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Avian influenza A (H7N9) virus has caused several epidemics and infection in both human and poultry. 
With mutation, the H7N9 virus gained its fifth endemic in China. Early diagnosis is crucial for the control of 
viral spread in poultry and prognosis of infected patients. In this study, we developed and evaluated a lateral 
flow dipstick recombinase polymerase amplification (LFD-RPA) assay for rapid detection of both hemag-
glutinin and neuraminidase gene of H7N9. Our H7-LFD-RPA and N9-LFD-RPA assay were able to detect 
32 fg H7N9 nucleic acid which is more convenient and rapid than previous methods. Through detecting 50 
influenza positive samples, cross-reaction was not found with other subtypes of influenza virus. The 100% 
analytical specificity and sufficient analytical sensitivity results agreed the real time RT-PCR assay. The 
results data demonstrated that our method performed well and could be applied to the detection of H7N9 
virus. This LFD-RPA assay provides a candidate method for rapid point-of-care diagnosis of H7N9.
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Avian  influenza  A  (H7N9)  virus  has  caused  five  epidemics 
in China,  the first  human  case was  identified  in March 2013.1,2) 
Until December  30th  2017,  a  total  of  1564  cases  from 25 prov-
inces in China were diagnosed with H7N9 infection and the 
mortality  is  up  reaching 40%. The number of  cases  in  the fifth 
endemic has an unparalleled increase,3) accounting for nearly 
half of the total cases. The first four waves of the epidemic dem-
onstrated that the virus had low pathogenicity in birds. However, 
insertion of four amino acid in the hemagglutinin (HA) protein 
was  found  in  the  fifth  wave  H7N9  strains  isolated  from  some 
patients, live poultry markets and environmental samples, which 
means the H7N9 might be mutated to be highly pathogenic,4) 
and thus resulted in serious economic losses as well as an inter-
national concern.2)

Early  identification  of  H7N9  positive  patients  and  poultry 
is crucial for disease control and reduction of economic loss. 
The existing diagnostic methods for H7N9, such as viral isola-
tion  and  enzyme-linked  immunosorbent  assay  (ELISA),  have 
comparatively low sensitivity.5,6) Real time RT-PCR, which is 
accurate and rapid (90 min of a singly run-time), has become 
a routine detection for years.7) Nevertheless, RT-PCR requires 
sophisticated equipment restricted to the laboratory for point-
of-care diagnosis of patients with flu symptom in hospital and 
samples  in  poultry  market,  etc. Recently, recombinase poly-
merase  amplification  (RPA),  one  of  the  most  sensitive,  con-
venient  and  rapid  isothermal  amplification  methods,  was  de-
veloped for the detection variety of pathogens.8–10) Moreover, 
lateral flow dipstick  (LFD), a  simple device, has been used  in 
non-laboratory environment. An established visual detection 
system by combining RPA and LFD has demonstrated satisfy-
ing applications in some pathogenic detection,6,11,12) however 
there  is  no LFD-RPA assay developed  for  influenza virus de-
tection. Thus in this research, we developed and evaluated a 
rapid detection method based on LFD-RPA assay for both HA 
and neuraminidase (NA) gene of avian influenza A (H7N9).

MATERIALS AND METHODS

Sample Collection  Positive and control viruses used in 
this  study  were  provided  by  Shenzhen  Center  for  Disease 
Control  and  Prevention  (Shenzhen  CDC).  Clinical  specimens 
and environmental specimens, including swabs and serum 
within three days of onset after disease, were collected in 
Shenzhen,  China.  Positive  samples  were  confirmed  by  One 
Step PrimerScript™ RT-PCR kit (TaKaRa, Japan).

Virus RNA Extraction  The RNA isolated from a H7N9 
infected patient, which was confirmed by laboratory assay and 
provided by Shenzhen CDC, was used as template in the RPA 
reaction and sensitivity analysis. RNA extraction via mag-
netic bead method (Life Technologies, Darmstadt, Germany) 
according  to  the  manufacturer’s  instructions.  In  summary, 
200 µL  of  sample  was  incubated  with  50 µL  of  proteinase  K 
and  300 µL  of  lysis  buffer  for  5 min  at  room  temperature. 
Thereafter,  150 µL  of  isopropanol  and  50 µL of Dynabeads 
were added and incubated for 10 min followed by two wash-
ing steps. Nucleic acid bound to the Dynabeads was dried 
for  5 min,  followed  by  elution.  The  total  time  needed  for  the 
extraction  was  30 min.  The  extracted  influenza  virus  RNA 
was first reversely transcribed into cDNA with PrimerScript™ 
1st  Strand  cDNA  Synthesis  Kit  (TaKaRa).  In  summary,  8 µL 
of template RNA was incubated with 1 µL of Oligo dT Primer 
and 1 µL of deoxyribonucleoside triphosphate (dNTP). Mix-
ture  for  5 min  at  65°C,  cool  immediately  on  ice.  Thereafter, 
4 µL  of  5×PrimeScript  II  Buffer  and  0.5 µL of Ribonuclease 
(RNase) Inhibitor and 1 µL of PrimeScript II RTase and 4.5 µL 
of RNase free dH2O were  added  and  incubated  for  50 min  at 
42°C. Terminate  the reactions at 70°C for 15 min,  followed by 
cooling on ice. Concentration of the cDNA was 1400 ng/µL 
measured  by  q-RT-PCR  and  quantified  to  1000 ng/µL. Tran-
scribed cDNA was stored at −20°C used for further analysis.

H7 and N9 RPA Primers and Probes Design  Based on 
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the  sequences  of  highly  conserved  and  specific  domains  of 
H7N9  avian  influenza  viruses,  which  were  randomly  chosen 
in GenBank, three pairs of primers and probes for H7 and N9 
gene were designed by Primer 5.0. Primers and probes for H7 
and N9 were separately aligned with the HA and NA gene 
consensus  sequences  of H7N9 viruses. The opposing  amplifi-
cation primers were conjoined with a biotin-label on the 5′ end 
and the probes contained a 5′ FAM (carboxyfluorescein)-label, 
an internal tetrahydrofuran (THF) and a polymerase extension 
blocking  group,  C3-spacer  at  the  3′ end. All oligonucleotides 
were produced by Sangon Biotech (Shenzhen, China).

RPA Assay and Conditions   The  RPA  assay  was  firstly 
performed with  the  TwistAmp  nfo  kit  (TwistDX,  Cambridge, 
U.K.)  in  a  volume  of  50 µL,  containing  29.5 µL of rehydra-
tion buffer,  3.2 µL of template,10 µL of dH2O, 0.6 µL of probe 
nfo-H7-P or nfo-N9-P (10 µM), 2.1 µL of forward primer 
(10 µM), 2.1 µL of biotin-labeled reverse primer (10 µM) and 
2.5 µL of magnesium acetate solution and the mixture was 
added to RPA strips containing a dried enzyme pellet.

All the three sets of primers and probes were used to per-
form RPA for efficiency and specificity evaluation,  the best  set 
was kept for later study. Proper amplification time and tempera-
ture were also explored according to the result of real-time RPA 
assay performed with TwistAmp exo kit (TwistDX, Cambridge, 
U.K.)  on  7500  Real  Time  PCR  System  (Applied  Biosystems, 
MA, U.S.A.) according to the previous studies.10,13)

LFD RPA Assay   Five  microliters  of  the  amplification 
product and 70 µL of the PCRD Extraction Buffer (Abing-
don Health, U.K.) were mixed  thoroughly  and  added  into  the 
sample well of a PCRD cassette (Abingdon Health) for signal 
reading.  Independent  working  areas  and  pipettors  were  uti-
lized  to  avoid  contamination.  Upon  sample  amplification,  the 
carbon  conjugated-biotin  antibodies  are  rehydrated  and  react 

with the biotin-labelled amplicon. The mixture travels along 
the membrane by capillary effect. Negative result is indicated 
by the presence of a single black line on the test strip (C-line) 
and positive  result  is  recognized by  that  of  both C  and T-line 
position, respectively.

Evaluation of LFD-RPA and Statistical Analysis  A 
total  of  50  samples  (21  positive  and  29  negative)  were  col-
lected from both of swabs of H7N9 infected patients and the 
external environment. The samples were used to evaluate the 
efficiency of LFD-RPA method. The screening parameters, in-
cluding sensitivity, specificity, positive predictive value (PPV), 
and negative predictive value (NPV) were used to evaluate 
the  diagnostic  validity.  Kappa  test  was  applied  to  verify  the 
strength of agreement between two detection methods, RT-
PCR and LFD-RPA.

Table 1. LFD-RPA Primers and Probes for H7 and N9 Used in This Study

Primer/probe Sequence Length (bp) Product size (bp)

nfo-H7-F TTCTATGCAGAAATGAAATGGCTCCTGTCAA 31 96
nfo-H7-R [Biotin]AGCTGGGCTTTTTCTTGTATTTTTATATGACTTAG 43
nfo-H7-P [FAM]AAATGAAATGGCTCCTGTCAAACACAGATA[THF]

TGCTGCATTCCCGCA[C3-spacer]
66

nfo-N9-F ATAGACCCAGTAGCAATGACACACACTAGTCA 32 105
nfo-N9-R [Biotin]TTATTATTACCTGGATAAGGGTCATTACACT 39
nfo-N9-P [FAM]CACTAGTCAATATATATGCAGTCCTGTTCTA[THF]

AGACAGTCCCCGACCGA[C3-spacer]
69

Fig.  1.  Optimal Amplification Time with Amplification Temperature at 39°C of exo-RPA Assays

Fig. 2. The Result Read by LFD for Standard H7 and N9
Figure A and Fig. B show the result of the standard H7 and N9 by LFD read 

visually at 10 min following the cassette’s protocol. Figure C and Fig. D show the 
process of the result developed at different time points from 1 to 10 min.
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RESULTS

Optimal Conditions  The sequences of primers and 
probes used for RPA assay are displayed in Table 1 and the 
optimal  reaction  conditions  were  20 min  at  39°C  for  both  of 
H7 and N9 RPA assay(Fig. 1).

Analytical Sensitivity   The  positive  results  of  lateral-flow 
cassette for H7 and N9 can be observed within 1 min (Figs. 
2A–D). To determine the sensitivity of the assay, cDNA tem-
plate (1000 ng/µL H7N9 cDNA) was serially diluted by 1010 
(3200 ng  to  0.32 fg).  The  LFD  could  detect  up  to  10−8 dilution 
(32 fg,  4×103  copies) of both H7 and N9  (Figs.  3A, B). The  re-
sulting RPA amplicons were electrophoresed in 3% agarose gel 
and visualized under UV. A visible amplicon band was obtained 
up to 10−6 dilution and amplicons of the desired size were gen-
erated: 96 bp with H7 and 105 bp with N9 (Figs. 3C, D).

Analytical Specificity  The LFD-RPA assay was tested 
for  specificity  using  RNA  extracted  from  other  subtypes  of 
influenza virus A which had been detected by RT-PCR assay. 
Only  the  H7  subtype  detected  by  H7-LFD-RPA  and  the  N9 
subtype detected by N9-LFD-RPA were positive (Table 2). 
No  cross-reaction was  observed with  other  influenza  virus  of 
H1N1, H3N2, H5N6 and H9N2 (Figs. 4A, B), which were also 
confirmed by  the agarose gel electrophoresis  (Fig. 4C, D). No 
amplification was detected from H1, H3, H5 and H9 with H7-
RPA or N1, N2 and N6 with N9-RPA.

Evaluation of the LFD-RPA  Total of 21 positive samples 
and 29 negative samples were determined by both H7-LFD-
RPA and N9-LFD-RPA. This result showed the PPV and NPV 
of H7/N9-LFD-RPA reached 100%.

DISCUSSION

In  order  to  efficiently  detect  the  currently  epidemic  zoono-
sis disease H7N9, we successfully developed a visual method 
by  combining  an  isothermal  amplification  technique  with 
LFD-RPA.  Through  a  50-sample  study,  both  H7-LFD-RPA 
and N9-LFD-RPA assay gained satisfying performances of 
100%  analytical  sensitivity  and  analytical  specificity.  No 
cross-reaction  with  other  subtypes  of  influenza  virus  was 
observed. Moreover, the results of multiple tests for the same 
sample indicated the method was biologically and technically 

Fig.  3.  Performance of the LFD-RPA Assay Using Serial Dilutions Range of 10−3 to 10−10 cDNA
LFD could detect H7 up to 10−8 dilutions (A) as well as N9 (B). The RPA amplicons were electrophoresed on 3% agarose gel for H7 (C) and N9 (D). N was the negative 

control and M was the maker.

Fig.  4.  Performance of the LFD-RPA to Detect H1, H3, H5, H7 and H9 
(A)  and  N1,  N2,  N6  and  N9  (B)  and  the  Electrophoresis  Result  for  HA 
(C) and NA (D)

Table 2. Detection of Multiple Subtypes by the LFD-RPA and RT-PCR 
Assays

Subtype
H7 N9

PCR RPA PCR RPA

H7N9 + + + +
H1N1 − − − −
H3N2 − − − −
H5N6 − − − −
H9N2 − − − −
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repeatable.
Design  of  RPA  primers  and  probes  is  the  key  and  bottle-

neck  of RPA  assay method.  Previous  study  showed  that RPA 
could  amplify  as  long  as  1.5 kb  DNA  segment  with  the  best 
sensitivity  and  specificity  at  100–200 bp.14)  In  this  study,  we 
chose the optimal sets of primers and probes for H7 and N9 
respectively  referred  as Yehia’s method  for H5N1 HA gene.14) 
The forward/reverse primers and nfo-probes were designed 
based  on  a  total  of  96  HA  and  105  NA  gene  sequences  re-
spectively with 92.8 and 85.1% identity to H7 and N9 of whole 
H7N9 database from China. Moreover, we found that primers/
probes  of  proper  lengths  were  necessary  for  high  specificity. 
As the length of primers/probes were longer than the PCR 
gene and the target gene was shorter than the PCR gene, the 
amplification of the target gene would be obtained with higher 
accuracy. This was similar to previous studies.11,15,16)

A unique real-time RPA was done to explore the role of 
incubation temperature and time because the brightness of 
the test bands appeared to change with these conditions.11,17) 
Runtime for our RPA is much shorter (20 min in LFD-RPA 
compared to 90 min in RT-PCR) owing to its shorter target 
gene  to amplify. Like most RPA assays,13,18) body temperature 
or  a  simple  water  bath  can  be  applied  to  fulfill  the  detection 
temperature of 39°C, which is rather suitable for point-of-care 
diagnosis and potential study of genetic expression in living 
cells.  The  LFD method  developed  here  greatly  simplifies  the 
detection process and visualize the results without the input of 
expensive equipment.

The LFD-RPA method established in this study can be 
used for H7N9 detection of both environmental and clinical 
samples  with  analytical  sensitivity  as  32 fg  for  either  H7  or 
N9. Moreover,  satisfying  specificity  of  our  LFD-RPA method 
is observed in distinguishing H7N9 from other subtypes, 
such  as H1N1, H3N2, H5N6  and H9N2 which  causes  similar 
clinical respiratory symptoms as the H7N9 infected patients 
or poultry.
In  this  study,  for  the  first  time,  we  developed  a  simple 

visual method to detect H7N9 by combining LFD with RPA 
assay. All the results suggested that our method was robust 
against  H7N9. Our  LFD-RPA method  enabled  rapid monitor-
ing and detection of H7N9 in endemic areas. However, in the 
preliminary stage, this method could not distinguish the sub-
types except H7 and N9 yet. Further researches are necessary 
to optimize the labels of the primer and LFD to achieve a con-
current  detection  for  H7  and N9  in  one  dipstick  and  identify 
other specific subtypes. Moreover, as H10  is closely related  to 
H7, the H10-positive samples should be considered for further 
optimization of LFD-RPA method in the future.
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