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Haemophilus influenzae is a major human pathogenic bacterium, resulting in a series of
diseases, such as pneumonia, bacteremia, meningitis. However, it is hard to diagnose
H. influenzae quickly. In this study, the multiple cross displacement amplification (MCDA)
and nanoparticle-based lateral flow biosensor (LFB) (MCDA-LFB) were combined to
detect H. influenzae, which has been proven to be reliable, rapid, and not complicated.
On the basis of H. influenzae outer membrane protein P6 gene, 10 specific primers were
designed. The best MCDA condition was 61°C for 1 h. The sensitivity of H. influenzae-
MCD-LFB assay showed, in the pure cultures, the minimum concentration of genomic
DNA templates was 100 fg. The specificity of H. influenzae-MCD-LFB assay showed only
H. influenzae templates were detected, and no cross-reactivity was found in non-H.
influenzae isolates and other Haemophilus species. In 56 sputum samples, with MCDA-
LFB method and PCR detection, 21 samples were positive, which was in consistent with
the traditional culture method. The accuracy of diagnosis of MCDA-LFB, in comparison
with the traditional culture method and PCR detection, can reach 100%, indicating that
the MCDA-LFB assay gains an advantage over the cultured-based method for target
pathogen detection. In conclusion, the MCDA-LFB assay is suitable for the sensitive,
rapid, and specific detection of H. influenzae, which might be used as a potential
diagnostic tool for H. influenzae in basic and clinical laboratories.
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INTRODUCTION

Haemophilus influenzae (H. influenzae), a kind of Gram-
negative bacterium, is an important human pathogen (Deich
et al., 1988). Non-typical H. influenzae has been proven to be
involved in numerous diseases, such as pneumonia, bacteremia,
acute febrile tracheobronchitis in adults (Murphy et al., 1985;
Deich et al., 1988), and resulted in 20 to 40% of otitis media in
children (Howie et al., 1970; Deich et al., 1988). H. influenzae
type b (Hib) can lead to pneumonia, epiglottitis, and meningitis
predominantly in infants and young children (Peltola, 2000; Kim
et al., 2011). In many countries, the introduction of Hib
conjugate vaccines into routine immunization has significantly
decreased the morbidity of disease associated with Hib, which
confirmed the effectiveness of the traditional antimicrobial
therapy (Barbour, 1996; Kim et al., 2011). Therefore, the
researches in isolation of antimicrobial-resistant H. influenzae
strains have increased rapidly (Hasegawa et al., 2004; Torigoe
et al., 2007). Currently, because of the difficulty of distinguishing
H. influenzae from closely related Haemophilus spp., for
example, Haemophilus parainfluenzae (H. parainfluenzae), the
process of isolating and identifying H. influenzae strains are
time-consuming and complicated (Torigoe et al., 2007).
Moreover, the classical techniques are also time-consuming
and complicated, for instance, colonial morphology, growth-
based assays, and serological determination (Torigoe et al.,
2007). Nevertheless, the traditional techniques were still used
in a large number of diagnostic laboratories. In order to realize
early diagnosis and effective antibiotic therapy, the sensitive and
specific methods are essential to be established (Brown and
Lerner, 1998; Torigoe et al., 2007).

Based on the PCR assays, with the primers specific for rRNA-
encoding genes, the H. influenzae detection has achieved a
measure of success (Hendolin et al., 1997; Lu et al., 2000).
However, due to the about 95% homology of rRNA sequences
between H. influenzae and H. parainfluenzae, the rRNA-
encoding genes are not suitable for the accurate identification
of H. influenzae. It has been reported that the capsulation-
associated protein Bex A gene and the outer membrane
protein (OMP) P6 gene could be specific diagnostic targets
(van Ketel et al., 1990). Whereas the primers based on Bex A
protein gene could merely react with capsulated strains of
H. influenzae, but did not react with non-typical H. influenzae
strains (Torigoe et al., 2007). OMP P6 is highly conservative
among a majority of strains ofH. influenzae (Murphy et al., 1986;
Nelson et al., 1991), which might be a potential vaccine
component used to prevent the infection by H. influenzae
(Karalus and Murphy, 1999). The specific OMP P6 gene of
H. influenzae is well characterized (Nelson et al., 1988), and
some studies have been made to detected H. influenzae with
this gene (van Ketel et al., 1990; Hotomi et al., 1993; Ueyama
et al., 1995). Besides, for the diagnosis of Hib in the laboratory,
the PCR used to detect bexA (bexA PCR) (Corless et al., 2001)
and a nested PCR used to detect Hib (Hib PCR) (Falla et al.,
1994) have been an important milestone. It is unfortunate
that the PCR-based methods are expensive and complex for
resource-limited laboratory settings.
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It has been reported that multiple cross displacement
amplification (MCDA, Chinese IP Office Patent Application
CN20150280765.X) could be applied to detect specific nucleic-
acid sequences, as a replacement for PCR-based method (Wang
et al., 2015). Ten primers designed for binding to the 10 regions
of target sequences are required in the MCDA assay to achieve
the specific amplification in a temperature range from 60 to
67°C. The advantages of the MCDA technique seemed
to be rapidity, sensitivity, and specificity. Particularly, the
nanoparticle-based lateral flow biosensor (LFB) has been used
to present the results of MCDA (MCDA-LFB assay), which
only takes about 2 min and is easy to use (Wang et al., 2016;
Wang et al., 2018). In addition, the coronavirus disease 19
(COVID-19) also has been diagnosed with a reverse
transcription multiple cross displacement amplification (RT-
MCDA) linked with nanoparticles-based biosensor (BS) assay
(RT-MCDA-BS), which greatly improved the convenience (Li
et al., 2020).

In this study, we firstly report an MCDA coupled with LFB
(MCDA-LFB) method for rapid, simple, and reliable detection of
H. influenzae based on target sequence and validate its potential
clinical application with clinical samples.
MATERIALS AND METHODS

Reagents and Instruments
FastPure® Blood/Cell/Tissue/Bacteria DNA Isolation Mini Kit
was purchased from Vazyme Biotech Co., Ltd (Nanjing, China).
Isothermal amplification kit, Visual Detection Reagent (VDR),
and Nanoparticle-based lateral flow biosensor were purchased
from BeiJing-HaiTaiZhengYuan Technology Co., Ltd (Beijing,
China). The specific primers used in this study were synthesized
by TSINGKE Biological Technology Co., Ltd (Beijing, China).
LA-320C Real-time Turbidimeter was purchased from Eiken
Chemical Co., Ltd (Tokyo, Japan).

Bacterial Strains and Genomic
Template Preparation
In total, 28 clinical isolated strains, involving 7 H. influenzae
strains, 17 non-H. influenzae strains, and other Haemophilus
species, such as 2 Haemophilus parainfluenzae strains, 1
Haemophilus haemolyticus strain, and 1 Haemophilus
parahaemolyticus strain, were used in this study (Table 1). The
genomic DNA templates were extracted with FastPure® Blood/
Cell/Tissue/Bacteria DNA Isolation Mini Kit (Nanjing, China)
according to the manufacturer’s instructions. The templates were
quantified with ultraviolet spectrophotometer (NanoDrop One,
Thermo, USA) at A260/280 and stored under −20°C before use.
An isolate of H. influenzae designed as reference strain was
applied in the optimization and sensitivity analysis with
pure culture.

Primer Design
The MCDA primers were designed targeted to OMP P6 gene
(Genbank accession no. L42023) of the H. influenzae with
September 2021 | Volume 11 | Article 721547
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PRIMER 5.0 software and PrimerExplorer V4 (http://
primerexplorer.jp/elamp4.0.0/index.html). The hairpin
structures and hybrids of the 10 primers, involving F1 and F2
two displacement primers, CP1 and CP2 two cross primers, and
C1, C2, D1, D2, R1, and R2 six amplification primers, were
analyzed with the Integrated DNA Technologies design tool
(http://www.idtdna.com/site). The specificity of MCDA
primers for H. influenzae was verified by blast analysis. To
detect MCDA products with LFB, the 5’- of C1 and 5’- of D1
primers were respectively labeled with FAM and biotin. All
primers synthesized by TSINGKE Biological Technology Co.,
Ltd. (Beijing, China) at HPLC purification grade are listed in
Table 2. The primer sequences and locations are shown
in Figure 1.
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 3
The Standard MCDA Assay
The reaction system of MCDA assay was conducted in the
mixtures of 25 ul, involving 0.4 mM each of displacement
primers F1 and F2, 1.6 mM each of cross primers CP1 and
CP2, 0.8 mM each of amplification primers C1*, C2, R1, R2, D1*,
and D2, 12.5 ml 2× reaction mix of Isothermal amplification kit
(Beijing, China), and 1.25 ml 10 U Bst DNA polymerase, 1 ml
DNA template, and 1 ml VDR (Wang et al., 2015). Besides, 1 ml
DNA extracted from non-H. influenzae was selected as negative
control, and 1 ml double-distilled water was as blank control. The
amplification reactions were performed at 63°C for 1 h. After
that, the reactions were heated at 95°C for 5 min to terminate.
Then amplification products were detected by colorimetric
indicator and LFB.
The Optimal Reaction Temperature of
MCDA Assay
H. influenzae-MCDA-LFB assay was performed at varying
temperatures (58–65°C with 1°C intervals) for 1 h to acquire
the optimal reaction temperature, and the amplification
processes were monitored by Real-time turbidimeter.
Specificity and Sensitivity of the
H. influenzae-MCDA-LFB Assay
To analyze the sensitivity of the MCDA-LFB method, the DNA
templates extracted fromH. influenzae were diluted in a gradient
(10 ng, 1 ng, 100 pg, 10 pg, 1 pg, 100 fg, 10 fg, and 1 fg per ml).
Then, the 1 ml of each diluted template were used for the MCDA-
LFB assay. The limit of detection (LoD) of MCDA-LFB assay was
defined by genomic DNA amount of the template. Three
replicates of each dilution were examined.

The specificity of H. influenzae-MCDA-LFB was confirmed
with DNA templates extracted from 7 H. influenzae strains,
17 non-H. influenzae strains, 2 H. parainfluenzae strains,
1 H. haemolyticus strain, and 1 H. parahaemolyticus strain
(Table 1). The assays were repeated at least twice.

H. influenzae-MCDA-LFB Assay
in Clinical Samples
To evaluate the practicability of H. influenzae-MCDA-LFB assay
in clinical sample detection, we collected sputum samples of
patients who were suspected of infecting with H. influenzae in
Dingzhou People’s Hospital through three consecutive months.
All the sputum samples were detected using traditional culture
methods, including Gram stain, colony morphology, and
biochemical identification, which were accomplished by
Dingzhou People’s Hospital. A total of 21 sputum samples
were successfully detected with H. influenzae isolates. The 21
H. influenzae positive sputum samples and another 35 randomly
selected H. influenzae negative sputum samples were used to
extract genomic DNA using FastPure® Blood/Cell/Tissue/
Bacteria DNA Isolation Mini Kit (Nanjing, China) as
previously introduced. All the 56 DNA templates were
randomly mixed, and H. influenzae-MCDA-LFB assay and
PCR detection were used to detect H. influenzae. The PCR
TABLE 2 | The primers used in this study.

Primers Sequences andmodifications (5’-3’) Length Gene

F1 TAACACTGCACGACGGTT 18 nt
F2 GCATATTTAAATGCAACGCCA 21 nt
CP1 AGGCACAGTATCTTACGGTGAA-

AATATGCAGCTTCATCATGACC 45 mer
CP2 TCTGCACGACGTTGGCCTAA-

GTATTAGTAGAAGGTAACACTGAT 45 mer
C1 AGGCACAGTATCTTACGGTGAA 22 nt OMP

P6
C1* FAM-

AGGCACAGTATCTTACGGTGAA
22 nt

C2 TCTGCACGACGTTGGCCTAA 20 nt
D1 GAAAAACCTGCAGTATTA 18 nt
D1* Biotin-GAAAAACCTGCAGTATTA 18 nt
D2 GTATTCTGGTGTACCACGT 19 nt
R1 AAGGTGTTGATGCTGGTA 18 nt
R2 CCAGCTAAATAACCTTTAAC 20 nt
PCR F AACTTTTGGCGGTTACTCTG 20 nt
PCR R CTA ACACTGCACGACGGTTT 20 nt
C1*, 5’-labeled with FAM when used in MCDA-LFB assay; D1*, 5’-labeled with Biotin
when used in MCDA-LFB assay.
nt, nucleotide; mer, monomeric.
TABLE 1 | Bacterial strains used in this study.

Bacteria species Isolates (source) No. of strains

Haemophilus influenzae Isolates 7
Enteroadhesive E. coli Isolates 1
Enterohemorrhagic E. coli Isolates 1
Enteropathogenic E. coli Isolates 1
Enteroinvasive E. coli Isolates 1
Enterotoxigenic E. coli Isolates 1
Streptococcus suis Isolates 1
Staphylococcus epidermidis Isolates 1
Staphylococcus haemolyticus Isolates 1
Acinetobacter baumannii Isolates 1
Listeria monocytogenes Isolates 2
Pseudomonas aeruginosa Isolates 2
Enterococcus faecalis Isolates 1
Staphylococcus aureus Isolates 1
Klebsiella pneumoniae Isolates 2
Haemophilus parainfluenzae Isolates 2
Haemophilus haemolyticus Isolates 1
Haemophilus parahaemolyticus Isolates 1
September 2021 | Volume 11 | Article 721547
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reaction system involving 10 ml 2×T3 super PCR mix of
TSINGKE Biological Technology Co., Ltd. (Beijing, China), 7
ml double-distilled water, 1 ml DNA template, and PCR forward
(PCR F) and reverse (PCR R) primers (Ueyama et al., 1995) are
listed in Table 2. The condition of PCR was as follows: 95°C 5
min, followed by 32 cycles of 95°C 30 s, 50°C 30 s, 72°C 30 s.
Then the PCR detection and MCDA-LFB detection results were
compared with that of traditional culture.
RESULTS

Confirmation of H. influenzae-MCDA-LFB
Products
To verify the specificity and feasibility of H. influenzae MCDA
primers, H. influenzae MCDA assays were performed at 63°C for 1
h, with the genomic DNA templates from pure cultures. By adding
the Visual Detection Reagent (VDR) into the amplification mixtures,
the MCDA reaction result could be directly detected with the naked
eyes, and the positive result was presented from colorless to blue
(Figure 2A). With LFB, the two red bands appeared on the
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 4
biosensors, involving test line (TL) and control line (CL), which
were on behalf of the positive results. While, the single red band
presented on the biosensors on behalf of negative and blank controls
(Figure 2B). As shown in Figure 2, the positive results were
generated with templates from H. influenzae strains, but not with
templates from non-H. influenzae strains as well as the blank control.
Therefore, these results showed that the primer set was suitable for the
establishment of theMCDA-LFBmethod forH. influenzae detection.

The Optimal Amplification Temperature
for H. influenzae-MCDA Assay
The optimum temperature for the H. influenzae-MCDA-LFB
assay, during the amplification process, was detected with 1 pg
H. influenzae genomic DNA in per reaction, and at temperatures
of 58–65°C for 1 h by observing turbidity continuously. The
amplification of OMP P6 was detected at all tested temperatures,
but the threshold value of absorbance (0.1) was reached most
quickly at 61°C (Figure 3). Moreover, after incubation of 1 h, there
was no non-specific amplification in the negative control.
Therefore, the 61°C served as the optimal temperature for the
subsequent MCDA-LFB tests conducted in this study.
A B

FIGURE 2 | Identification and confirmation of H. influenzae-MCDA products. (A) The visible color changes of amplification products of H. influenzae-MCDA assay
were analyzed by VDR. (B) The products of H. influenzae-MCDA were visually detected with Lateral flow biosensor. Tube 1/biosensor 1, positive amplification of H.
influenzae strain; tube 2/biosensor 2, negative control of Staphylococcus aureus strain; tube 3/biosensor 3, negative control of Escherichia coli strain; tube 4/
biosensor 4, blank control (double-distilled water, DW).
FIGURE 1 | The MCDA primers designed based on the OMP P6 gene. The location of the 10 primers were marked with different colors. Right arrows and left
arrows indicated sense and complementary sequences.
September 2021 | Volume 11 | Article 721547
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Sensitivity of H. influenzae-MCDA-LFB
Assay
By the MCDA-LFB method, the sensitivity of H. influenzae-
MCDA-LFB assay was tested with serial dilutions of the
extracted DNA of H. influenzae. The final concentrations of
DNA templates were 10 ng, 1 ng, 100 pg, 10 pg, 1 pg, 100 fg,
10 fg, and 1 fg in per reaction mixture. The experimental LoD of
H. influenzae-MCDA-LFB method was as little as 100 fg in pure
culture in Figure 4.

Specificity of H. influenzae-MCDA-LFB
Assay
The genomic DNA templates of each pathogen, roughly 10 ng,
extracted from 7 H. influenzae strains, 17 non-H. influenzae
strains, 2 H. parainfluenzae strains, 1 H. haemolyticus strain, and
1H. parahaemolyticus strain were applied to verify the specificity
of H. influenzae-MCDA-LFB assay. The positive amplification
was acquired from all the H. influenzae isolates, along with two
red lines (TL and CL) presented on the biosensors (Figure 5). In
contrast, only a single red line (CL) presented on the biosensor,
indicating the negative results for non-H. influenzae isolates and
other Haemophilus species (Figure 5).

Application of MCDA-LFB to H. influenzae
Clinical Specimens
The H. influenzae-MCDA-LFB assay and PCR detection were
used to detect H. influenzae from 56 randomly mixed DNA
templates as previously introduced extracted from sputum
samples. One ml DNA template of each sample was amplified
in PCR detection and H. influenzae-MCDA test, respectively.
Each test was repeated at least twice, and then 0.5 ml
amplification products of H. influenzae-MCDA test were
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 5
detected by LFB. Both H. influenzae-MCDA-LFB (Figure 6)
and PCR (Figure 7) results showed that 21 of 56 sputum samples
were H. influenzae positive, completely in accordance with
traditional cultivation results.
DISCUSSION

H. influenzae is an important human pathogen that is relative to
meningitis, bacteremia, and otitis media (Torigoe et al., 2007).
Herein, an MCDA-LFB method according to the OMP P6 gene
was successfully developed in order to identify all H. influenzae
strains. By means of MCDA-LFB method, a total of 10 specific
primers were designed to recognize 10 regions of the target
sequence (Figure 1). With the genomic DNA templates
extracted from 7 H. influenzae strains, 17 non-H. influenzae
strains, 2 H. parainfluenzae strains, 1 H. haemolyticus strain, and
1 H. parahaemolyticus strain, the specificity of MCDA-LFB was
successfully assessed. Obviously, the positive results were
acquired from the H. influenzae strains but not from non-H.
influenzae strains and other Haemophilus species (Figure 5). In
our study, the MCDA-LFB method was highly specific to
H. influenzae rather than non-H. influenzae strains and other
Haemophilus species. Thus, this method could be a worthy tool
for identifying target pathogen.

It could not be ignored that the necessary sample collection
and DNA separation steps that took place upstream of MCDA-
LFB might took some time. However, the extraction of DNA
could be quickly finished with kits. In MCDA-LFB assay, the
advantages were in the downstream steps, and the difference
from the traditional PCR method was that the thermal denature
and the changes were not required. The requirement of
complicated equipment was also reduced. Besides, the
A B D

E F G H

C

FIGURE 3 | Amplification temperature optimization for H. influenzae-MCDA assay. The MCDA reaction for detection of H. influenzae was monitored by real-time
turbidimeter, and the corresponding curves of concentrations of DNA were showed in the pictures. The threshold value was 0.1, and the turbidity of > 0.1 was
considered positive. Eight kinetic graphs (A–H) were acquired at a series of temperatures from 5 to 65°C (with 1°C intervals) with DNA templates of H. influenzae at
the level of 1 pg per reaction. Signal 1, positive amplification of H. influenzae strain; signal 2, negative control of Staphylococcus aureus strain.
September 2021 | Volume 11 | Article 721547
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A

B

FIGURE 5 | Specificity of H. influenzae-MCDA-LFB assay with DNA templates from distinct strains. The MCDA reactions were conducted with different genomic DNA
templates and were analyzed by means of visual mode including VDR (A) and later flow biosensor (B). 1–7, H. influenzae strains; 8–9, H. parainfluenzae; 10, H. haemolyticus;
11, H. parahaemolyticus; 12, Enteroadhesive E. coli;13, Enterohemorrhagic E. coli; 14, Enteropathogenic E. coli; 15, Enteroinvasive E. coli; 16, Enterotoxigenic E. coli; 17–18,
Listeria monocytogenes; 19–20, Pseudomonas aeruginosa; 21, Streptococcus suis; 22–23, Klebsiella pneumoniae; 24, Staphylococcus aureus; 25, Staphylococcus epidermidis;
26, Staphylococcus haemolyticus; 27, Acinetobacter baumannii; 28, Enterococcus faecalis.
A

B

FIGURE 4 | Sensitivity of H. influenzae-MCDA-LFB assay with serially diluted genomic DNA templates. Two measurement assays, namely, real-time turbidity (A) and
later flow biosensor (B), were applied for detecting MCDA products. The serial dilutions of target DNA templates (10 ng, 1 ng, 100 pg, 10 pg, 1 pg, 100 fg, 10 fg,
and 1 fg) were used for sensitivity analysis. Turbidity signals (A) / Biosensors (B) 1–8, respectively, represent the DNA levels of 10 ng, 1 ng, 100 pg, 10 pg, 1 pg,
100 fg, 10 fg, and 1 fg per reaction. The DNA levels of 10 ng, 1 ng, 100 pg, 10 pg, 1 pg, 100 fg per reaction generated the positive reactions.
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FIGURE 6 | Sensitivity of MCDA-LFB assay for detecting H. influenzae in clinical samples. Later flow biosensor was applied for detecting MCDA amplicons. The
numbers 2, 5, 8, 11, 18, 22–25, 27, 28, 32, 33, 37–39, 41, 47, 50, 54, 55 represented the positive results. Other numbers represented the negative results.
FIGURE 7 | PCR assay for detecting H. influenzae in clinical samples. The numbers 2, 5, 8, 11, 18, 22–25, 27, 28, 32, 33, 37–39, 41, 47, 50, 54, 55 represented
the positive results. Other numbers represented the negative results.
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incubation temperature of MCDA-LFB method was only at
61°C, which simplified the reaction process (Wang et al.,
2015). After the MCDA amplification, the white precipitate
would be produced by magnesium pyrophoshate, which could
be detected by the naked eye after adding colorimetric indicator
(HNB or FD) in natural light (Zhang et al., 2014). Another way,
by adding dyes such as SYBR Green I or calcein dyes, and with
UV irradiation, the amplification products could be detected
by agarose gel electrophoresis or measured turbidity with
spectrophotometric instrument (Zhang et al., 2014). In our
study, the MCDA products could be detected in an objective
and visual way within 2 min, with the simple biosensor (LFB)
loaded in a plastic device. So, the H. influenzae-MCDA-LFB
method could be used as a rapid, simple, and nearly instrument-
free technology platform for detecting target bacterium.
However, the limitations of MCDA assay were as follows: First
of all, due to a set of 10 primers, the MCDA nucleic acid products
were a complex mixture; therefore, these product analysis
techniques cannot distinguish between specific and non-
specific amplifications (Zhang et al., 2014). Secondly, with the
naked eye, it is difficult to avoid assessing the color or turbidity
subjectively, and it is also possible that if the concentration of
target templates in the reaction is very low, the sample may be a
little ambiguous to the unaided eyes. Thirdly, additional
procedures, such as gel electrophoresis and turbidity detection,
are required to realize surveillance technology, which may limit
the application of MCDA assay.

In this study, the LoD of H. influenzae-MCDA-LFB assay was
as few as 100 fg per reaction in pure culture, which is more
sensitive than that of traditional H. influenzae-PCR method. In
addition, the detection result of clinical sputum samples also
showed the better sensitivity and less time-consuming of
MCDA-LFB (Figure 6), which was consistent with the
traditional culture method and PCR detection.

In conclusion, we successfully established the available
MCDA-LFB method for detection of H. influenzae targeting
OMP P6 gene in pure cultures and clinical sputum samples.
High selectivity for detection of target pathogen, high sensitivity
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 8
of 100 fg per reaction in pure culture, and higher sensitivity and
less time-spending in the detection of clinical samples were
revealed with this method. The procedure of MCDA-LFB was
simple, rapid, and sensitive, which was with no need for
specialized equipment. Consequently, the MCDA-LFB assay
will offer a feasible strategy for rapid detection of the
pathogenic bacterium and is suitable for application in
resource-limited situations.
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