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ABSTRACT
With the increasing global threat of various diseases and infections, it  is essential  to develop a fast,  low-cost, and easy-to-use
point-of-care testing (POCT) system for inspections at all levels of medical institutions and self-examination at home. In this work,
gold  magnetic  nanoparticles  (GMNPs)  are  used as the key material,  and a  rapid  visual  detection method is  designed through
integrating  loop-mediated  isothermal  amplification  (LAMP)  and  lateral  flow  assay  (LFA)  biosensor  for  detecting  a  variety  of
analytes which includes whole blood, buccal swabs, and DNA. It is worth to note that the proposed method does not need DNA
extraction.  Furthermore,  uracil  DNA  glycosylase  (UDG)  is  employed  to  eliminate  carrier  contamination  for  preventing  false
positive results. The whole detection process can be finished within 25 min. The accuracy of detection is measured by assessing
the  polymorphisms  of  the  methylenetetrahydrofolate  reductase  (MTHFR)  C677T.  The  detection  limit  of  the  newly  developed
extraction-free detection system for MTHFR C677T is 0.16 ng/μL. A preliminary clinical study of the proposed method is carried
out by analyzing 600 clinical samples (including 200 whole blood samples, 100 buccal swabs, and 300 genomic DNA samples).
The results indicate that the proposed method is 100% consistent with the sequencing results which provides a new choice for
POCT and shows a broad application prospect in all levels of medical clinics and at home.
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1    Introduction
Numerous  studies  have  shown  that  single-nucleotide
polymorphism  (SNP)  is  closely  related  to  the  occurrence  and
development  of  many  diseases  [1, 2].  There  are  many  detection
techniques currently, such as sequencing [3], DNA microarray [4],
real-time polymerase chain reaction (RT-PCR) [5], and multiplex
PCR-restriction fragment length polymorphism (RFLP) [6], which
have  their  own  merits  and  drawbacks.  All  of  these  techniques
require  expensive  and  delicate  instruments,  which  limits  their
widespread application in grading diagnosis  and treatment [7, 8].
Therefore,  it  is  necessary to develop a rapid,  highly accurate,  and
highly  sensitive  point-of-care  testing  (POCT)  system  for  the
detection of SNP in home and clinical settings.

Loop-mediated isothermal amplification (LAMP) [9] is a rapid
gene  amplification  method  which  has  attracted  widespread
attention  from  researchers.  In  this  technique  [9, 10],  four  or  six
primers are designed for six or eight regions of the target gene to

react  at  isothermal  conditions  under  the  action  of  strand
replacement  DNA  polymerase.  Furthermore,  additional  loop
primers are designed for speeding up the reaction [10].  In recent
years,  the  LAMP  method  for  efficient  detection  of  pathogenic
microorganisms  and  SNP  has  received  significant  attention
[11–15]. LAMP has shown a high potential in molecular diagnosis
because  of  its  high  sensitivity,  high  amplification  rate,  and  good
specificity,  and  has  higher  accuracy  than  other  amplification
methods such as PCR due to the exquisite design of primer [16].

Early  LAMP  detection  methods  for  SNP  include  instrumental
detection  of  specific  fluorescence  signals,  colorimetric
determination  relying  on  fluorescent  dyes,  gel  electrophoresis
analysis, and turbidity interpretation based on pyrophosphate ion
by-products  [17–22].  In  one  work  [23],  Zhang  et  al.  presented  a
novel  method  of  LAMP  based  on  fluorescence  for  SNP
genotyping. Our investigation indicates that there still  exist many
interfering  substances  in  the  amplification  products  for  whole
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blood samples (e.g., heme) which will affect with the fluorescence
signal,  color  change,  and  turbidity,  and  hinder  the  direct
amplification of the whole blood sample without DNA extraction.
Gel  electrophoresis  cannot  meet  the  requirements  of  POCT
strategy  because  of  complicated  steps  and  long  time.  Gold
magnetic  nanoparticles  (GMNPs)  combined  with  LAMP  can
solve whole blood direct enlargement without extracting DNA to
achieve  one-step  detection.  GoldMag  not  only  has  the
characteristics  of  high  surface  volume  ratio  and  good  stability  of
magnetic particles, but also has good biocompatibility and surface
plasmon resonance optical properties of gold nanoparticles, and is
easy to combine with biomolecules and modify without coupling
agent.  Our  investigation  also  indicates  that  the  extraction-free
detection  system  based  on  LAMP  combined  lateral  flow  assay
(LFA) system with GoldMag as carrier has not been reported.

C677T  is  the  most  common  SNP  in  the  gene  of
methylenetetrahydrofolate  reductase  (MTHFR),  which  is  a  key
enzyme  in  folate  metabolism  [24].  MTHFR  gene  mutation  can
affect enzyme activity, leading to abnormal folate metabolism and
reducing active folate levels, resulting in an increased risk of many
diseases, such as cancer, birth defects in newborns, infertility, and
cardiovascular and cerebrovascular diseases [25–31]. Therefore, it
is necessary to detect the polymorphisms of MTHFR C677T gene.

In  this  work,  with  MTHFR  677  C  >  T  as  the  model,  a
genotyping  technology  platform  based  on  extraction-free  LAMP
combined  GoldMag  LFA  is  established.  The  composite  has  both
the optical properties of colloidal gold surface plasmon resonance
and the superparamagnetization of magnetic nanoparticles, which
has  been  successfully  used  in  targeted  drug  delivery,  nucleic  acid
purification,  and  gene  detection  [32–34].  Here,  Fe3O4/Au/Fe3O4
nanoparticles with hydrodynamic diameter of about 100 nm were
synthesized,  which  were  modified  by  poly(sodium-p-
styrenesulfonate)  (PSS)  and  coupled  with  antibodies  as  the
detection  carrier.  In  addition,  the  modified  GoldMag  has  good
monodispersibility,  stability,  and  biocompatibility  which  can  be
well  applied  for  the  LFA  detection  of  SNP.  In  order  to  prevent
false  positive  results,  we  introduced  uracil  DNA  glycosylase
(UDG) for eliminating carrier contamination. The rapid and high
sensitivity  genotyping  technology  can  be  finished  within  25  min
that can be widely used in clinics and at home. 

2    Experimental section
 

2.1    Materials and reagents
Anti-digoxin  antibody  was  obtained  from  Meridian  Life  Science,
Inc. (Saco, ME, USA). Streptavidin was purchased from Promega
Biotech  Inc.  (Madison,  WI,  USA).  Goat  anti-mouse  IgG  was
obtained from Joey Bioscience Inc. (Shanghai, China). Isothermal
master  mix  was  acquired  from  OptiGene  Ltd.,  UK.  All  primers
were synthesized by Invitrogen (Shanghai, China). 

2.2    Modification of Gold magnetic nanoparticles by PSS
and antibody coupling
The  synthesis  and  characterization  of  GMNPs  followed  our
previous  study  [35],  and  the  transmission  electron  microscopy
(TEM)  image  of  the  structural  characterization  is  shown  in Fig.
2(d). The surface of GMNPs was rich in cetyltrimethylammonium
bromide  (CTAB),  with  positive  charge,  while  PSS  had  negative
charge.  This  modification  method  wraps  PSS  on  the  surface  of
GMNPs  through  electrostatic  adsorption  under  the  condition  of
ultrasonic stirring to form negatively charged PGMNPs, and zeta
potential  diagram  is  shown  in Fig. 2(b).  The  specific
functionalization  of  CTAB  and  modification  of  PSS  were  as

follows.  Firstly,  30  mg  acid-treated  GMNPs  were  diluted  to
5  mg/mL  with  ultra-pure  water.  After  ultrasonic  treatment  for
20 min, CTAB with an equal volume of 50 mmol/L was added for
30  min  of  ultrasonic  treatment.  Next  the  supernatant  was
discarded after  magnetic  separation,  and the remaining magnetic
beads were washed three times with ultrapure water.  Then 6 mL
10  mg/mL  PSS  was  added  with  ultrasonic  treatment  for  30  min
and  the  reaction  was  carried  out  for  120  min.  Finally,  the  gold
nanoparticles were placed in 7 mL of ultrapure water.

1 mg GMNPs modified PSS (PGMNPs) were placed in a 2 ml
centrifuge  tube,  centrifuged  at  6,000  rpm  at  4  °C  for  10  min  to
discard the supernatant, and then suspended with 600 μL 0.1M PB
buffer  containing  140  μg  anti-digoxin  antibody.  At  this  time,  the
concentration  of  antibody  (denoted  as  pre)  was  recorded.  After
the reaction at 180 rpm for 1 h, the supernatant (denoted as post)
was separated and reserved by adding 600 μL 0.5×PBST and then
placed  in  a  shaking  bed  at  22  °C  for  10  min  at  180  rpm.  The
supernatant  (denoted  as  Wash1)  was  washed  and  reserved  and
washed  again  (denoted  as  Wash2).  Finally,  the  cleaned  gold
nanoparticles  labeled  with  anti-digoxin  antibody  were  stored  in
0.5×GB buffer at 2–8 °C for later use.

Calculation of  the  coupling  efficiency  of  anti-digoxin antibody
on magnetic particle surface [36]

Antibody coupling rate (% )=
ODpre−ODpost−ODwash

ODpre
×100%

 

2.3    Lateral flow assay device
Goat  anti-mouse  IgG  was  diluted  to  2  mg/mL  with  0.1  M  PB
buffer  as  the  control  line  (C  line).  Streptavidin  was  diluted  to
1 mg/mL with 0.1 m PB buffer as the test line (T line). The gold jet
scribing instrument was used to spray streptavidin and goat anti-
mouse IgG at a rate of 1 μL/cm on the membrane as the test line
and the control line, and the interval between the test line and the
control  line  was  0.5  cm.  PGMNPs  were  conjugated  with  anti-
digoxin  antibody  and  dispersed  in  0.5×GB  buffer  solution.  The
gold  magnetic  particles  were  sprayed  on  the  nitrate  fiber
membrane  at  a  speed  of  10  μL/cm,  and  finally  assembled  the
conjugate pad position with LFA strip. 

2.4    Primer design and synthesis
The  sequence  of  MTHFR  C677T  mutation  site  was  downloaded
from  NCBI  database  (GenBank  ID:  1801133).  In  terms  of  the
design principle of the LAMP primers, a set of primers for LAMP
were designed which include two outer primers (F3 and B3), four
inner  primers  including  two  wild-type  primers  (FIP-WT,  BIP-
WT) and two mutant primers (FIP-M, BIP-M) that recognize six
distinct  regions  of  each  target  gene,  and  one  loop  primer  for
increasing  the  amplification  rate.  The  variation  site  bases  were
introduced at the 5'-end of FIP and BIP primers for the 677 (C >
T)  site.  In  order  to  effectively  enhance  the  specificity  of  primers,
mismatched bases of different intensities were introduced. The 5'-
end of the inner primer in the upstream of the primer group was
labeled with biotin and the 5'-end of the downstream loop primer
was  labeled  with  digoxin.  The  designed  primers  were  compared
with  BLAST  sequences  to  confirm  the  specificity  of  the  primer
group.  The  primer  sequences  are  shown  in  Table  S1  in  the
Electronic Supplementary Material (ESM). 

2.5    Sample preparation
Whole  fresh  human  blood  was  collected  with  the  fully  informed
consent from Chinese volunteers at the Shaanxi provincial people’s
hospital  (Xi’an,  China).  Buccal  swabs  were  obtained  from  100
Chinese  volunteers  at  Northwest  University  (Xi’an,  China)  with
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the  fully  informed  consent.  The  fresh  whole  blood  was  treated
with  alkaline  solution  before  performing  whole  blood  LAMP
amplification without DNA extraction. Fresh whole blood samples
were  collected,  followed  by  mixing  of  the  samples  with  alkaline
solution in a 1:2 ratio, with a final volume of 15 μL, and incubated
at  room  temperature  for  2  min.  Meanwhile,  the  genomic  DNA
was  extracted  from  matched  fresh  human  whole  blood  using  a
whole  blood  genomic  DNA  purification  kit  from  Xi’an  gold
magnetic nano biotechnology Co., LTD. 

2.6    Optimization of the extraction-free LAMP-LFA
In order to prevent pollution caused by LAMP lid opening, dTTP
in  dNTP  mixture  was  partially  replaced  by  deoxyuridine
triphosphate  (dUTP),  and  UDG  enzyme  was  added  for
eliminating  degradation  of  uracil-labeled  LAMP  amplicons  [37].
The UDG-LAMP assay was carried out in a 25 μl reaction mixture
consisting of  15 μL of  isothermal master mix,  1 U UDG enzyme
with  different  amounts  at  0.25,  0.5,  and  0.75  μL,  25  mM  dUTP
(different  amounts  at  0.7,  1.4,  and  2.8  μL),  5  μL  of  primer  mix
consisting  of  five  primers  each  for  F3  and  B3  primers  at  certain
concentration,  FIP  and  BIP  primers  at  certain  concentration,  LB
primer at certain concentration, 1 μL sample treated solution, and
ddH2O up to 25 μL.

To determine the best working conditions, the detection system
was  performed with  different  combinations  of  primer  ratios  (i.e.,
FIP/BIP:F3/B3:LB  at  8:1:4  and  4:1:2)  and  primer  concentrations
(i.e.,  0.2  μM  FIP/BIP,  0.05  μM  F3/B3,  and  0.1  μM  LB;  0.4  μM
FIP/BIP, 0.1 μM F3/B3, and 0.2 μM LB; 0.8 μM FIP/BIP, 0.2 μM
F3/B3,  and 0.4  μM LB;  and 1.2  μM FIP/BIP,  0.3  μM F3/B3,  and
0.6  μM  LB)  for  determining  the  best  primer  concentration.  The
reaction  mixture  was  incubated  at  40  °C  for  5  min  and  then
further  incubated  at  59,  61,  63,  65,  and  67  °C  for  25  min,
respectively. 

2.7    Clinical application of the extraction-free LAMP-LFA
system
300 whole blood and swab samples were used for further verifying
the accuracy of the experimental results. Genomic DNA was also
used  as  a  template  for  300  clinical  samples.  Appropriate  ethical
and  governance  permissions  were  obtained  from  the  local

authorities prior for blood sample collection. Moreover, 200 cases
were  selected  for  sequencing  (Beijing  Genomic  Institute,  Beijing,
China). 

2.8    Characterization
The size distribution and zeta potential of GMNPs, PGMNPs, and
PGMNPs-anti-Dig  were  determined  by  dynamic  light
scatterometer  (DLS)  (Malvern  Zetasizer  Nano-ZS,  Malvern
Instrument,  Worcestershire,  UK).  TEM  (Hitachi  H-600,  Hitachi
Corporation,  Japan)  was  used  to  obtain  particle  images  for
structural  evaluation.  Fourier  transform  infrared  spectroscopy
(FTIR, Thermo Nicolet 5700, Thermo Nicolet Corporation, USA)
was  used  for  characterizing  the  prepared  magnetic  particles.
Ultraviolet–visible  (UV–Vis)  spectroscopy  was  recorded  in  the
wavelength  range  of  200–700  nm  using  a  UV-2550
spectrophotometer  (Shimadzu,  Japan).  The  gold  jet  scribing
instrument  (BioDot  Corporation,  USA)  was  used  to  spray
streptavidin, goat anti-mouse IgG, and PGMNPs-anti-Dig. 

3    Results and discussion
 

3.1    Assembly and modification of GMNPs
Toward the design of an effective nanomaterial assisted detection
system,  the  key  material  of  LFA  system  is  GMNPs  with  good
superparamagnetism and biocompatibility. As shown in Fig. 1(a),
GMNPs are functionalized with CTAB surfactants, next modified
with  PSS,  and  the  modified  GMNPs  (PGMNPs)  are  conjugated
with anti-digoxin antibody by physical adsorption. PSS has a very
strong  negative  charge,  so  the  steric  hindrance  and  electrostatic
repulsion  between  nanoparticles,  and  its  corresponding
monodispersity and stability can be effectively enhanced when PSS
is coated on the surface [38, 39].

PSS  modified  gold  magnetic  particles  were  coupled  with  anti-
digoxin  antibody  and  dispersed  in  0.5×GB  buffer  solution.  The
gold  spraying  apparatus  was  used  to  spray  the  particles  on
cellulose nitrate film at a speed of 10 μL/cm, and finally assembled
on  the  conjugate  pad  of  LFA  strip  (Fig. 1(b)).  Due  to  the  high
adhesion for antibodies and good dispersion of the surface of the
nanoparticles, it can be combined with the target molecule labeled
digxin and biotin (Fig. 1(c)) and coupled in the detection of T-line

 

Figure 1    Assembly and modification of materials. (a) Schematic illustration of the over-all process of surface modification. (b) Structure of labeled lateral flow device.
(c) The marker of primer sets and amplification of target sequence.
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color (Fig. 1(b)).
As illustrated in Fig. 1(b), the LFA device was performed over a

strip,  which  was  composed  of  five  overlapping  pads,  i.e.,  sample
pad, conjugate pad, nitrocellulose membrane, absorbent pad, and
plastic  cushion.  Goat  anti-mouse  IgG and  streptavidin  were  pre-
immobilized  in  the  C  line  and  T  line  on  a  porous  nitrocellulose
membrane.  Then,  PGMNPs  coupled  with  anti-digoxin  antibody
were  sprayed  on  conjugated  pads  of  LFA  bands  in  order  to
combine with subsequent  products  for  SNP detection.  As shown
in Fig. 1(c), the internal primer and loop primer were labeled with
biotin and digoxin respectively, so the double labeled product and
anti-digoxin antibody on PGMNPS formed a composite probe for
visual detection on LFA as illustrated in Figs. 3(a) and 3(c). 

3.2    Characterization of GMNPs
The  synthesis  and  characterization  of  GMNPs  have  been
discussed in detail in our previous studies [1]. The TEM image of
the  structural  characterization  of  GMNPs  is  shown  in Fig. 2(d).
Successful  modification  of  GMNPs  was  confirmed  by  the  FTIR
spectra  and  the  characteristic  peaks  were  identified.  The  FTIR
spectra of the Fe3O4/Au/Fe3O4 nanoparticles after modification by
PSS  are  shown  in Fig. 2(a).  The  characteristic  peak  at  585  cm−1

is  related  to  Fe–O  bond  in  GMNPs  [40].  The  characteristic
absorption  bands  of  1,037  and  1,637  cm−1 correspond  to  the
symmetric  vibration  of  the  sulfonate  group  (SO3

−)  and  the
stretching  vibration  of  C=C  of  Benzene  [41].  As  shown  in Fig.
2(b), the GoldMag modified by PSS was negatively charged, while
the GMNPs were positively charged. All of these prove that PSS is
successfully attached to the surface of nanoparticles. Moreover, the
high  zeta  potential  confirmed  that  the  stability  and  dispersion  of
the  nanoparticles  were  maintained  due  to  the  mutual  repulsion
between PGMNPs with high negative charge [38, 39].

GMNPs are  a  nanocomposite  composed  of  colloidal  gold  and
Fe3O4 with a particle size of about 40 nm (Fig. 2(d)). The hydrated
particle  size  of  GMNPs  is  about  149.8  nm  (Fig. 2(c),  black
column).  After  PSS  modification,  the  hydrated  particle  size  is
103.2 nm (Fig. 2(c), PGMNPs red column). The hydration particle
size  after  modification  is  smaller  than  that  before  modification,
which  is  caused  by  the  agglomeration  of  some  GMNPs

nanoparticles  before  modification  and  some  dispersion  after  PSS
modification.  As  can  be  seen  from  the  PDI  dispersion  during
particle  size  analysis,  the  PDI  value  was  0.259  nm  before
modification  and  0.116  nm  after  modification.  Finally,  after
antibody  coupling,  the  hydrated  particle  size  increased  to
267.3  nm  (Fig. 2(c)),  indicating  that  the  antibody  successfully
combined  with  magnetic  bead  PGMNPs,  and  the  hydrated
particle size could meet the requirements of LFA detection system.

Because  of  the  optical  properties  of  gold  particles,  the
monodispersity  of  gold  nanoparticles  can  be  characterized  by
observing  the  position  and  intensity  of  UV–Vis  spectroscopy  at
350–750 nm. By measuring UV–Vis, the absorption peak should
be the characteristic absorption peak of nanogold in the composite
material.  For  nanogold  with  smaller  particle  size,  the  absorption
peak position is smaller. The absorption peak position of GMNPs
is  552  nm,  which  is  540  nm  after  PSS  modification  (Fig. 2(e)).
The  reason  may  be  that  some  nanoparticles  agglomerate  in
unmodified  GMNPs,  resulting  in  larger  absorption  peaks.  After
PSS  modification,  the  dispersion  of  PGMNPs  becomes  better
under  the  action  of  strong  surface  charge  and  spatial  resistance
of  surface  modified  molecules,  resulting  in  blue  shift  of  UV
absorption  peak.  This  result  is  also  consistent  with  particle  size
analysis  in Fig. 2(c).  After  PSS  modification,  the  antibody  was
coupled and the characteristic absorption peak after coupling was
544 nm (Fig. 2(e)). Meanwhile, there was also a characteristic peak
at  280  nm  (Fig. 2(e)),  which  was  because  there  were  more
anti-digoxin  antibodies  enriched  on  the  surface  of  PGMNPs.
Therefore, this peak was analyzed as the characteristic peak of anti-
digoxin antibodies.

During  the  experiment,  the  use  of  weakly  alkaline  pH  buffer
resulted in a higher antibody coupling amount. The reason is that
the  antibodies  would  change  from  dissolved  to  aggregated  state
near the isoelectric point [42]. In this way, the antibodies have the
strongest  hydrophobicity  and  bind  stronger  to  the  hydrophilic
PGMNPs.  In  terms  of  the  formula  of  antibody  coupling  rate,
120 μg anti-digoxin antibody could be conjugated on the surface
of 1 mg magnetic particles. The coupled magnetic beads are stored
in  GB  buffer  which  plays  a  sealing  and  protection  role.  The
material,  its  modification  and  antibody  coupling  were  analyzed

 

Figure 2    The  characterization  of  GMNPs  before  and  after  PSS  modification  antibody  coupling.  (a)  FTIR  spectroscopy  of  GMNPs  and  PGMNPs.  (b)  The  zeta
potential  distributions  of  GMNPs,  PGMNPs,  and  PGMNPs-anti-Dig.  (c)  The  size  distributions  of  GMNPs,  PGMNPs,  and  PGMNPs-anti-Dig.  (d)  TEM  image  of
GMNPs.  (e)  The UV–Vis  spectroscopy of  GMNPs,  PGMNPs,  and PGMNP-anti-Dig.  The concentration of  GMNPs used for  measurement was 0.50 mg/mL.  The
concentration of PGMNPs was 0.40 mg/mL. The concentration of PGMNPs-anti-Dig was 0.35 mg/mL.
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and  discussed  above.  Finally,  PGMNPs  material  with  antibody
was used in downstream LFA system. The average pore size of NC
membrane by double antibody sandwich method in LFA system is
about 8 μm. After analysis and discussion, PGMNPs can meet the
following application research. 

3.3    Design of the extraction-free LAMP-LFA system
The  principle  of  the  extraction-free  detection  system  is
schematically  illustrated  in Fig. 3.  Since  LAMP  is  targeted  at  the
gene detection of SNP sites, it is difficult to ensure its specificity. A
unique primer design scheme was adopted in this  study as  show
in Fig. 3(a).  According to the point mutation of  MTHFR C677T,
five  specific  primers  have  been  designed.  Since  LAMP
amplification  depended  on  specific  primers,  the  SNP  site  was
located at the 5'-end of the FIP and BIP. Each reaction consisted of
two common primers (F3 and B3), loop primers, and two special
primers  (FIP-WT  and  BIP-WT  for  wild-type  alleles,  and  FIP-M
and BIP-M for mutant alleles). The target fragment amplification
occurs  only  when  the  5'-end  of  the  specific  primer  is
complementary with the template. In order to further improve the
specificity  of  the primers  [43, 44],  base mismatch was introduced
in the penultimate position of the 5'-end of the specific primers.

Two  separate  LAMP  tubes  are  required  for  determining  the
genotype of each sample (i.e., M tube and WT tube). Fresh whole
blood  samples  treated  with  0.1%  NaOH,  buccal  swabs,  and

genomic  DNA  were  used  as  templates  for  amplification  within
two tubes as shown in Fig. 3(b). Pretreatment of the samples with
alkaline solution is crucial for this method [45–47]. In our system,
the  alkaline  solution  can  effectively  induce  cell  lysis  and  achieve
DNA release, saving the time of DNA extraction from the sample
without  DNA  loss,  making  the  whole  detection  process  more
convenient  and  faster.  The  electrostatic  interaction  between
proteins  and  genomic  DNA was  effectively  weakened  after  alkali
treatment,  enabling  the  release  of  tightly  bound  DNA  from
chromatin  [48].  Unlike  the  fluorescence  signal  and  turbidity,  the
LFA system is  not affected by heme because the sample pad and
conjugate pad can effectively filter the interfering substances in the
amplification products.

As  shown  in Fig. 3(c),  LAMP  double-labeled  amplification
products formed by biotin and digoxin labeled at the 5'-end of the
internal primer and loop primer are added to the sample pad, and
the  results  are  visually  read  within  5  min.  Digoxin  labeled  on
5'-end  is  recognized  and  captured  by  PGMNPs-anti-Dig  on  the
conjugate  pad  to  form  LAMP  product-PGMNPs  composites.
Then the biotin labeled end is bound to the streptavidin at the T
line when the composites migrate to T line, thus forming a visible
red band here. The remaining PGMNPs-anti-dig moves further to
bind to goat anti-mouse IgG at the C line, also showing red bands
as  confirmation  of  the  validity  of  the  strip.  The  T  line  does  not
display  red  strip  when  there  is  no  LAMP  product.  For  the

 

Figure 3    Schematic diagram of the extraction-free LAMP-LFA system. (a) Principles of primer design. The target fragment amplification occurs only when the 5'-end
of the specific primer is complementary with the template. (b) Sample preparation and target amplification. (c) The LFA schematic diagram for genotyping result of
homozygous, heterozygous, and wild type samples by extraction-free LAMP-LFA. M = M tube. WT = WT tube.
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homozygous sample (TT), a distinct red band was observed on the
T line  of  the  strip  used  only  for  the  M tube  but  not  for  the  WT
tube.  In  contrast,  for  the  wild-type  sample  (CC),  the  red  band
showed exclusively on the strip receiving the WT tube but not the
M tube. However, red bands with similar intensities on the T lines
of both strips indicated a heterozygous sample (CT). 

3.4    Optimization  of  the  extraction-free  LAMP-LFA
system
Although LAMP method is  known for  its  unique  advantages,  its
high  amplification  efficiency  will  inevitably  increase  the  risk  of
contamination and easily lead to false positive results. The reason
is that the LAMP products in the early stage of detection can easily
re-enter  the  tube  and  become  the  template  for  re-amplification,
that  is,  the  pollution  carried  by  aerosol  droplets  [37, 49]，while
such  contamination  can  be  effectively  eliminated  by  introducing
dUTP and UDG. UDG is a DNA repair enzyme that cleaves the N-
glycoside bond between the uracil base and deoxyribose of DNA,
but  has  no  activity  against  the  four  other  common  nucleotide
residues. Therefore, dUTP is integrated into the amplicon through
N-glycoside bond,  and in the next  LAMP reaction,  the amplicon
(aerosol  pollutant)  is  cleaved  by  UDG,  and  the  resulting
pyrimidine-free sites and UDG are hydrolyzed and inactivated at
high temperature, thus eliminating the false positives generated by

pollution [50].
The  LAMP  reaction  using  dUTP  instead  of  dTTP  and  UDG

progressed  well,  and  the  concentration  of  dUTP  affected  the
reaction  rate  [51, 52]  as  shown in Fig. 4(a).  When the  content  of
dUTP was 2.8 μL, no bands appeared on the strip (Fig. 4(a),  lane
3).  We  also  experimented  on  the  content  of  UDG  enzyme  and
found  that  the  amount  of  enzyme  had  no  effect  on  the  reaction
rate  (Fig. 4(b))  [53].  Therefore,  when  the  content  of  dUTP  was
0.7 μL, the content of UDG was 0.5 μL, which was chosen for the
subsequent  UDG-LAMP  assays  to  study  the  specificity  and
sensitivity.

To evaluate  the  ability  of  UDG-LAMP assay  to  prevent  carry-
over  contamination,  we  used  a  LAMP  product  with  continuous
dilution from the previous reaction amplification as a template for
the  reaction.  After  treatment  at  40  °C  for  5  min,  the  LAMP
reaction was put  into the instrument at  61 °C for  25 min.  In the
experiment without UDG, each reaction could be amplified in the
reaction  tube  containing  pre-amplified  DNA  (Fig. 4(c)).  The
results  illustrated  the  risk  of  contamination  in  reactions,  where
even  small  amounts  of  any  contaminant  may  cause  unnecessary
amplification.  In  contrast,  when  contaminated  DNA  was  diluted
to  10−8 in  LAMP,  UDG  treatment  prevented  amplification  (Fig.
4(d),  lane  1).  This  showed  that  the  method  can  prevent  typical
aerosol-based pollution [54].

The  specificity  of  the  extraction-free  LAMP-LFA  system  was

 

Figure 4    The  results  of  the  optimization  of  each  content  in  the  reagent  and  the  verification  of  pollution  prevention.  (a)  The  concentration  of  dUTP.  (b)  The
concentration  of  UDG  enzymes.  (c)  The  amplification  results  of  UDG  were  not  added.  (d)  The  effect  of  UDG  that  was  used  to  prevent  contamination.  (e)  The
specificity of the extraction-free LAMP-LFA system. M: Mutation primer set; WT: Wild type primer set; m: Mutation template; and wt: Wild type template. (f) The
genotyping  results  of  wild  type,  heterozygous,  and  homozygous  samples  by  extraction-free  LAMP-LFA  system.  (g)  The  sequencing  results  for  MTHFR  C677T
genotyping.
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assessed,  and cross-experiments  were  conducted  in  the  wild-type
and  mutant  primer  groups,  using  the  samples  of  known
homozygous mutant and homozygous wild-type as templates. The
results  in Fig. 4(e) (Fig. S1  in  the  ESM)  showed  that  the  system
had good specificity. The results of the three genotypes are shown
in Fig. 4(f) (Fig. S2  in  the  ESM),  and  were  compared  with
sequencing (Fig. 4(g)).

To  determine  the  optimal  conditions  for  UDG-LAMP  assay,
whole  blood  samples  of  three  different  genotypes  of  MTHFR
C677T  were  used  for  LAMP  detection  at  different  primer
concentrations and reaction temperatures.  The best  amplification
efficiency and specificity were obtained when the primer ratio was
4:1:2  (Fig. S3(a)  in  the  ESM).  The  optimal  primer  concentration
combination was 0.8 μM of the FIP/BIP, 0.2 μM of the F3/B3, and
0.4  μM  of  the  LB  (Fig. S3(b)  in  the  ESM).  In  addition,  the  best
reaction temperature was 61 °C (Fig. S3(c) in the ESM). 

3.5    Evaluation of the extraction-free LAMP-LFA system
To  evaluate  the  performance  of  extraction-free  detection  system,
the sensitivity of LFA was tested using various quantities of whole
blood samples with known MTHFR genotypes. Gradient dilution
of  whole  blood  with  physiological  saline  was  conducted  at  1:1,
1:59,  1:79,  1:99,  1:109, 1:119, 1:139, 1:159, 1:179, and 1:199 ratios.
The  sensitivity  detection  results  of  whole  blood  are  shown  in
Fig. 5.  Compared with the traditional PCR detection method, the
sensitivity  is  31  times  higher  [55].  Blood  routine  tests  were

performed in the People’s Hospital of Shaanxi Province. The cell
count results of the samples at different dilution ratios are shown
in Fig. 5 and summarized in Table S2 in the ESM. The amount of
nucleic  acid  in  a  white  blood  cell  is  6.25  pg  [56].  The  results
indicate  that  the  minimum  detection  sensitivity  is  0.16  ng/μL
(Fig. 5).

Compared with the existing methods, the proposed method has
higher  sensitivity  of  extraction-free  LAMP-LFA  system.  The
reason  is  that  the  higher  specific  surface  area  of  the  magnetic
beads  has  the  ability  to  enrich  the  labeled  target  antibody  and
effectively  improve  the  sensitivity  of  the  detection  system.  Since
gold  magnetic  nanoparticles  are  gold-coated  Fe3O4 complex,  the
composite has good color development results in T line,  and can
be clearly detected by visual inspection. 

3.6    Clinical application of the extraction-free LAMP-LFA
system
In  clinical  practice,  the  presence  of  some endogenous  substances
in whole blood will interfere with the results of the system. In this
study,  6  high  bilirubin,  6  high  cholesterol,  and  6  hemolysis
samples  were  taken  as  clinical  whole  blood  samples  for  verifying
the  anti-interference  ability  of  the  system.  As  shown in Fig. 5,  all
the  detection  rates  of  hyperbilirubin  samples,  hypercholesterol
samples,  and  hemolysis  samples  of  known  genotypes  (CC,  CT,
and  TT)  are  100%,  which  proved  that  these  three  interference
factors  had  no  influence  on  the  detection  process  and  result  of

 

Figure 5    The  sensitivity  and anti-interference  results  of  the  extraction-free  LAMP-LFA method and the  genotype  frequencies  of  MTHFR C677T.  (a)–(c)  The cell
count results of wild-type samples, mutant samples, and heterozygous samples at different dilution ratios and the sensitivity analysis of the strip. (d)–(f) The results of
anti-interference  experiment  when  whole  blood  endogenous  substances  are  high  bilirubin,  high  cholesterol,  and  hemolysis  samples,  respectively.  (g)  The  gene
frequencies of the three MTHFR C677T genotypes. (h) The statistical results of the frequency of MTHFR C677T C alleles and T alleles.
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whole blood samples of C677T gene polymorphism. Furthermore,
it  can be proved that  the proposed system has good stability and
can be better promoted and applied in clinical.

To  evaluate  the  reliability  of  the  optimized  extraction-free
detection  system  in  this  study,  the  accuracy  was  further  verified
with 600 clinical samples (200 whole blood, 100 buccal swab, and
300 genomic DNA samples) from the Shaanxi Provincial People’s
Hospital  (Xi’an,  China)  with  informed  consent.  200  samples  are
randomly  selected  and  sent  them  for  sequencing.  As  shown  in
Table S3 in the ESM, the genotyping results of the three genotypes
had  a  coincidence  rate  of  100%  with  sequencing  results.  In
addition,  a  Hardy–Weinberg  equilibrium  test  was  performed  on
selected  samples  (Table  S4  in  the  ESM),  and  analyzed  the
genotype  and  allele  frequencies  of  200  cases  (Fig. 5).  The  results
were  consistent  with  the  Hardy  Weinberg’s  law  of  equilibrium,
indicating  that  the  selected  groups  of  this  sample  are
representative of the group. The genotype frequencies of MTHFR
C677T CC, CT, and TT types were 30% (59 cases), 43% (87 cases),
and 27% (54 cases) (Fig. 5(a)). The allele frequency for the C allele
was  52%  and  the  T  allele  was  48%  (Fig. 5(b)),  which  was  in
agreement with those reported by Hui et al [47, 55].

The  above  clinical  results  illustrate  that  the  detection  rate  of
the  technology  platform  is  100%,  which  is  consistent  with  the
sequencing  results,  and  the  platform  has  good  anti-interference
performance  and  strong  effectiveness  and  applicability  in  clinical
detection. Firstly, the platform uses probe dual markers combined
with  LFA  system  based  on  GoldMag  for  achieving  rapid
visualization  of  multiple  types  of  whole  blood,  oral  swabs,  and
DNA in  one step.  Secondly,  the  method realizes  the  detection of
nucleic acid free extraction, alkaline solution can induce leukocyte

lysis,  effectively  weaken  the  electrostatic  interaction  between
protein  and  DNA  to  achieve  DNA  release,  and  can  destroy  the
structure  of  the  protein  that  inhibits  amplification  in  the  whole
blood such as hemoglobin,  saving the time to extract  DNA from
the  sample.  Moreover,  we  introduced  an  anti-contamination
system for solving false positive caused by high amplification. This
is  because  LAMP  is  labeled  as  uracil  containing  product  by
introducing dUTP which is cleaved by UDG through N-glycoside
bond in the next round of amplification. 

3.7    Mechanism  investigation  of  PGMNPs  as  efficient
material for LAMP-LFA system
Through the primer design and labeling of allele MTHFR C677T
gene  mutation  site,  namely,  loop  primer  with  digxin  molecular
labeling  and  internal  primer  with  biotin  molecular  labeling,
specific amplified fragment was obtained by LAMP amplification.
The  digoxin  labeled  product  interacts  with  the  anti-digoxin
antibody  on  the  surface  of  gold  nanoparticles  in  the  constructed
genotyping system (Fig. 6(a)), and the biotin labeled on the primer
probe binds to the streptoavidin sprayed on the detection line (Fig.
6(b)),  while  residual  magnetic  beads  bind  with  goat  anti-mouse
IgG  on  the  C  line  (Fig. 6(c)),  so  the  polymorphism  of  MTHFR
C677T gene can be detected by lateral flow assay.

Flower-shaped  GoldMag  is  a  Fe3O4/Au/Fe3O4 nanoflower
complex  with  high  specific  surface  area,  good  monodispersity,
strong  biocompatibility,  and  easy  labeling  of  biomolecules.  The
structural characteristics of the material can be highly loaded with
specific antibodies, which can be combined with digoxin molecule
labeled  products  in  the  detection  system  (Fig. 6(b)),  so  as  to
achieve  high  sensitivity  detection,  detection  sensitivity  can  reach

 

Figure 6    The detection process of lateral flow assay based on GoldMag nanoparticles. (a) PGMNPs-anti-Dig are sprayed on conjugate pad. (b) PGMNPs- anti-Dig
forms a complex with the double labeled product and conjugated with streptavidin on T line via biotin. (c) The remaining PGMNPs were captured by goat anti-mouse
IgG.
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0.16 ng/μL. 

4    Conclusions
In  this  study,  a  rapid  extraction-free  detection  system  based  on
super-assembled gold magnetic assay was established for detecting
SNPs  with  multifarious  sample  types.  This  is  the  first  report  of
SNP  detection  platform,  which  combines  the  UDG,  free
extraction,  and  LAMP-LFA  for  genotyping  with  various  clinical
samples validation. It has been verified that the proposed method
has  the  ability  to  achieve  one-step  rapid  direct  amplification  of
whole  blood  and  buccal  swab  without  extraction  within  25  min
and  also  achieve  the  amplification  of  genomic  DNA.  It  also  has
been  proved  that  the  proposed  method  has  high  specificity  and
sensitivity  (the sensitivity  can be up to 0.16 ng/μL).  In this  work,
the  dUTP-UDG  system  is  introduced  which  has  the  ability  to
effectively  reduce  the  probability  of  false  positives  caused  by
contamination  and  effectively  improve  the  overall  stability  of
extraction-free  LAMP-LFA  visual  detection.  Due  to  the  high
specific surface area and easy surface functionalization of magnetic
beads,  more target  antibodies  can be enriched,  so the system has
high sensitivity, and the detection results are fast and efficient due
to  its  good  monodispersity  and  stronger  stability.  This  system
provides  a  novel  selection  for  the  realization  of  point-of-care
testing. It has a broad application prospect in all levels of medical
institutions and home-based POCT. Moreover, due to the optical
and  magnetic  properties  of  gold  magnetic  nanoparticles,  the
detection  system  not  only  can  be  used  for  visual  inspection,  we
will also apply it to molecular diagnosis of magnetic quantitative in
the future. 
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