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Isothermal nucleic acid amplification has played a key role in the point of care test (POCT). In this study,
a helix loop-mediated isothermal amplification (HAMP) method with high specificity, efficiency and
rapidity was developed. The MERS-Cov orflb gene was chosen for the validation and optimization of
HAMP. The HAMP analysis was performed at a constant temperature of 61-65 °C and yielded a self-
primed spiral structure with no introduction of exogenous gene sequence by two pairs of specially
designed primers. The primers for helix loop formation were composed of two complementary primers
including the helix forward primer and the helix reverse primer, the 3’ ends of which were
complementary to their respective target nucleic acids. HAMP assay can be monitored by fluorescence
signals with the addition of Eva Green in the reaction mixture. In addition, an accelerated HAMP was
developed after the addition of acceleration probe, which could be finished within 75 min with
a sensitivity of 10 copies per reaction. Further, a reverse transcription-HAMP (RT-HAMP) was proven to
be feasible for RNA detection by combining the reverse transcriptase with DNA polymerase. Finally, both
the HAMP and RT-HAMP assay were visually conducted by using Hydroxynaphthol blue (HNB) as
a chromogenic indicator. All in all, it is suggested that the HAMP assay would have great potential in

rsc.li/rsc-advances POCT applications.

1. Introduction

Nucleic acid amplification is one of the most valuable tools in
life science research because of its applications in molecular
diagnosis, forensic investigations, and biomedical develop-
ments. Polymerase chain reaction (PCR) was the first and is still
the most popular amplification technology for nucleic acid
analysis. However, PCR is usually complex and time-
consuming, requiring sophisticated thermal cycling instru-
ments and well-trained operators." These disadvantages have
limited its application to some special fields such as point-of-
care use in resource-limited areas.”

In an effort to reduce the resource requirements of PCR,
a variety of isothermal amplification techniques have been
developed and applied widely, including self-sustained
sequence replication reaction (3SR),® rolling circle amplifica-
tion (RCA),* strand displacement amplification (SDA),® helicase-
dependent amplification (HDA),® loop-mediated isothermal
amplification  (LAMP)” and recombinase polymerase
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amplification (RPA),* Cross-priming amplification (CPA),” and
Polymerase Spiral Reaction (PSR)," etc. 3SR, NASBA, SDA, HDA
and RPA, require multiple enzymes and rigorous optimization,
which may increase the assay cost. As to the single-enzyme
based methods, LAMP and CPA require four or more primers,
which may pose challenges for primer design," although
specific primer-design software is available.

Among the above-mentioned methods, PSR, based on auto
nucleic acid synthesis with spiral structure (the scheme is pre-
sented in Fig. 1a), has been successfully applied to the rapid
detection of toxA gene.'” However, an exogenous botanic gene
was introduced to the primer design, which may influence the
selection of appropriate primers. Furthermore, the overlap part
in the starting procedure of helix self-priming elongation is
relatively short, and this may affect the self-annealing and
elongation efficiency, which may easily lead to the amplification
bias and false positive/negative results.

In this study, a helix loop-mediated isothermal amplification
(HAMP) method inspired by spiral structure in PSR was devel-
oped. Similar to LAMP, HAMP was performed with two pairs of
primers at a constant temperature. Unlike PSR, there is no
exogenous sequences introduced in primer design to start
a self-priming helix structure formation. The structure can be
formed by slightly modified PCR primer and the overlap part of
helix loop in HAMP is larger compared with that in PSR which
would enhance the stability of the self-priming structure. In
addition, the acceleration probe for HAMP reaction will

This journal is © The Royal Society of Chemistry 2018
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Fig. 1 The schematic presentation of PSR and HAMP system and
primer design of HAMP system. (a) Representative scheme about the
PSR system; (b) representative scheme about the HAMP system; (c)
localization of primers and restriction enzyme cutting sites in the
nucleotide sequence of MERS-orflb (part) for HAMP method.

dramatically improve the amplification efficiency and sensi-
tivity. Moreover, an Mg>* indicator, Hydroxynaphthol blue
(HNB) was introduced into the reaction system to offer a visual
judgement method for end-point result based on the colour
change. Overall, the HAMP method may offer an alternative for
the point of care test.

2. Materials and methods

2.1. Reagents and materials

A 550 bp DNA fragment of the MERS-orf1b genome (GenBank:
KU308549.1) with a T7 promoter sequence cloned into a pUC57-
simple vector was provided by BGI Biological Engineering
Technology and Services Co. Ltd (Shenzhen, China). Other DNA
fragments of MERS-CoV, such as orfla (GenBank: KX108946.1),
N2 (GenBank: KU242424.1), N3 (GenBank: KJ156873.1), upE
(GenBank: KX108944.1) were also provided by BGI. The copy
number of the plasmid was determined using DNA copy
number calculator available at http://cels.uri.edu/gsc/
cndna.html. The artificial RNA of MERS-orfib was prepared
by RiboMax™ Large Scale RNA Production System following the
recommended instruction.
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Primers and probes (listed in Table 1) were provided by BGI
Biological Engineering Technology and Services Co. Ltd
(Shenzhen, China). The Bst 2.0 WarmStart DNA polymerase,
AMV Reverse Transcriptase and 10 x ThermoPol reaction buffer
(including 200 mM Tris-HCI, 100 mM KCl, 100 mM (NH,),SOy,
20 mM MgSO,, and 1% Triton X-100) were purchased from New
England BioLabs (Ipswich, MA, USA). Deoxynucleotide
triphosphates (dNTPs) and RiboMax™ Large Scale RNA
Production Systems were from Promega (Madison, WI, USA).
Eva Green and GelRed were obtained from Biotium (Hayward,
CA, USA). Restricted enzymes were purchased from Thermo
Fisher Scientific (Shanghai, China). DNA purification kit and
Nuclease-free water were purchased from Tiangen Biotech Co.,
Ltd. (Beijing, China). Other reagents, unless specified, were
obtained from Sigma-Aldrich (St. Louis, MO, USA).

2.2. Instruments

The real-time fluorescence detection of nucleic acid was per-
formed using StepOne™ Real-Time PCR detection system (The
Applied Biosystems) at 1 min intervals under a constant
temperature and followed by the melting curve analysis proce-
dure. Gels were imaged by Tanon 4100 Gel Image Analysis
System (Tanon Science & Technology Co., Ltd.). Nucleic acid
concentration was determined by using the Quawell UV-Vis
Spectrophotometer Q5000 (Quawell Technology, Inc.).

2.3. Reaction mixture for HAMP and accelerated HAMP

HAMP reactions were carried out in a 25 pl reaction mixture
system as followed: 8 U Bst 2.0 WarmsStart DNA polymerase, 2.5
ul 10 x ThermoPol reaction buffer, 1 M betaine, 6 mM MgSO,,
1.4 mM each dNTP and appropriate nucleic acid template. For
one reaction, 1.6 uM HF, 1.6 uM HR, 0.2 uM F2 and 0.2 uM R2
primers were used. In addition, 0.8 uM Fin and Rin primers
were added to accelerate the HAMP reaction. At last, nuclease-
free water was added to obtain a final volume of 25 pl. For
application of HAMP on detecting of RNA targets, 5 U AMV
Reverse Transcriptase instead of water was further added into
the reaction mixture. The reactions were performed at 63 °C on
StepOne™ real-time PCR system or water bath.

HAMP amplification products were determined by gel elec-
trophoresis, fluorescence-based detection using the real time
PCR or direct visual detection using Mg>" indicator.

For gel electrophoresis analysis, the amplification products
were firstly digested using the restriction enzyme HindIII found
in MERS-orf1b gene, and then analysed by the electrophoresis

Table 1 Primer sequences of HF, HR, F2, R2, Fin and Rin targeting at
the MERS-orflb

Primer 5 — 3

Mo1b-HF GTACGAAGGGCATTACGCTCTCGTGTTATTTCCAGG
Mo1lb-HR GGACCTTTATTGTGCTCTCGCATTACGGGAAGCATG
Mo1b-F2 TACCCGCAAATGTCCCATA

Mo1b-R2 TGTAGAGGCACATTGGTG

Mo1b-Fin ACAGTTCCTGGATATCCTAAGCT

Mo1lb-Rin ACAGCCTCTTCACGAGTAATG
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in 1% agarose gel in 1 x TAE buffer (40 mM Tris-acetate, 1 mM
EDTA, pH 8.0). DNA was stained with GelRed (Biotium, USA)
and further visualised by Gel Image Analysis System.

For fluorescence-based detection, Eva Green, a sequence-
unspecific nucleic acid labelling dye used for real time of moni-
toring PCR and LAMP reactions,” was used for quantitatively
analysing amplification results of HAMP based on the fluores-
cence intensity detected by the StepOne™ real-time PCR detec-
tion system.

For visual detection, 1 pl Hydroxynaphthol blue (HNB)
solution (3 mM) was added to the reaction mixture. A positive
reaction was indicated by a colour change from violet to sky
blue, while a negative reaction remained on violet colour.

2.4. Sensitivity and specificity evaluation of HAMP

The Plasmid DNA of pUC57-orf1b was used as the template with
10-fold serial dilution and resulted in 108, 107, 10°, 10°, 10*, and
10° copies of the template per reaction respectively. And the
artificial RNA of MERS-orfib gene was synthetized by
RiboMax™ Large Scale RNA Production System. For the
amplification of RNA template, the same serial dilution was
performed using the RNA of MERS-orf1b. And 10%, 107, 10, 10°,
10%, 10 and 10> copies of RNA per reaction were used to eval-
uate the sensitivity of reverse transcription-HAMP (RT-HAMP).
The Plasmid DNA of orfla, N2, N3 and UpE were used for
specificity evaluation of HAMP.

All experiments described above were replicated to ensure
the reproducibility.

3. Results and discussion

3.1. The HAMP method

Similar to LAMP and PSR, HAMP is dependent on auto-cycling
strand displacement by a DNA polymerase with high strand
displacement activity and a set of two specially designed
primers and two outer primers. The reaction mechanisms of
PSR and HAMP were shown in Fig. 1a and b, respectively. As to
the primer design of HAMP, the sequences (typically 20-24 nt)
at both ends of the target region for amplification in a DNA were
designated as Fic and R1. Two sequences (typically 20-24 nt)
inside both ends of F1c and R1 were designated as Finc and Rin
(not shown in Fig. 1b) and two sequences (typically 17-21 nt)
outside the ends of Fic and R1 were designated as F2c¢ and R2.
Given this structure above, the sequences of Helix forward
primer (HF) and Helix reverse primer (HR) were designed as the
following: the primer HF contained two parts, ie., the reverse
sequence of R1 (R1r) and the complementary sequence of Flc
(F1). The primer HR contained two parts: the reverse comple-
mentary sequence of Flc (F1lr) and the sequence of R1.
Evidently, the sequences of HF and HR were reverse to each
other. The two inner primers (accelerate probe) consisted of Rin
and the sequence (Fin) complementary to Finc. The two outer
primers consisted of the sequence of R2 and the complemen-
tary sequence of F2c (F2).

The mechanism of HAMP is shown in Fig. 1b. Firstly, the two
strands of DNA double helix are separated in the presence of
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betaine at 61-65 °C. Then, the F1 segment of HF primer hybridizes
to the Fic for the target sequence amplification (structure 1 to
structure 2). The outer primer F2 hybridizes with F2c to initiate the
DNA synthesis and then displace the newly-produced DNA strand
containing HF primer sequence at 5" end (structure 4). Next, the R1
segment of HR primer hybridizes to the R1c sequence in the newly-
produced DNA (structure 5). The outer primer R2 hybridizes with
R2c sequence in the newly-produced DNA to initiate the DNA
synthesis (structure 6), and then displace the DNA strand con-
taining HR primer sequence at 5’ end (structure 8). The Rirc and
Flc of 5' regions are reverse complementary to R1 and Fir of 3’
regions on the DNA strand of structure 8. Thus, the strand could
curl to form a helixloop to start self-primed DNA synthesis
(structure 9). Finally, a single helix structure is formed (structure
10) and the non-complementary pairing region can be annealed by
accelerated probes and a partially double helix structure may be
formed (structure 11).

Basically, the primer design for HAMP reaction is relatively
simple. The two target sites (F1 and R1) and two outer primer
sites (F2 and R2) could all be selected by the common PCR
primer design software (e.g., DNASTAR, DNAMAN). Similar to
PSR, the reactions of polymerization and displacement in
HAMP system are activated by a single target to produce
multiple target copies and dependent on auto-cycling strand
displacement by a self-primed single helix structure. However,
unlike PSR, no exogenous sequences are introduced in the
HAMP reaction. Furthermore, a longer overlap part in the helix
loop is formed in the HAMP reaction, which may promote the
efficiency of self-annealing and elongation.

The amplification can be further accelerated by the addition
of acceleration probes, which may improve the reaction effi-
ciency and sensitivity by accelerating isothermal amplification
and reducing detection time.

3.2. Characterization of HAMP assay

MERS-CoV orf1b gene (Fig. 1c) was chosen for systemic verifi-
cation of HAMP using the selected primers (Table 1). As shown
in Fig. 2b-c, the crossing threshold (C,) values of 3 independent
reactions for detecting 10° copies of MERS-CoV orf1b gene were
all about 51 min (Fig. 2b) and the melting temperature were
84.32 °C (Fig. 2c¢). Both the real-time amplification curve and
melting curve analysis indicated a good repeatability of HAMP.
Furthermore, the result of negative control indicated that non-
specific amplification failed to occur.

The HAMP amplification product was further determined by
enzyme digestion of HindlIIl, which cuts the correct amplifica-
tion product into 146 bp fragments. As shown in Fig. 2a, the
digested product showed a strong band approximately 100-200
bp. Two bands from undigested products were excised from the
gel and sequenced. The sequencing result confirmed that the
DNA bands were corresponded to the predicted HAMP ampli-
fication product of MERS-CoV orf1b sequence.

3.3. Sensitivity of HAMP for dsDNA detection

The MERS-CoV orf1lb plasmid DNA was used as target nucleic
acids to determine the sensitivity of HAMP. A serial dilution of

This journal is © The Royal Society of Chemistry 2018
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Fig. 2 Characterization of HAMP results. (a) Gel electrophoresis for
HAMP products with or without digestion by the restriction enzyme
Hindlll. Lane 1, digested HAMP products; lane 2, HAMP products prior
to digestion; lane 3, negative control of HAMP; lane 4, digested HAMP
products applying acceleration probes; lane 5 HAMP products
applying acceleration probes prior to digestion; lane 6, negative
control of HAMP reaction applying acceleration probes; lane M,
molecular weight marker. (b) HAMP amplification plot by monitoring
the fluorescence intensity. (c) Melting curve analysis on HAMP
products.

MERS-CoV orf1lb plasmid was used as templates. As shown in
Fig. 3a, the amplification by HAMP was completed within
80 min. As low as 10> copies of template was detected by HAMP,
indicating a good sensitivity, although the amplification effi-
ciency is relatively low at this concentration of template.
Meanwhile, the standard amplification curve of HAMP showed
a fine regression coefficient (R> = 0.9969) (Fig. 3b), suggesting
the potential application of HAMP for quantitative analysis. In
addition, primary evaluation of HAMP specificity was conduct-
ed by applying the fragments of MERS-CoV (orfla, N2, N3 and
UpE) and no amplification was observed (data not shown).

3.4. Effect of acceleration probes on HAMP

The acceleration probes were designed to further improve
amplification efficiency of HAMP. The probe targeted the MERS-
CoV orfib sequence between F1 and R1, and annealed to the
single strand part of helix loop during HAMP amplification
(Fig. 1a, structure 11). The amplification product of HAMP using
acceleration probes was also analysed by enzyme digestion and
gel electrophoresis. The digested product is similar to that of
HAMP, and the negative control showed no amplification
product (Fig. 2a). The amplification products were also excised
form the gel and further confirmed by sequencing. These results
indicated that addition of acceleration probe did not influence
the specificity of HAMP reaction. But different bands were
formed by comparing their products (lane 1 and lane 4), implying
that the annealing of acceleration probe may produce different
structures of nucleic acids with similar nucleic acid sequence.

The amplification efficiency of HAMP was further analysed.
Results showed that the addition of acceleration probes short-
ened the threshold time in the amplification curve by approxi-
mately 20 min compared to that in HAMP with the same
template concentration, indicating a dramatic improvement in
the HAMP efficiency (Fig. 3a and c). However, the regression
coefficient on the standard amplification curve (R*> = 0.9834)
was worse than that in HAMP (Fig. 3d).

This journal is © The Royal Society of Chemistry 2018
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Fig. 3 Sensitivity of serially diluted MERS-CoV dsDNA templates by
HAMP and acceleration probe added HAMP. (a) Representative
isothermal amplification plot by real time PCR analysis on serially
diluted dsDNA. Amplification was performed at 63 °C for 90 min. (b)
Standard amplification curve obtained by plotting the C; value versus
the plasmid copy number. The DNA concentration was as followed:
108 copies, 107 copies, 10° copies, 10° copies, 10* copies, 10° copies,
102 copies and negative control (nuclease-free water). (c) Represen-
tative isothermal amplification plot by real time PCR analysis on serially
diluted dsDNA with addition of acceleration probe. Amplification was
performed at 63 °C for 65 min. (d) Standard amplification curve ob-
tained by plotting the C; value versus the plasmid copy number. The
DNA concentration was as followed: 10° copies, 10° copies, 10*
copies, 10° copies, 10 copies, 10* copies, 10° copies and negative
control (nuclease-free water).

Theoretically, the developed HAMP produced no non-specific
products when the appropriate accelerated primers were intro-
duced. Noticeably, accelerated primers can recognize the specific
sequences included in the amplification products, hence the
DNA synthesis will exhibit higher efficiency in HAMP analysis.
The accelerated primers were also applied to PSR.”” Since the
isothermal nucleic acid amplification was induced by the same
helix loop structure, the HAMP method showed similar amplifi-
cation efficiency and sensitivity in comparison with PSR.

3.5. RT-HAMP for RNA detection

The feasibility of HAMP for RNA detection was demonstrated by
combining the reverse transcriptase with DNA polymerase. In
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Fig. 4 Sensitivity verification of RT-HAMP for RNA amplification. (a)
Representative isothermal amplification plot by RT-PCR analysis on
serially diluted artificial RNA. Amplification was performed at 63 °C for
90 min. (b) Standard amplification curve obtained by plotting the C;
value versus the plasmid copy number. The RNA concentration was as
followed: 108 copies, 107 copies, 10° copies, 10° copies, 10* copies,
10° copies, 102 copies and negative control (nuclease-free water).
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Fig. 5 Visual detection of HAMP and RT-HAMP for nucleic acids. The
concentration of both plasmid DNA and mimic RNA was 108 copies in
the amplification system. Amplification was performed at 63 °C for
60 min. Reaction 1 and 2, MERS-orflb plasmid DNA; reaction 3 and 4,
negative control of 1 and 2; reaction 5 and 6, MERS-orflb mimic RNA;
reaction 7 and 8, negative control of 5 and 6.

this assay, a serial dilution of the artificial RNA of MERS-orf1b
gene was uses as templates. As shown in Fig. 4, the detection
limit of RT-HAMP was 10" copies within 70 min with a regres-
sion coefficient (R* = 0.9723). The result suggested that the RT-
HAMP was suitable for RNA target amplification. The amplifi-
cation efficiency of RT-HAMP is likely determined by the activity
of AMV reverse transcriptase and DNA polymerase, more suit-
able enzymes may be screened to optimize our amplification
system in the future work.

3.6. Visual detection of HAMP and RT-HAMP

HNB was applied to the visual detection of HAMP and RT-
HAMP. As shown in Fig. 5, visual detection of HAMP and RT-
HAMP for nucleic acids worked well in this study after HNB
was chosen as colorimetric agent, which would make it appli-
cable in resource limit areas.

Nucleic acid amplification usually produced a large amount
of pyrophosphate ion by-products, which may react with Mg>" to
form insoluble magnesium pyrophosphate, accompanied by
the decrease in Mg>* concentration in reaction mixture.’* On
the other hand, some chromogenic agents such as HNB can
chelate Mg>" to form a stable chemical complex with the purple
colour produced. With the consumption of Mg>", the solution
colour will change into sky blue. Based on the above, the
colorimetric monitoring method was developed for LAMP
reaction,*'® and proved to be also suitable in HAMP.

4. Conclusions

In recent years, the point of care test (POCT) has been paid more
attention for its huge potential in global healthcare."” At the
same time, the POCT should meet the guidelines proposed by
the World Health Organization (WHO) for developing diag-
nostic techniques, namely, ASSURED (Affordable, Sensitive,
Specific, User friendly, Robust and Rapid, Equipment free and
Deliverable).” In accordance with the guidelines by WHO, the
HAMP system developed in this study allowed a good specificity
and a sensitivity of 10 DNA copies per reaction within 75 min,
and the method is suitable for HNB-based visual detection by
naked eye. It is suggested that HAMP assay would be of great
potential in the application to POCT.
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