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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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Jĵ  Signal change 

' Light 
off 

Light 
on 

! 1 

Light 
off 

i 
i Al 
i 
i 
1 

' Light 
off 

Light 
off 

i 
i Al 
i 
i 
1 

Time 

Light switch-

O n / O f f F i l t e r Lens 

Xe lamp 

HPV16 target HPV16 probe Target+probe C d S Q D s 

f 

T i 0 2 @ A u 

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 . 
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