assisted ampl i f icat ion of magnet ic relaxat ion sw i tch ing sens ing for 

accurate de tec t ion of m i R N A - 2 1 in human serum. Anal Chim Acta. 

2 0 2 2 ; 1 2 0 9 : 3 3 9 8 5 3 . 130. 

112 . W a n g X , Z h o u S, C h u C, Y a n g M , H u o D, H o u C . Dual methy la t ion-

sensi t ive restr ict ion endonuc leases coup l ing wi th an RPA-ass i s ted 

C R I S P R / C a s l 3 a sys tem (DESCS) for highly sensi t ive analysis of 131 . 

D N A methy la t ion and its appl icat ion for po in t -o f -care de tec t ion . 

ACS Sens. 2021 ;6 (6 ) : 2419 -2428 . 

113 . Liu F, Peng J , Lei Y - M , et a l . E lec t rochemica l de tec t ion of c t D N A 132. 

mutat ion in non-smal l cel l lung cancer based on C R I S P R / C a s l 2 a 

sys tem. Sens Actuators, B. 2 0 2 2 ; 3 6 2 : 1 3 1 8 0 7 . 

C h e n M , W u D, T u S, Y a n g C , C h e n D, X u Y . C R I S P R / C a s 9 c leavage 

tr iggered E S D R for c i rcu lat ing tumor D N A detec t ion based on a 3 D 

g r a p h e n e / A u P t P d nano f lower b iosensor . Biosens Bioelectron. 

2 0 2 1 ; 1 7 3 : 1 1 2 8 2 1 . 

Shen J , Z h o u X , Shan Y , et a l . Sensi t ive de tec t ion of a bacter ial 

pathogen using al loster ic probe- in i t ia ted catalysis and C R I S P R -

C a s l 3 a ampl i f icat ion react ion . Nat Commun. 2020;11(1) :267. 

X u e T, Lu Y , Y a n g H, et a l . Isothermal R N A ampl i f icat ion for the 

detec t ion of v iable pathogenic bacter ia to est imate the salmonel la 

v i ru lence for caus ing enter i t is . J Agricult Food Chem. 2022;70(5) : 

1 6 7 0 - 1 6 7 8 . 

Schul tzhaus Z , W a n g Z, Stenger D. Sys temat ic analysis, ident i f ica

t ion , and use of C R I S P R / C a s l 3 a - a s s o c i a t e d c r R N A s for sensi t ive 

and speci f ic de tec t ion of the IcrV gene of Yers in ia pest is. Diagn 

Microbiol Infect Dis. 2021 ;99 (3 ) :115275 . 

Y a n g Y , Liu J , Z h o u X . A C R I S P R - b a s e d and post -ampl i f ica t ion 

coup led S A R S - C o V - 2 de tec t ion wi th a por tab le evanescen t wave 

b iosensor . Biosens Bioelectron. 2 0 2 1 ; 1 9 0 : 1 1 3 4 1 8 . 

W u Y , Liu S - X , W a n g F, Z e n g M - S . R o o m temperature de tec t ion of 

plasma E p s t e i n - B a r r virus D N A w i th C R I S P R - C a s l 3 . Clin Chem. 

2019 ;65 (4 ) :591-592 . 

Ave l i no K Y P S , O l ive i ra LS, de Ol ive i ra H P , Lucena-S i lva N, 

And rade C A S , O l i ve i ra M D L . Impedimetr ic sens ing p lat form for 

human papi l lomavirus and p 5 3 tumor suppressor gene in cerv ical 

samples. J Sci Adv Mater Devices. 2022 ;7 (1 ) :100411 . 

Ave l i no K Y P S , O l ive i ra LS, Lucena-Si lva N , A n d r a d e C A S , 

Ol ive i ra M D L . Flexible sensor based on conduc t i ng po lymer and 

gold nanopart ic les for e lec t rochemica l sc reen ing of H P V famil ies in 

cervical spec imens . Talanta. 2 0 2 1 ; 2 2 6 : 1 2 2 1 1 8 . 

Ganbaatar U , Liu C . N E X T CRISPR: an enhanced C R I S P R - b a s e d 

nucleic acid b iosens ing p la t form using ex tended c r R N A . Sens 

Actuators, B. 2 0 2 2 ; 3 6 9 : 1 3 2 2 9 6 . 

Gao J , W u L, Y a n g D, G o n g W , W a n g J . A one -po t C R I S P R / C a s 9 -

typ ing P C R for D N A detec t ion and genotyp ing . J Mol Diagn. 

2 0 2 1 ; 2 3 ( l ) : 4 6 - 6 0 . 

Gong J , Zhang G, W a n g W , et al. A simple and rapid diagnostic method 

for 13 types of high-risk human papillomavirus (HR-HPV) detection 

using C R I S P R - C a s l 2 a technology. Sci Rep. 2021;11(1):12800. 

Z h o u H, X u Z , H e L, et a l . C o u p l i n g C R I S P R / C a s l 2 a and 

recombinase po lymerase ampl i f icat ion on a s tand-a lone micro-

f luidics p la t form for fast and parallel nucle ic acid de tec t ion . Anal 

Chem. 2023 ;95 (6 ) : 3379 -3389 . 

H u T, Ke X , Li W , et a l . C R I S P R / C a s l 2 a - e n a b l e d mult ip lex 

b iosensing strategy via an af fordable and visual nylon membrane 

readout. Adv Sci. 2023 ;10 (2 ) : 2204689 . 

Li Z, D ing X , Y in K, X u Z , C o o p e r K, Liu C . Electr ic f i e ld -enhanced 

e lec t rochemica l C R I S P R b iosensor for D N A de tec t ion . Biosens 

Bioelectron. 2 0 2 1 ; 1 9 2 : 1 1 3 4 9 8 . 

Lucena R P , Frias IA, Lucena-S i lva N , A n d r a d e C A , Ol ive i ra M D . 

Impedimetr ic genosensor based on graphene nanor ibbons for 

detec t ion and ident i f icat ion of oncogen ic types of human 

papi l lomavirus. J Chem Tech Biotechnol. 2021 ;96 (6 ) : 1496 -1503 . 

M u k a m a O , Yuan T, He Z, et a l . A high f idel i ty C R I S P R / C a s l 2 a 

based lateral f l ow b iosensor for the de tec t ion of H P V 1 6 and 

H P V 1 8 . Sens Actuators, B. 2 0 2 0 ; 3 1 6 : 1 2 8 1 1 9 . 

Roh Y H , Lee C Y , Lee S, et a l . C R I S P R - e n h a n c e d hydrogel 

micropart ic les for mul t ip lexed de tec t ion of nucle ic acids. Adv Sci. 

2 0 2 3 ; 1 0 : 2 2 0 6 8 7 2 . 

W a n g Q , Zhang B, X u X , Long F, W a n g J . C R I S P R - t y p i n g P C R 

(ctPCR), a n e w Cas9 -based D N A detec t ion me thod . Sci Rep. 

2018;8 (1 ) :14126. 

X u X , Luo T, G a o J , et a l . CRISPR-ass is ted D N A de tec t ion : a novel 

dCas9 -based D N A detec t ion techn ique. CRISPR J. 2020;3(6) : 

4 8 7 - 5 0 2 . 



BARTOSIK ET A L . 
' MEDICAL VIROLOGY _ W I L E Y ~ 

15 of 16 

133 . X u Z , C h e n D, Li T, et a l . M ic ro f lu id ic space cod ing for mul t ip lexed 154. 

nucleic acid de tec t ion via C R I S P R - C a s l 2 a and recombinase 

po lymerase ampl i f icat ion. Nat Commun. 2022 ;13(1 ) :6480 . 155 . 

134 . X u e Y , Luo X , X u W , et a l . P d d C a s : a po lyd isperse drop le t digital 

C R I S P R / C a s - b a s e d assay for the rapid and ul t rasensi t ive 

ampl i f ica t ion- f ree de tec t ion of viral D N A / R N A . Anal Chem. 

2023 ;95 (2 ) :966 -975 . 156. 

135 . Tang Y , Q i L, Liu Y , et a l . C L I P O N : A C R ISPR - enab l ed st rategy that 

turns commerc ia l p regnancy test str ips into general po in t -o f -need 

test dev ices. Angew Chem Int Ed. 2 0 2 2 ; 6 1 ( 1 2 ) : e 2 0 2 1 1 5 9 0 7 . 157. 

136 . Y in K, D ing X , Li Z , Zhao H, C o o p e r K, Liu C. Dynamic aqueous 

mul t iphase react ion sys tem for one -po t C R I S P R - C a s l 2 a - b a s e d 

ul t rasensi t ive and quant i ta t ive molecu lar d iagnosis . Anal Chem. 

2020 ;92 (12 ) : 8561 -8568 . 158. 

137 . Zaman i M , Robson J M , Fan A , Bono , Jr . M S , Furst A L , 

K lapper ich C M . E lec t rochemica l st rategy for l ow-cos t viral de tec 

t ion. ACS Cent Sci. 2021 ;7 (6 ) :963 -972 . 159. 

138 . Z e n g R, G o n g H, Li Y , et a l . C R I S P R - C a s l 2 a - d e r i v e d pho toe lec -

t rochemica l b iosensor for po in t -o f -care diagnosis of nucle ic ac id . 

Anal Chem. 2022 ;94 (20 ) : 7442 -7448 . 160. 

139 . Zhang B, W a n g Q , X u X , et a l . De tec t i on of target D N A w i th a 

novel C a s 9 / s g R N A s - a s s o c i a t e d reverse P C R (CARP) techn ique. 

Anal Bioanal Chem. 2 0 1 8 ; 4 1 0 ( 1 2 ) : 2 8 8 9 - 2 9 0 0 . 161 . 

140 . Zhang B, X ia Q , W a n g Q , X ia X , W a n g J . De tec t ing and typ ing 

target D N A wi th a novel C R I S P R - t y p i n g P C R (ctPCR) techn ique. 

Anal Biochem. 2 0 1 8 ; 5 6 1 - 5 6 2 : 3 7 - 4 6 . 

1 4 1 . Zhao Y , C h e n D, X u Z, et a l . Integrating C R I S P R - C a s l 2 a into a 162. 

microf lu id ic dua l -drop le t dev ice enables s imul taneous de tec t ion of 

H P V 1 6 and H P V 1 8 . Anal Chem. 2023 ;95 (6 ) : 3476 -3485 . 

142 . Z h e n g X , Li Y , Yuan M , Shen Y , C h e n S, Duan G . Rapid de tec t ion of 163 . 

H P V 1 6 / 1 8 based on a C R I S P R - C a s l 3 a / C a s l 2 a dua l -channe l 

sys tem. Anal Methods. 2022 ;14 (48 ) : 5065 -5075 . 

143 . Zhen S, Q iang R, Lu J , Tuo X , Yang X , Li X . C R I S P R / C a s 9 - H P V -

liposome enhances antitumor immunity and treatment of H P V 164. 

infection-associated cervical cancer. J Med Virol. 2023;95( l ) :e28144. 

144 . Morr is BJ. Cervical human papillomavirus screening by PCR: advan

tages of targeting the E 6 / E 7 region. Clin Chem Lab Med (CCLM). 

2005;43(11):1171-1177. 165 . 

145 . Tjalma W A A , D e p u y d t C E . Cerv ica l cancer screen ing: wh ich H P V 

test should be used—LI or E 6 / E 7 ? Eur J Obstet Gynecol Reprod Biol. 

2 0 1 3 ; 1 7 0 ( l ) : 4 5 - 4 6 . 166. 

146 . Li Y , Z e n g R, W a n g W , et a l . S ize-cont ro l led engineer ing 

photoe lec t rochemica l b iosensor for human pap i l lomav i rus-16 

based on C R I S P R - C a s l 2 a - i n d u c e d d isassembly of Z - s c h e m e 167. 

hetero junct ions. ACS Sens. 2022 ;7 (5 ) : 1593 -1601 . 

147 . Y a n g Y , X u J , G e S, Lai L. C R I S P R / C a s : advances , l imitat ions, and 

appl icat ions for precis ion cancer research. Front Med. 2 0 2 1 ; 8 : 168. 

6 4 9 8 9 6 . 

148 . Dube Mand i sho ra RS, GJ0t terud K S , Lagstrom S, et a l . Intra-host 

sequence var iabi l i ty in human papi l lomavi rus. Papillomavirus Res. 169 . 

2 0 1 8 ; 5 : 1 8 0 - 1 9 1 . 

149 . C o n v e r y N , Gadegaard N . 30 years of microf lu id ics. Micro Nano 

Engineer. 2 0 1 9 ; 2 : 7 6 - 9 1 . 170. 

150 . Pat tanayak P, Singh SK , Gula t i M , et a l . M ic ro f lu id ic ch ips: recent 

advances , cr i t ical strategies in des ign, appl icat ions and fu ture 

perspect ives. Microfluid Nanofluid. 2021 ;25(12) :99 . 171 . 

1 5 1 . X ie Y , X u X , W a n g J , Lin J , Ren Y , W u A . Latest advances and 

perspect ives of l iquid b iopsy for cancer d iagnost ics dr iven by 

microf lu id ic on -ch ip assays. Lab Chip. 2 0 2 3 ; 2 3 ( 1 3 ) : 2 9 2 2 - 2 9 4 1 . 172 . 

152 . Surappa S, Mu l tan i P, Parlatan U , et al. Integrated " lab-on-a-ch ip" 

microf lu id ic sys tems for iso lat ion, enr ichment , and analysis of 

cancer b iomarkers. Lab Chip. 2023 ;23 (13 ) : 2942 -2958 . 

153 . M o u L, H o n g H, X u X , X ia Y , J iang X . Digital hybr id izat ion human 173 . 

papi l lomavirus assay wi th at tomolar sensi t iv i ty w i thou t ampl i f ica

t ion. A C S Nano. 2021 ;15 (8 ) : 13077 -13084 . 

W a n g Z , Li F, Rufo J , et a l . Acous to f l u id i c sal ivary exosome 

isolat ion. J Mol Diagn. 2 0 2 0 ; 2 2 ( l ) : 5 0 - 5 9 . 

Zhao X , Li X , Y a n g W , Peng J , Huang J , M i S. A n integrated 

microf lu id ic de tec t ion sys tem for the au tomated and rapid 

diagnosis of high-r isk human papi l lomavi rus. Analyst (Lond). 

2021 ;146 (16 ) : 5102 -5114 . 

Soares A C , Soares J C , Rodr igues V C , et a l . M ic ro f lu id i c -based 

genosensor to detec t human papi l lomavirus ( H P V 1 6 ) for head and 

neck cancer . A C S Appl Mater Interfaces. 2 0 1 8 ; 1 0 ( 4 3 ) : 3 6 7 5 7 - 3 6 7 6 3 . 

W a n g Y , G e G , M a o R, et a l . G e n o t y p i n g of 30 kinds of cu taneous 

human papi l lomavi ruses by a mul t ip lex microf lu id ic loop-med ia ted 

isothermal ampl i f icat ion and visual detec t ion me thod . Virol J. 

2020;17(1) :99. 

Huang Y , Sun L, Liu W , et a l . Mu l t i p lex s ingle-cel l d rop le t P C R w i th 

machine learning for de tec t ion of high-r isk human papi l loma

vi ruses. Anal Chim Acta. 2 0 2 3 ; 1 2 5 2 : 3 4 1 0 5 0 . 

Garg N , Boy le D, Randal l A , et a l . Rapid immunodiagnost ics of 

mult iple viral in fect ions in an acoust ic mic ros t reaming dev ice w i th 

serum and sal iva samples. Lab Chip. 2019 ;19 (9 ) : 1524 -1533 . 

Kreutz J E , W a n g J , Sheen A M , et a l . Sel f -d ig i t izat ion chip for 

quant i tat ive de tec t ion of human papi l lomavirus gene using digital 

L A M P . Lab Chip. 2019 ;19 (6 ) : 1035 -1040 . 

Smith C A , C h a n g M M , Kundrod K A , et a l . A low-cos t , paper -based 

hybr id capture assay to detec t high-r isk H P V D N A for cerv ical 

cancer sc reen ing in low- resource set t ings. Lab Chip. 2023;23(3) : 

4 5 1 - 4 6 5 . 

Baier T, Hansen -Hagge T E , Gransee R, et a l . Hands- f ree sample 

preparat ion p lat form for nucle ic acid analysis. Lab Chip. 2009;9(23) : 

3 3 9 9 - 3 4 0 5 . 

Rodr iguez N M , W o n g W S , Liu L, D e w a r R, K lapper ich C M . A ful ly 

integrated paperf lu id ic molecular d iagnost ic chip for the ext ract ion, 

ampl i f icat ion, and detec t ion of nucle ic acids f rom cl inical samples. 

Lab Chip. 2016 ;16 (4 ) :753 -763 . 

W a n g R, W u J , H e X , Zhou P, Shen Z . A samp le - in -answer -ou t 

microf lu id ic sys tem for the molecular d iagnost ics of 2 4 H P V 

genotypes using pa lm-s ized cartr idge. Micromachines. 2021;12(3) : 

2 6 3 . 

Schudel BR, Tanyer i M , Mukher jee A , Sch roeder C M , Kenis PJA . 

Mu l t i p lexed de tec t ion of nucle ic acids in a combinator ia l screen ing 

chip. Lab Chip. 2 0 1 1 ; 1 1 ( 1 1 ) : 1 9 1 6 - 1 9 2 3 . 

W o r m a l d B W , M o s e r N , deSouza N M , et a l . Lab-on-ch ip assay of 

tumour markers and human papi l loma virus for cerv ical cancer 

detec t ion at the po in t -o f -care . Sci Rep. 2022;12(1) :8750. 

Zhu C , Hu A , C u i J , et a l . A lab-on-a-ch ip dev ice integrated D N A 

extract ion and sol id phase P C R array for the geno typ ing of h igh-

risk H P V in cl inical samples. Micromachines. 2019;10(8) :537. 

Mar t inez A W , Phil l ips ST, But te M J , Wh i tes ides G M . Pat terned 

paper as a p lat form for inexpens ive, l ow-vo lume , portable 

bioassays. Angew Chem Int Ed. 2007 ;46 (8 ) : 1318 -1320 . 

Hab ibey R, Rojo Ar ias J E , Str iebel J , Busskamp V . Mic ro f lu id ics for 

neuronal cell and circui t eng ineer ing. Chem Rev. 2022;122(18) : 

1 4 8 4 2 - 1 4 8 8 0 . 

Li X , Bal ler ini DR, Shen W . A perspect ive on paper -based 

microf lu id ics: current status and fu ture t rends. Biomicrofluidics. 

2012 ;6 (1 ) :011301 . 

Mokh ta rzadeh A , E ivazzadeh-Ke ihan R, Pashazadeh P, et al. 

Nanomater ia l -based b iosensors for de tec t ion of pathogenic virus. 

TrAC Trends Anal Chem. 2 0 1 7 ; 9 7 : 4 4 5 - 4 5 7 . 

Cas t i l l o -Henr iquez L, B r e n e s - A c u n a M , Cas t ro -Ro jas A , C o r d e r o -

Salmerön R, Lopre t t i -Cor rea M , Vega -Baud r i t JR . B iosensors for 

the de tec t ion of bacter ial and viral cl inical pathogens. Sensors. 

2020;20(23) :6926 . 

W a n g W , Kang S, Zhou W , Vikesland PJ. Environmental routes of virus 

transmission and the application of nanomaterial-based sensors for 

virus detection. Environ Sci: Nano. 2023;10(2):393-423. 



16 of 16 
W I L E Y - MEDICAL V IROLOGY" 

BARTOŠÍK ET A L . 

174 . W e i D, Bai ley M J A , A n d r e w P, Ryhänen T. E lec t rochemica l 192 . 

b iosensors at the nanoscale . Lab Chip. 2009 ;9 (15 ) : 2123 -2131 . 

175 . Ray P C , Y u H, Fu P P . Tox ic i t y and env i ronmenta l r isks of 

nanomater ia ls : chal lenges and future needs. J Environ Sei Health, 

Part C. 2 0 0 9 ; 2 7 ( l ) : l - 3 5 . 193 . 

176 . Shuk la R, Bansal V , Chaudha ry M , Basu A , Bhonde RR, Sast ry M . 

Biocompat ib i l i t y of gold nanopart ic les and their endocy to t i c fate 

inside the cel lu lar compar tment : a mic roscop ic ove rv iew. Langmuir. 194. 

2 0 0 5 ; 2 1 ( 2 3 ) : 1 0 6 4 4 - 1 0 6 5 4 . 

177 . W a n g S, Lu W , T o v m a c h e n k o O , Rai U S , Y u H, Ray P C . Cha l lenge in 

unders tand ing s ize and shape dependen t tox ic i ty of gold nanoma

terials in human skin kerat inocytes. Chem Phys Lett. 2008;463(1) : 195 . 

1 4 5 - 1 4 9 . 

178 . G o p e e N V , Rober ts D W , W e b b P, e t al . M igra t ion of intradermal ly 

injected quan tum dots to sent inel organs in mice. Toxicol Sei. 196. 

2 0 0 7 ; 9 8 ( l ) : 2 4 9 - 2 5 7 . 

179 . M o r t e n s e n U , Oberdörs te r G , Pent land A P , DeLou ise LA. In v ivo 

skin penetrat ion o f quan tum do t nanopart ic les in the mur ine 

mode l : the ef fec t o f U V R . Nano Lett. 2008 ;8 (9 ) :2779 -2787 . 

180 . Huang H, Bai W , D o n g C , G u o R, Liu Z. A n ul t rasensi t ive 197. 

e lec t rochemica l D N A b iosensor based on g r a p h e n e / A u n a n o r o d / 

po ly th ion ine for human papi l lomavirus D N A detec t ion . Biosens 

Bioelectron. 2 0 1 5 ; 6 8 : 4 4 2 - 4 4 6 . 198. 

1 8 1 . Chek in F, Bagga K, Subramanian P, et al . Nuc le i c ap tamer mod i f ied 

porous reduced graphene o x i d e / M o S 2 based e lec t rodes for viral 

de tec t ion : appl icat ion to human papi l lomavirus (HPV) . Sens 199 . 

Actuators, B. 2 0 1 8 ; 2 6 2 : 9 9 1 - 1 0 0 0 . 

182 . Rawat R, Singh S, Roy S, Kumar A , G o s w a m i T, M a t h u r A . Des ign 2 0 0 . 

and deve lopmen t o f an e lectroanalyt ica l genosensor based on C u -

P T C A / r G O nanocompos i tes for the detec t ion o f cerv ical cancer . 

Mate r Chem Phys. 2 0 2 3 ; 2 9 5 : 1 2 7 0 5 0 . 

183 . Yuan Y , M a Y , Luo L, et al . Rat iometr ic determinat ion o f human 2 0 1 . 

pap i l lomav i rus-16 D N A by using f luorescent D N A - t e m p l a t e d si lver 

nanoclusters and ha i rp in-b locked D N A z y m e - a s s i s t e d cascade 

ampl i f icat ion. Microchim Acta. 2019 ;186(9 ) :613 . 

184 . H e Y , Liu Y , C h e n g L, et a l . High ly reproduc ib le and sensi t ive 2 0 2 . 

e lec t rochemi luminescence b iosensors for H P V detec t ion based on 

bovine serum albumin carr ier p lat forms and hyperbranched rol l ing 

circle ampl i f icat ion. ACS Appl Mater Interfaces. 2021 ;13(1) :298-

3 0 5 . 2 0 3 . 

185 . Sun Y , Liu J , Peng X , Zhang G , Li Y . A novel pho toe lec t rochemica l 

array p lat form for ul t rasensi t ive mul t ip lex de tec t ion and sub type 

ident i f icat ion of H P V genes. Biosens Bioelectron. 2 0 2 3 ; 2 2 4 : 1 1 5 0 5 9 . 

186 . H o n g G , Z o u Z , Huang Z, D e n g H, C h e n W , Peng H. Spl i t - type 204 . 

e lec t rochemi luminescent gene assay p lat form based on gold 

nanocluster probe for human papi l lomavirus diagnosis. Biosens 

Bioelectron. 2 0 2 1 ; 1 7 8 : 1 1 3 0 4 4 . 

187 . Cha ibun T, Thanasapburacho t P, Cha tchawa l P, et a l . A mul t i - 2 0 5 . 

analyte e lec t rochemica l genosensor for the detec t ion o f high-r isk 

H P V genotypes in oral and cerv ical cancers . Biosensors. 2 0 2 2 ; 12(5): 

2 9 0 . 206 . 

188 . Ave l i no K Y P S , O l ive i ra LS, Lucena-Si lva N , de M e l o C P , 

Andrade C A S , Ol ive i ra M D L . M e t a l - p o l y m e r hybr id nanomater ia l 

for impedimet r ic de tec t ion o f human papi l lomavirus in cerv ical 

spec imens. J Pharm Biomed Anal. 2 0 2 0 ; 1 8 5 : 1 1 3 2 4 9 . 2 0 7 . 

189 . Peng X , Zhang Y , Lu D, G u o Y , G u o S. U l t r a t h i n T i 3 C 2 nanosheets 

based "o f f -on" f luorescent nanoprobe for rapid and sensi t ive 

detec t ion of H P V in fect ion. Sens Actuators, B. 2 0 1 9 ; 2 8 6 : 2 2 2 - 2 2 9 . 

190 . M a h m o o d i P, Rezayi M , Rasoul i E, et al. Ear ly-stage cervical cancer 

diagnosis based on an ul t ra-sensi t ive e lec t rochemica l D N A 

nanob iosensor for H P V - 1 8 de tec t ion in real samples. 

J Nanobiotechnology. 2020;18(1) :11 . 

1 9 1 . M a X , Li Y , Liu R, W e i W , D ing C . Deve lopmen t o f a sensi t ive and 

speci f ic nanopar t ic le-ass is ted P C R assay for de tec t ing H P V - 1 6 and 

H P V - 1 8 D N A . J Med Virol. 2020 ;92 (12 ) : 3793 -3798 . 

Agrahar i S, Kumar G a u t a m R, Kumar Singh A , T iwar i I. Nanosca le 

mater ia ls-based hybr id f rameworks mod i f ied e lec t rochemica l 

b iosensors for ear ly cancer d iagnost ics : an ove rv iew of current 

t rends and chal lenges. Microchem J. 2 0 2 2 ; 1 7 2 : 1 0 6 9 8 0 . 

W r i g h t Jr., T C . H P V D N A test ing of se l f -co l lec ted vaginal samples 

compared wi th cy to log ic sc reen ing to de tec t cervical cancer . JAMA. 

2 0 0 0 ; 2 8 3 ( l ) : 8 1 - 8 6 . 

Ogi lv ie G S . Diagnost ic accuracy of self co l lec ted vaginal spec imens 

for human papi l lomavirus compared to cl inician co l lec ted human 

papi l lomavirus spec imens : a meta-analys is . Sex Transm Infect. 

2005 ;81 (3 ) :207-212 . 

Vors te rs A , Mica less i I, Bi lcke J , leven M , Bogers J , D a m m e P. 

Detec t ion of human papi l lomavirus D N A in ur ine. A rev iew of the 

l i terature. Eur J Clin Microbiol Infect Dis. 2012 ;31 (5 ) :627 -640 . 

Sel lors J W , Lor incz A T , M a h o n y J B , et a l . Compar i son of self-

co l lected vaginal , vulvar and urine samples wi th phys ic ian-co l lec ted 

cervical samples for human papi l lomavirus test ing to de tec t h igh-

grade squamous intraepithel ial lesions. CMAJ: Can Med Assoc J = 

journal de I'Association medicate canadienne. 2000;163(5) : 5 1 3 - 5 1 8 . 

Li G , Lamsisi M , Chena f i S, et al . Ur ine -based detec t ion o f H P V for 

cervical cancer screen ing: t ime for s tandard ized tests. J Med Virol. 

2023 ;95(4 ) :e28737 . 

Tanzi E, B ianchi S, Fasolo M M , et al . High per fo rmance of a new 

P C R - b a s e d urine assay for H P V - D N A detec t ion and genotyp ing . 

J Med Virol. 2 0 1 3 ; 8 5 ( l ) : 9 1 - 9 8 . 

Enerly E, Nygárd C, Olofsson M . Moni tor ing human papillomavirus 

prevalence in urine samples: a review. Clin Epidemiol. 2013;5:67-79. 

Ni lyanimi t P, Chansaenro j J , Karalak A , Laowahu tanon t P, 

Junyangdiku l P, P o o v o r a w a n Y . C o m p a r i s o n of human papi l loma

virus (HPV) de tec t ion in urine and cerv ical swab samples us ing the 

H P V G e n o A r r a y d iagnost ic assay. PeerJ. 2 0 1 7 ; 5 : e 3 9 1 0 . 

Cuz ick J , C a d m a n L, A h m a d A S , et al . Per fo rmance and diagnost ic 

accuracy of a ur ine-based human papi l lomavirus assay in a referral 

popu la t ion. Cancer Epidemiol Biomarkers Prevent. 2017;26(7) : 

1 0 5 3 - 1 0 5 9 . 

Torres-Rojas F l , Mendoza-Cata lán M A , A la rcón-Romero L C , et al. 

H P V molecu lar de tec t ion f rom urine versus cerv ical samples: an 

al ternat ive for H P V screen ing in ind igenous populat ions. PeerJ. 

2 0 2 1 ; 9 : e l l 5 6 4 . 

W a n g Y , Spr inger S, M u l v e y C L , et a l . De tec t ion o f somat ic 

mutat ions and H P V in the sal iva and plasma of pat ients w i th head 

and neck squamous cel l carc inomas. Sei Transl Med. 2015;7(293) : 

2 9 3 r a l 0 4 . 

Singini M G , Singh E, B radshaw D, et al . Usefu lness of high-r isk H P V 

early oncopro te in (E6 and E7) serological markers in the detec t ion 

of cerv ical cancer : a sys temat ic rev iew and meta-analys is . J Med 

Virol. 2 0 2 3 ; 9 5 ( l ) : e 2 7 9 0 0 . 

Kay P, A l lan B, D e n n y L, Ho f fman M , W i l l i amson A - L . De tec t ion of 

H P V 16 and H P V 18 D N A in the b lood of pat ients w i th cerv ical 

cancer. J Med Virol. 2 0 0 5 ; 7 5 : 4 3 5 - 4 3 9 . 

Qure ish i A , M a w b y T, Fräser L, Shah K A , M0 l le r H , W i n t e r S. 

Cur ren t and future techn iques for human papi l loma virus (HPV) 

test ing in oropharyngea l squamous cel l ca rc inoma. Eur Arch 

Otrhinolaryngol. 2 0 1 7 ; 2 7 4 ( 7 ) : 2 6 7 5 - 2 6 8 3 . 

Rapado-González Ó, Mart ínez-Reglero C , Sa lgado-Barre i ra Á, et al. 

Assoc ia t ion o f sal ivary human papi l lomavirus infect ion and oral and 

oropharyngeal cancer : a meta-analys is . J Clin Med. 2020;9(5) :1305. 

How to cite this article: B a r t o s i k M , M o r a n o v a L, Izadi N , e t al . 

A d v a n c e d t e c h n o l o g i e s t o w a r d s i m p r o v e d H P V d i a g n o s t i c s . 

J Med Virol. 2 0 2 4 ; 9 6 : e 2 9 4 0 9 . d o i : 1 0 . 1 0 0 2 / j m v . 2 9 4 0 9 


