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Abstract 

A novel system for copy number variation (CNV) analysis was developed in the present study using 
a combination of magnetic separation and chemiluminescence (CL) detection technique. The 
amino-modified probes were firstly immobilized onto carboxylated magnetic nanoparticles 
(MNPs) and then hybridized with biotin-dUTP products, followed by amplification with liga-
tion-dependent polymerase chain reaction (PCR). After streptavidin-modified alkaline phosphatase 
(STV-AP) bonding and magnetic separation, the CL signals were then detected. Results showed 
that the quantification of PCR products could be reflected by CL signal values. Under optimum 
conditions, the CL system was characterized for quantitative analysis and the CL intensity 
exhibited a linear correlation with logarithm of the target concentration. To validate the 
methodology, copy numbers of six genes from the human genome were detected. To 
compare the detection accuracy, multiplex ligation-dependent probe amplification (MLPA) and 
MNPs-CL detection were performed. Overall, there were two discrepancies by MLPA 
analysis, while only one by MNPs-CL detection. This research demonstrated that the novel 
MNPs-CL system is a useful analytical tool which shows simple, sensitive, and specific 
characters which are suitable for CNV analysis. Moreover, this system should be improved 
further and its application in the genome variation detection of various diseases is currently 
under further investigation. 

Key words: Copy number variation; Ligation-dependent PCR; Magnetic nanoparticles; Chemilu-
minescence. 

Introduction 
Nucleic acid is the basic genetic material for or-

ganisms as it plays a decisive role in life phenomena, 
including embryonic development, genetic variation, 
disease occurrence, drug susceptibility, and so on. In 
the early years, the genomic variation analysis was 

confined to nucleic acid quantification, for example, 
simple sequence repeats (SSRs) [1-3], single nucleo-
tide polymorphism (SNP) [4-6], and so forth. The 
origination of nucleic acid manipulation and analysis 
was for content determination; for example, the 
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physiological and pathological variations of organ-
isms could be determined by gene dosage, especially 
the virulence genes. Variation in the gene dosage can 
cause quantitative change of translated proteins, re-
sulting into pathological alterations. Sonny et al [7] 
demonstrated that the gene dosage of the common 
risk variant 9p21 predicted the severity of coronary 
atheromatous burden and it was useful in determin-
ing risk for disease development and risk stratifica-
tion among patients with documented coronary ar-
tery disease. Via amplification of α-synuclein gene 
(SNCA) exons by quantitative real-time PCR, Single-
ton et al [8] examined the copy number variant of 
SNCA in a large family with autosomal dominant 
Parkinson disease (PD) and yielded results consistent 
with whole gene triplication, which indicated that the 
gene dosage effect was one of the causes of Parkinson 
disease. This current research emphasized on a new 
method for quantitative analysis of copy number 
variation (CNV). [9-11].  

A series of quantitative technologies have been 
developed to date, such as molecular spectroanalysis 
[12] and electrochemical analysis [13]. However, these 
methods were unable to analyze trace samples. 
Moreover, due to poor accuracy, traditional technol-
ogies have not well adapted the contemporary de-
velopment of structural molecular biology, genomics 
and proteomics. In recent years, some methods with 
high sensitivity, throughput and automation capabil-
ity have been rapidly developed, for example, real 
time quantitative PCR [14, 15], serial analysis of gene 
expression (SAGE) [16,17], microarrays [18,19], and so 
forth. Besides, there are two techniques, multiplex 
amplifiable probe hybridization (MAPH) [20] and 
multiplex ligation-dependent probe amplification 
(MLPA) [21], which have been continuously devel-
oped and updated for measurement of alterations in 
gene dosage, including CNVs. Both MAPH and 
MLPA have relied on comparative quantification of 
specifically bound probes that were amplified by PCR 
using universal primers. All these methods have been 
used in diagnosis and gene expression analysis. 
MAPH has been reported for detection of deletions in 
Duchenne Muscular Dystrophy (DMD) gene, sub-
telomeric deletions and Chronic Myeloid Leukemia 
(CML) tumor typing [22-25]. The application of MLPA 
has been much more than MAPH, as it has been re-
ported for gene dosage determination in genes such 
as Human MutS homolog 2 (MSH2), MutL homolog 1 
(MLH1), DMD, breast cancer 1 (BRCA1), and so on 
[26-29]. So far, over 300 MLPA probe sets for a very 
large range of common and rare genetic disorders 
have been made commercially available from MRC 
Holland [21] and the MLPA assay has been widely 
used in laboratories for molecular diagnosis of several 

genetic diseases in a few years. 
With the rapid development of nanotechnology 

in life science, nanomaterials, especially magnetic 
nanoparticles (MNPs), have been widely used in bio-
logical fields, such as drug delivery [30-32], magnetic 
resonance imaging (MRI) [33-35], immunoassays 
[36-38], purification of nucleic acids and proteins 
[39-41], owing to their excellent separation and ad-
sorption capacity, high dispersion in aqueous solution 
and easy operation in automated work-stations [42]. 
Ranzoni et al [43] described a one-step homogeneous 
assay based on antibody-coated MNPs which were 
spiked in very small amount directly into blood 
plasma to perform protein biomarker detection. This 
assay could be widely applied in quantitative biology 
and clinical diagnostics. Zhang et al [44] reported the 
development of a sensitive colorimetric 
(MNP)-enzyme-based DNA sandwich assay that was 
suitable for simultaneous, label-free quantitation of 
two DNA targets, which could also effectively dis-
criminate SNPs in genes associated with human can-
cers. 

In addition, chemiluminescence (CL) detection is 
regarded as an effective method for biological detec-
tion because of its extremely high sensitivity and wide 
linear range [45]. CL detection also has other obvious 
advantages, namely rapidity, low-cost and 
high-throughput, since there is no additional re-
quirement for excited light and scanning processes 
[46]. Nelson et al [47] described a rapid in-solution 
method for detection of all 12 single-base mismatches 
based on the hybridization protection assay, utilizing 
oligonucleotide probes labeled with a highly chemi-
luminescent acridinium ester. This method was sim-
ple, sensitive and applicable to both amplified and 
non-amplified targets. Another sensitive nucleic acid 
detection method for HBV based on MNPs and 
chemiluminescence was reported by He et al [48]. The 
biotinylated DNA was captured by MNPs and dif-
ferent concentrations of HBV-DNA were detected by 
the chemiluminescence system, which provided a 
novel tool for the HBV-DNA quantification. 

Herein, we report a new method for DNA quan-
tification and CNV analysis, combining the MNPs 
separation and CL detection by ligation-dependent 
PCR (Fig. 1). The DNA target was amplified with the 
base insertion of biotin-dUTP in ligation-dependent 
PCR and then captured by amino-modified probes 
immobilized on carboxyl MNPs. The CL signals were 
detected after streptavidin-modified alkaline phos-
phatase (STV-AP) bonding and magnetic separation. 
Gradient concentrations of target DNA were detected 
under the optimized conditions and relevant CL in-
tensity was obtained. The CL intensity exhibited a 
linear correlation with the logarithm of the original 
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target concentration. The results from the MNPs-CL 
quantitative analysis of target genes were compared 
with results from the MLPA analysis, and it was 
demonstrated that the MNPs-CL system as a novel 
and useful analytical tool with simple, sensitive, and 
specific characters is useful for CNVs analysis. This 
method displayed potential for applications in the 
clinical diagnosis of genome variants for various dis-
eases. 

Materials and Methods 
Materials 

MNPs (SiO2/Fe3O4) were self-made with minor 
modifications [49]. Succinic anhydride (SA), dime-
thylfomamide (DMF), 2-(N-morpholino) ethane sul-
fonic acid (MES), 3-aminopropyl triethoxysilane 
(APTS), 1-(3-Dimethylaminopropyl)-3-ethylcarbodii-
mide (EDC), acetonitrile, acetic anhydride, phosphate 
buffered saline (PBS), bovine serum albumin (BSA), 
Tris, Tween-20, sodium lauryl sulphate (SDS), and 
salt-sodium citrate (SSC) were purchased from 
Shanghai Chemical Reagent Co. Ltd (Shanghai, Chi-
na). MLPA reagents (including MLPA buffer, lig-
ase-65 buffer and ligase-65 enzyme) for MLPA reac-
tions were purchased from MRC-Holland b.v. (Am-
sterdam, The Netherlands). 3-(2’-spiroadamantane)-4- 
methoxy-4-(3’-phosphoryloxy) phenyl-1, 2-dioxetane 
(AMPPD) was purchased from Sichuan Biochem-ZX 
Research Co. Ltd (Chengdu, China). Streptavi-

din-modified alkaline phosphatase (STV-AP) was 
purchased from Vector Laboratories Inc. (Bulingame, 
USA). All oligonucleotides (including universal pri-
mers, hybridization sequences, amino-probe and arti-
ficial template) used in this work were synthesized by 
Shanghai Sangon Biologic Engineering Technology 
and Service Co. Ltd. (Shanghai, China). 

Methods 

Preparation of probe-MNPs  
MNPs, approximately 400 nm in diameter, were 

prepared with minor modification of previous reports 
[49] and characterized by transmission electron mi-
croscopy (TEM, JEM2100, JEOL, JPN) and scanning 
electron microscope (SEM, S100, Hitachi, JPN) (Fig. 2). 
Briefly, the MNPs were modified with APTS for 7 h 
and then modified with SA in gradient concentrations 
(0.1, 0.01, 0.001, 0.0001 and 0.00001M) for optimiza-
tion. The obtained carboxylated MNPs were blocked 
by incubating with a solution of 10% (v/v) acetic an-
hydride in acetonitrile for 1 h and re-suspended in 
PBS at the concentration of 10 mg/mL. The carbox-
ylated MNPs and amino-probes were incubated in the 
MES solution (25 mM, pH 6.0) with EDC as a catalytic 
agent for 10 h at 4℃. The resultant probe-MNPs was 
then washed for four times with Tris (50 mM, pH 7.4) 
and finally stored in PBS-T buffer (0.3M PBS buffer 
containing 0.05% Tween-20, pH 7.0). 

 

 
Figure 1. Schematic of ligation-dependent PCR and CL detection. Step 1, unique probes (hybridization sequences with universal primers at the end) competitively hybridized to 
the target sequence. Step 2, DNA ligase-65 enzyme was used to join the probe pairs. Step 3, the ligation products were amplified by PCR with universal primers and dUTP, and 
extended PCR product oligonucleotides were represented by a broken line. Step 4, the amplification product was hybridized with MNPs-probe and separated specifically for CL 
detection. 

 



 Theranostics 2015, Vol. 5, Issue 1 

 
http://www.thno.org 

74 

 
Figure 2. The characterization of the MNPs prepared via the combination of self-assembly. (a) The SEM result of the Fe3O4 MNPs; (b) The TEM result of the Fe3O4@SiO2 
MNPs. The diameters of the MNPs were about 400 nm with a good dispersion, and the SiO2 shell with about 30 - 60 nm was wrapped on the MNPs surface. 

 
 

Ligation-dependent PCR 
The hybridization master mix contained 1.5 μL 

MLPA buffer, 5 μL artificial template (glyceralde-
hyde-3-phosphate dehydrogenase, GAPDH, 0.2 nM), 
and 1.5 μL ligation-sequence-mix (1 nM). The mix-
ture was incubated at 95℃ for 5 min and subse-
quently at 60℃ for 16 h. Afterwards, 32 μL ligase 
master mix containing 3 μL ligase-65 buffer A, 3 μL 
ligase-65 buffer B, 1 μL ligase-65, and 25 μL ddH2O 
were added into the hybridization master mix for 
ligation reaction (Fig. 1, step 1). The ligation condi-
tions are described as follows: incubation at 54℃ 
for 15 min, followed by 5 min at 98℃ for the heat in-
activation of ligase-65 enzyme (Fig. 1, step 2). Finally, 
5 μL ligation products were mixed with 20 μL PCR 
reaction buffer containing 2.5 μL 10×PCR buffer, 2.5 
μL Mg2+ (25 mM), 2 μL dNTPs (1 mM, contained bio-
tin-dUTP), 2 μL primermix (10 μM), 0.2 μL Taq DNA 
polymerase and 10.8 μL ddH2O. The thermal circling 
conditions were as follows: 95℃ for 5 min, 95℃ for 30 
sec, 58℃ for 30 sec, and 72℃ for 40 sec for 35 cycles 
(Fig. 1, step 3).  

Hybridization and CL detection 
All the obtained PCR products were mixed with 

30 μL probe-MNPs (10 mg/mL) and 10 μL hybridiza-
tion buffer. The hybridization procedure was as fol-
lows: 95℃ for 10 min, 60℃ for 1 h, and the MNPs were 
shaken well by pipetting up and down every 10 min 
(Fig. 1, step 3). The MNPs were thereafter washed for 
three times with 2×SSC containing 10% SDS, 0.2×SSC 
containing 10% SDS and washing buffer (50 mM Tris, 
pH 7.5, 0.15 M NaCl), respectively. The MNPs were 
then re-suspended in blocking buffer (washing buffer 
containing 0.25% BSA) for 30 min. 30 μL STV-AP (di-
luted to 1:1000 into blocking buffer) was added into 
the MNPs, followed by incubation for 30 min at room 
temperature with gentle shaking. After magnetic 

separation, followed by transfer into a clean tube, the 
mixture was washed for three times with washing 
buffer to remove excess STV-AP. Finally, 300 μL of 
AMPPD solution (0.25 mM) was added into the above 
mixture, followed by well mixing. The mixture was 
then divided into three tubes for independent detec-
tion (Fig. 1, step 4). The CL intensity was then meas-
ured by EnSpireTM 2300 Multilabel Reader (Perki-
nElmer Co. Inc., Waltham, USA) and the data rec-
orded every 5 min. 

Optimization of CL system 
The optimization of CL system consisted of 

probe optimization, PCR cycle number, and hybridi-
zation temperature. Three probes immobilized onto 
the carboxylated MNPs were designed into following 
groups: 5’NH2-(T)15-probe (Fig. 3a), 3’NH2-(T)15- 
probe (Fig. 3b) and 3’NH2-probe (Fig. 3c). The amino 
ends were immobilized at the surface of the carbox-
ylated MNPs. After ligation, the products were am-
plified by PCR with 20, 25, 30, 35 and 40 cycles, re-
spectively. The PCR products were then hybridized 
with probe-MNPs at following gradient temperatures: 
50℃, 52℃, 54℃, 56℃, 58℃, 60℃. After hybridization 
and CL detection, the most suitable and efficient 
probe, PCR cycle number and hybridization temper-
ature were determined. 

Quantification of nucleic acid 
The artificial template was diluted into the fol-

lowing gradient concentrations: 0.002 pM, 0.02 pM, 
0.2 pM, 2 pM, 20 pM, and 200 pM. After liga-
tion-dependent PCR, six groups of PCR products 
were captured by probe-MNPs and detected by CL. 
According to the relative CL intensity, the 
dose-response curve was drawn for quantitative 
analysis. 
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Figure 3. Diagrammatic sketch of corresponding positions for three hybridization probes: (a) 5’NH2-(T)15-probe; (b) 3’NH2-(T)15-probe; (c) 3’NH2-probe. 

 

Table 1. Sequence of oligonucleotides probes and primers used. 

 Probes Sizea Oligonucleotide Sequencesb 
Reference gene GAPDH-R 122 nt 5'-gggttccctaagggttggaCAGGAGCGAACGAGATACTCCTGAGGTGGCATAGTGGGGTGGTGAATAC-3' 
 GAPDH-L  5'-PHO-CATGTACAAAGCTTGTGCCCAGACTGTGAATtctagattggatcttgctggcac-3' 
X- chromosome RSK4-R 112 nt 5'-gggttccctaagggttggaCCAAGCGAATGCAACGTATCTTTACCCCGACAGCATTCCAATGA-3' 

RSK4-L  5'-PHO-GTTGGTTAAAGTATGACCACTCACAGtctagattggatcttgctggcac-3' 
 PCDH19-R 114 nt 5'-gggttccctaagggttggaTAGTCCGGACCTGCTGTTATGTAGAGAACCTCTTGCACAGAAAGAC-3' 
 PCDH19-L  5'-PHO-CAGTCCTAACCTTTCAAATGATGCCTtctagattggatcttgctggcac-3' 
Y- chromosome SRY-R 110 nt 5'-gggttccctaagggttggaCCAAGCGAATGCAACGTATCCTGGTAGAAGTGAGTTTTGGATAGTAAAATAAGTTTC-3' 
 SRY-L  5'-PHO-GAACTCTGGCACCTTTCAATTTTGTCGtctagattggatcttgctggcac-3' 
 DAZ1-R 125 nt 5'-gggttccctaagggttggaTAGTCCGGACCTGCTGTTATTCCACGCCCAACCATAGCACTTGACC-3' 
 DAZ1-L  5'-PHO-GAGAATAATACGTTCTTCATAAATCAGTCAGTCACTTtctagattggatcttgctggcac-3' 
21- chromosome DSCR3-R 111 nt 5'-gggttccctaagggttggaATACCCAGAACGACTATGCGCTGGTGGCAAAAGCAGGTAGTTTC-3' 
 DSCR3-L  5'-GAGAGATGAGCACAACCCAGAGAAGtctagattggatcttgctggcac-3' 
 DSCR4-R 112 nt  5'-gggttccctaagggttggaCTACAGCACCTCAGGAGAGTGCCTTCCAGGTAGCTGCTCATAAG-3' 
 DSCR4-L  5'-PHO-CCCTTTCTAGAGAGTGATTGGGACTAtctagattggatcttgctggcac-3' 
Universal primers Forward 23 nt 5'-GTGCCAGCAAGATCCAATCTAGA-3' 

Reverse 19 nt 5'-GGGTTCCCTAAGGGTTGGA-3' 
a Amplification products length. 
b The lower-case letters indicate PCR primer sequences, the capital letters indicate DNA hybridization sequences, the underlined letters indicate tag sequences; the 5' end of 
the right probe is phosphorylated (PHO) to allow ligation to the 3' end of the left probe. 

 
 

Samples and DNA extraction 
A total of 40 blood samples (including male, fe-

male, normal and trisomy 21) were collected from 
Nanjing Maternity and Child Health Care Hospital 
after approval by the ethical committee of the hospital 
for only laboratory study. Genomic DNAs were ex-
tracted from peripheral blood samples using Re-
liaPrepTM Blood gDNA Miniprep System (Promage 
Co. Ltd., Madison, USA) and quantified by OD-1000 
spectrophotometer (OneDrop Co. Ltd., Nanjing, Chi-
na). DNA samples were diluted at 50 ng/μL with TE 
buffer (10 mM Tris-HCl, pH 8.0, 1 mM EDTA). 

Probes and primers design 
In addition to the reference gene GAPDH, six 

genes were selected from the chromosome X, Y and 
21, respectively. A series of oligonucleotide probe 
pairs (Table 1) were designed according to the guide-
lines from MRC-Holland (www.mlpa.com), such that 
each pair would locate directly at specific loci within 
these target genes. Probe sequences were checked for 
non-specific annealing sites using Basic Local Align-
ment Search Tool (http://blast.ncbi.nlm.nih.gov/ 
Blast.cgi). Each pair of probes consisted of two parts. 
The longer part of the probe contained a tag sequence 
which was complementary with the probe-MNPs and 
allowed amplification products binding onto them. 
All probes were diluted to a final concentration of 5 

nM in TE buffer. 

Copy numbers detection by MLPA and MNPs-CL 
system 

For each sample, 200 ng of DNA was used in the 
hybridization and ligation with the probe mix (in-
cluding probes for target genes and reference gene). 
The ligation products were amplified with the uni-
versal primers. To compare the accuracy of the 
MNPs-CL detection system, the copy numbers detec-
tion for target genes was also performed by the de-
veloped MLPA assay [21]. The amplification products 
were therefore simultaneously separated by capillary 
electrophoresis and probe-MNPs, and data analysis 
was done with Applied Biosystems 3100 Genetic An-
alyzer (Applied Biosystems Co. Inc., Carlsbad, USA) 
and EnSpireTM 2300 Multilabel Reader (PerkinElmer 
Co. Inc., Waltham, USA), respectively. 

Data analysis 
In the MLPA assay, the copy number alteration 

could be visually inspected by superimposing the 
peak profile of the test sample with the profile of the 
control one [50]. In the MNPs-CL system, the copy 
number alteration could be investigated by compar-
ing the CL intensity at its stable stage between the test 
values of sample and the control one. A normal fe-
male sample with two copies of PCDH19 and RSK4 
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on the X chromosome was chosen as the reference 
sample. The ratio for each test sample was calculated 
relative to a standard reference created from the ref-
erence sample. The equation could be represented as 
follows: R0 = Vt / Vr, where R0 was the relative copy 
number of the test genes, Vt was the relative value (the 
peak intensity value for the MLPA assay and the CL 
intensity value for the MNPs-CL system) of the test 
gene within the test sample and Vr was the relative 
value of the test gene within the reference sample. The 
relative value V was calculated by the ratio of (test 
gene value) / (reference gene value) in the same test 
sample. The standard deviations were based on five 
replicates of the same subject in the same assay. 

Results 
The working principle and specificity of 
MNPs-CL detection method  

As illustrated in Fig.1, the two oligonucleotides 
were hybridized to the DNA template and ligated by 
the ligase enzyme to form a ligated full-length se-
quence that could be amplified with a pair of univer-
sal primers. The PCR product was analyzed with 
agarose gel electrophoresis. Result showed that there 
was an amplification target band at the 120 bp and 
there was no amplification bands in the blank (Fig. 
4a), demonstrating that the two probes had been li-
gated together and amplified with the ends of uni-
versal primers. It was thus suggested that the de-
signed ligation probes and universal primers were 
suitable for the ligation-dependent PCR system due to 
their good specificity. The CL detection was per-
formed after the dUTP-labeled PCR products were 
captured by the probe-MNPs. The CL intensity pro-
file was related with the reaction time of STV-AP 
with AMPPD. As shown in Fig. 4b, the CL signal 

rose rapidly and became stable at 50 min. The 
maximum CL value of PCR products was re-
markably higher than that of the blank control 
group. It was therefore suggested that this CL de-
tection system, consisting of ALP and AMPPD, 
showed a stable light signal and was sensitive to 
the ligation-dependent PCR product which was 
labeled with dUTP. 

Optimization of MNPs-CL system 
The effects of several reaction parameters were 

investigated for the detection optimization. The ami-
no groups at surface of the APTS-grafted MNPs were 
reacted with SA for carboxyl functionalization. The 
same amount of PCR products from 35 cycles were 
hybridized with gradiently modified carboxylated 
probe-MNPs. The values of CL intensity for the MNPs 
modified with tenfold concentrations of SA (0.1, 0.01, 
0.001, 0.0001 and 0.00001M) are shown in Fig. 5a. The 
CL intensity increased from 0.00001 M to 0.001 M of 
SA and then decreased under 0.01M SA modification 
condition. 0.001 M was therefore taken as the optimal 
concentration for SA modification, and this concen-
tration was chosen for subsequent experiments. 

Three probes were designed for immobilization 
onto the carboxylated MNPs and their effect was in-
vestigated by CL detection. The CL intensities for 
3’NH2-(T)15-probe, 3’NH2-probe and 5’NH2-(T)15- 
probe are shown in Fig. 5b. It was demonstrated that 
the probe with 3'NH2-(T)15 end immobilized onto the 
MNPs was much more efficient than that without the 
(T)15 end due to the effect of molecular arms, and it 
was also more efficient than that with 5'-(T)15 end 
immobilized onto the MNPs. So the 3’NH2-(T)15-probe 
was taken as the optimal and chosen for subsequent 
experiments. 

 

 
Figure 4. (a) The ligation-dependent PCR products amplified by 35 cycles, and lane 1 represents the blank control and lane 2 represents the product. (b) The curve of CL 
detection for PCR products, and the blank control group was performed under the same reaction conditions without template. 
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Figure 5. Effect of different parameters on the relative CL intensity for MNPs-CL system. (a) The concentration of SA modified on the carboxyl MNPs impact on the relative CL 
intensity; (b) Three different probes hybridized with MNPs impact on the relative CL intensity; (c) Hybridization temperature impact on the relative CL intensity; (d) Number of 
PCR cycles impact on the relative CL intensity. 

 
The hybridization temperature was also inves-

tigated from 50℃ to 60℃ every 2℃. Fig. 5c illustrates 
that the effect of hybridization temperature (from 50℃ 
to 60℃) on CL intensity was great. The CL value 
reached the peak at 52℃ and decreased from 52℃ to 
60℃ sequentially. Therefore, the optimum tempera-
ture for hybridization was determined as 52℃. 

A PCR cycle gradient (20, 25, 30, 35 and 40) was 
set up to check its effect on CL intensity. As shown in 
Fig. 5d, the CL intensity significantly increased with 
the increase in PCR cycles. The CL values from 25, 30, 
35 and 40 cycles were fairly close to each other and the 
possibility was that the binding capacity of the 
probe-MNPs tended for saturation. To decrease the 
methodological error, the binding capacity of the 
probe-MNPs should be unsaturated. Thus, 25 cycles 
for PCR amplification were chosen for further studies. 

Detection limit of MNPs-CL system  
Under the optimum conditions described above, 

the MNPs-CL system was preliminarily established 
for quantitative analysis. Fig. 6a depicts the CL signals 
of the quantitative detection system in response to the 
artificial template GAPDH at gradient concentrations. 
The maximum CL values of products amplified from 
0.002 pM, 0.02 pM, 0.2 pM, 2 pM, 20 pM, and 200 pM 
templates were 774, 7692, 12273, 20854, 30435 and 
36016, respectively. The CL detection results showed 
that the CL intensity increased with the concentration 
of template, ranging from 0.002 pM to 200 pM. As 
shown in Fig. 6b, the CL intensity exhibited a linear 

correlation with the logarithm of original concentra-
tions of the targets within the range from 0.02 pM to 
200 pM. The linear equation could be represented as y 
= 7481x + 13973, with a correlation coefficient of 
R2=0.987, where y was the CL intensity and x the log-
arithm of target concentration. When the concentra-
tion dropped to 0.002 pM, the decrease amplitude of 
the CL value became much smaller and the signal 
intensity was close to that of the blank. The detection 
limit was estimated to be 0.01 pM. The above results 
showed that this system was feasible and could be 
used in quantitative analysis for nucleic acids. 

Specificity of probes designed for test genes  
To validate the methodology for the present new 

system, six genes were selected for copy number 
analysis in human genome (Table 1). The amplifica-
tion products were visualized by agarose gel electro-
phoresis and the specificity of the designed probes 
was analyzed (Fig. 7). It was shown that the target 
bands for six gene loci were yielded at the range of 
110 bp to 120 bp, while there were no nonspecific 
bands in the blank control. As shown in Fig. 7b, the 
positive bands for SRY and DAZ1 only appeared in 
male (sample 1) and no corresponding amplification 
was found in female (sample 2), owing to these two 
genes only exist on the Y-chromosome, which could 
also be used for gender determination. These results 
suggested that the designed probes for target genes 
were able to amplify all loci presented in the samples, 
and represented high specificity without 
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cross-reactions. The brightness of the target bands 
showed the high amplification efficiency of universal 
primers, laying the foundations for the subsequence 
experiments of copy number quantification. 

Quantitative analysis of gene copy numbers 
To verify the feasibility and accuracy of the novel 

MNPs-CL system, the amplification products were 
quantified by capillary electrophoresis and chemilu-
minescence simultaneously, and the experimental 
data from both systems were compared. As illustrated 
in Fig. 8, the CL intensity of the detected genes on the 
X-chromosome had obvious multiple relationships 
between male and female samples and no signals of 
target genes on the Y-chromosome were detected in 
the female samples. Although the visual difference of 
CL intensity was not significant between normal and 
trisomy-21 samples, the relative quantification was 
obtained through numerical calculations. These re-
sults were consistent with the waveform of MLPA 
analysis (Fig. 9), and the detailed data are listed in 
Table 2. Ratios in different ranges correspond to dif-
ferent copy numbers, namely a ratio of 0.3 ~ 0.7 cor-
responds to 1 copy number, a ratio in the range of 0.7 
~ 1.3 corresponds to 2 copy numbers, a ratio in the 
range of 1.3 ~ 1.7 corresponds to 3 copy numbers, and 
a ratio in the range of 1.7 ~ 2.3 corresponds to 4 copy 
numbers. 

The quantitative analysis was performed by both 
the MLPA and MNPs-CL systems for 40 samples (10 

individuals respectively for male, female, normal and 
trisomy-21). The normal female individuals were de-
tected as the control group. All the samples were 
successfully genotyped by both platforms, and some 
of these analyses had mean ratios at unexpected lev-
els. As shown in Table 2, both platforms were able to 
accurately determine the genes copy number of 
PCDH19, SRY, DAZ1, and DSCR4. There were two 
discrepant results for RSK4 and DSCR3 genes quanti-
fication by MLPA analysis. The ratio for RSK4 was 
0.70-0.80, more than the expected ratio of 0.5 in male 
subjects, and the ratio of copy number was higher 
than 0.7, while a ratio of 0.5 was the expected value 
for males to females. The ratio for DSCR3 was 
1.72-1.90, more than the expected ratio of 1.5 for 
21-trisomy subjects, and the ratio of copy number was 
higher than 2.0. A ratio of 1.5 was as expected value 
for 21-trisomy to normal. In the MNPs-CL system, 
there was only one discrepant result for DSCR3 copy 
numbers. The ratio of DSCR3 for 21-trisomy subjects 
was 1.27-1.49, and it revealed 2-3 copies when 3 copies 
were expected. By comparison, the data demonstrated 
that the sensitivity and specificity of the new 
MNPs-CL system were equivalent to that from the 
MLPA system, which was acceptable for determining 
chromosomal DNA copy number changes, and would 
therefore be suitable for nucleic acid quantitative 
analysis. 

 
Figure 6. (a) Dose-response of artificial template with a gradient concentration (0.002 pM, 0.02 pM, 0.2 pM, 2 pM, 20 pM, and 200 pM) by CL detection; (b) Linear relationship 
between CL intensity and the logarithm of origination concentration for the template. 

 
Figure 7. The gel electrophoresis results of ligation-dependent PCR for six detected genes. Sample 1 was male, sample 2 was female and CK was the blank control performed 
under the same reaction compositions without DNA template. 



 Theranostics 2015, Vol. 5, Issue 1 

 
http://www.thno.org 

79 

Table 2. Copy numbers analysis by MLPA and MNPs-CL system. 

 Gene Meana ± SDb Expected ratios of copy 
numbers  Male Female Normal Trisomy 21 

MLPA PCDH19 0.54 ± 0.06 0.99 ± 0.04   1:2 
 RSK4 0.75 ± 0.05 0.95 ± 0.02   1:2 
 SRY 0.48 ± 0.05 0   1:0 
 DAZ1 0.42 ± 0.02 0   1:0 
 DSCR3   0.79 ± 0.04 1.81 ± 0.09 2:3 
 DSCR4   0.94 ± 0.08 1.37 ± 0.06 2:3 
MNPs-CL PCDH19 0.60 ± 0.02 0.99 ± 0.14   1:2 
 RSK4 0.58 ± 0.02 0.90 ± 0.01   1:2 
 SRY 0.55 ± 0.08 0   1:0 
 DAZ1 0.52 ± 0.03 0   1:0 
 DSCR3   0.96 ± 0.02 1.38 ± 0.11 2:3 
 DSCR4   0.82 ± 0.05 1.32 ± 0.02 2:3 
a Mean ratio to the reference normalized values with the averages of duplicate in 10 samples.  
b Standard Deviation. 

 
 
 

 
Figure 8. Quantitative detection of six genes by MNPs-CL system. (a) CL intensity of GAPDH and PCDH19 in the male and female samples; (b) CL intensity of GAPDH and 
RSK4 in the male and female samples; (c) CL intensity of GAPDH and SRY in the male and female samples; (d) CL intensity of GAPDH and DAZ1 in the male and female samples; 
(e) CL intensity of GAPDH and DSCR3 in the normal and trisomy 21 samples; (f) CL intensity of GAPDH and DSCR4 in the normal and trisomy 21 samples. 
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Figure 9. Quantitative detection of six genes by MLPA. (a) Electropherogram showing peaks of PCDH19 and GAPDH in the male and female samples; (b) Electropherogram 
showing peaks of RSK4 and GAPDH in the male and female samples; (c) Electropherogram showing peaks of SRY and GAPDH in the male and female samples; (d) Elec-
tropherogram showing peaks of DAZ1 and GAPDH in the male and female samples; (e) Electropherogram showing peaks of DSCR3 and GAPDH in the normal and trisomy 21 
samples; (f) Electropherogram showing peaks of DSCR4 and GAPDH in the normal and trisomy 21 samples. The horizontal ordinate denotes amplification products length and 
the vertical ordinate denotes peak values. Black arrows indicate the complete absence of Y-SRY and Y-DAZ1 on the X-chromosome. 
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Discussion 
Herein, we have successfully designed and 

tested a new system for quantitative analysis of copy 
number variants. There were two significant reaction 
steps in this system. One was ligation reaction; where 
a pair of probes were hybridized with complementary 
template and linked together by induction of the 
DNA ligase to form PCR templates. The other reaction 
involved PCR amplification of the ligation products 
by universal primers. Whether these two processes 
had been accomplished successfully or not was the 
first key issue for such quantitative analysis. It was 
important to check whether the obtained PCR prod-
ucts were amplified with the ligation products and 
universal primers before the subsequent quantitative 
detection. Amplifications with a universal primer pair 
laid the foundation for relative quantification and 
from that the amplification efficiencies among differ-
ent ligated products could be homogenized [51]. The 
second key issue from this quantitative analysis was 
that a cross-reaction appeared between the probes of 
different target genes [52,53], so probes should be 
properly optimized. In this work, the gel electropho-
resis results showed that the cross-reaction among 
designed probes had been avoided (Fig. 4 and Fig. 7). 
Moreover, non-specific amplification might derive 
from the non-ligated probes, which would produce 
false positive signals and lower the integral analytical 
sensitivity [54]. The designed ligation probes should 
be optimized to reduce or eliminate the non-specific 
signal. The concentration of ligation probes should 
also be controlled at an extremely low level in com-
parison with the universal primers, as this could 
largely eliminate the non-specific signals. Addition-
ally, adding certain exonucleases to digest unligated 
oligonucleotides before amplification was also a use-
ful method [55]. The non-specific amplification was 
checked from the blank control group performed 
under the same reaction conditions without template. 

In the MNPs-CL system, the amino-modified 
probes were immobilized onto carboxylated MNPs 
and then hybridized with target DNA for CL detec-
tion after magnetic separation, which is currently one 
of new focuses in biological detection [56-59]. This 
system had been well developed in many studies, 
especially those involving original works from our 
laboratory [48, 60, 61, 62, 63]. Various experimental 
parameters had been optimized, including the MNPs 
amounts, carboxyl concentration to amino-MNPs, 
concentration of specific amino-probes, hybridization 
temperature and time, and so on. However, some 
parameters (for example, size, structure, concentra-
tion, and so on) tend to vary with detection of differ-
ent DNA targets. To make our current MNPs-CL sys-

tem suitable for quantitative detection in this study, 
we re-optimized some parameters for the functional-
ization and hybridization of MNPs to capture the 
target DNA based on the previous work. The density 
of carboxyl groups on the MNPs surface has a 
significant effect on the relative CL intensity since 
it determines the binding capacity of probes [61]. 
The SA modification with gradient concentration 
experiment indicated that the appropriate density 
of carboxyl groups could promote the hybridiza-
tion efficiency between probe-MNPs and PCR 
products, leading to the improved CL intensity 
(Fig. 5a). However, the excess of carboxyl groups 
hindered the capture ability of probe-MNPs for 
products. The optimal concentration of SA modi-
fication in this study was consistent with the re-
sults reported by Wang and Yang et al [61, 62], 
which was equally to 1 mM or close to 1 mM. This 
was higher than the reported concentrations (0.1 
mM) in the research by He et al [48], probably due 
to a high amplification and hybridization effi-
ciency of the artificial template. The probe struc-
ture also has significant effect on nucleic acid 
capture efficiency by MNPs. The result from the 
optimization of hybridization probes suggested that 
the structure of DNA molecules (probes length, 
binding site, and so on) tethered to surfaces might 
significantly have affected the hybridization efficien-
cy. The dynamics and interaction of DNA probes 
tethered on the silica surface could be investigated by 
a molecular dynamics simulation, which was helpful 
to better optimize the DNA probes design [63]. The 
simulation was performed by use of the CHARMM 
software package with CHARMM27 force field [64, 
65], and the resulting system was subjected to a series 
of minimizations through the CHARMM program 
[66]. By calculating the radius of gyration, tilt angles, 
and distances of the neighboring ssDNAs, the simu-
lation results suggested that the packing density had a 
significant effect on the change of the molecular ori-
entation and overall structure of surface-tethered 
ssDNAs. The hybridization temperature is another 
important factor which greatly affects the hybridiza-
tion efficiency and final CL intensity (Fig. 5c) [67]. It 
was also verified by other two genes (GSTT1 and 
GSTM1), polymorphism of which might be asso-
ciated with developing gastric cancer [68]. The 
genes were polymorphic and the null alleles re-
sulted in a lack of corresponding enzyme activities 
[69]. Null genotypes of both GSTM1 and GSTT1 
were found to predispose to stomach cancer [70] 
and as a result they were selected for the study of 
CNVs quantification. Likewise, the optimum hy-
bridization temperatures for both two genes were 
the same as that for GAPDH (Data not shown), 
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which illustrated that different probe sequences 
had no significant effect on the hybridization 
temperature. The determination of maximum 
binding capacity of probe-MNPs was an indis-
pensable step. If the binding capacity of the 
probe-MNPs was saturated, the excess target DNA 
fragment would be lost, causing a large deviation 
from the theoretical value and resulting in 
non-quantification. This could be investigated in 
three aspects, the modification concentration of 
probes, amplification cycles, and quantity of target 
DNA for hybridization. We chose the PCR cycles 
for optimization because they are more stable for 
eliminating the effects of non-specific amplifica-
tion and adsorption than others.  

To evaluate the feasibility for quantitative anal-
ysis, we investigated the linear range of MNPs-CL 
system by detecting the artificial DNA sequence at 
varying concentrations (Fig. 6). The CL results 
showed a good linear relationship in the concentra-
tion range from 0.02 pM to 200 pM. The sensitivity of 
this system was compared with several other DNA 
assay techniques based on MNPs. As shown in Table 
3, the sensitivity of the MNPs-CL system in this work 
is equal to or better than most other DNA assay tech-
niques, and even better than the same MNPs-CL assay 
for amplified DNA sequence [62]. It was therefore 
indicated that this system provided good specificity 
and sensitivity for DNA detection. This might be at-
tributed to highly efficient signal amplification by 
ligation-dependent PCR with biotin-labeled dUTP 
and magnetic separation. However, the background 
value was high and it did not perform well as ex-
pected, possibly due to the target sequences 
binding to the probe-MNPs nonspecifically. 
Non-specific binding might result from the special 
structure of molecules immobilized on the MNPs 
surface. Optimizing non-specific binding to reduce 
the background is a prerequisite for high-sensitive 
detection. Therefore, the CL system is for further 
optimization, both on the concentration of probes 
modified onto MNPs and concentration of STV-AP 
which could bind with AMPPD to generate the CL 
signals. The system would then be more suitable in 
the analysis of genomic diversity with a better 
detection limit and wider linear range. 

To demonstrate the usefulness of such a new 
system, we adapted it for the copy numbers detection 
of six selected genes. To obtain reliable results, a sta-
bly expressed reference gene (GAPDH) was used for 
data normalization, so that sample-to-sample varia-
tion could be controlled [79]. The ligation probes for 
both reference and test genes was mixed together to 
participate in the ligation-dependent PCR reaction 
within the same sample for statistical validity of rela-

tive quantification. In the design of ligation probes, a 
tag sequence, which could be captured by the relative 
probe-MNPs to separate multiple targets, was in-
serted between the universal primers and hybridiza-
tion sequences (Fig. 1). To develop a high-throughput 
DNA assay, it is important to reach a high degree of 
multiplexing. In the RT-PCR assay, the multiplexing 
required to interrogate a useful number of loci may be 
difficult to optimize, which is limited by the number 
of available fluorophores, the detection capabilities of 
the instrument, and high-budget for fluorescently 
labeled probes for each intended target. Likewise, the 
multiplexing of the MLPA assay would be reduced 
due to limitations on the maximum size of oligonu-
cleotide synthesis [80]. In our assay, the tag sequence 
was designed in the probes for identifying multiple 
targets without the limitation of the number. The 
generation of probes with tag sequences is far simpler 
than the M13 cloning required for MLPA probes 
which contain the variable length fragments for the 
identification of multiple targets [80]. Considering the 
said advantages, including unlimited number of mul-
tiple targets, simplicity and low-cost, tag sequences 
will have potential for application in the multiplexing 
of this MNPs-CL system.  

 

Table 3. Comparison of sensitivity for different DNA assay 
methods based on MNPs. 

Analytical method Label Detection 
limit 

Colorimetric detection Ag/SiO2 100 pM [71] 
Colorimetric detection Carbon nanotube-HRP 1 pM [72] 
Surface plasma resonance (SPR) Label-free 10-100 pM 

[73] 
Quartz crystal microbalance (QCM) Gold nanoparticle 32 pM [74] 
MNPs-electrochemical Gold nanoparticle 6 pM [75] 
Inductively coupled plasma mass 
spectrometry (ICPMS) 

Gold nanoparticle 200 fM [76] 

Magnetic concentra-
tion-fluorescence 

Quantum dots 500 fM [77] 

Fluorescence imaging Counting silica nano-
particles 

0.8 fM [78] 

MNPs-CL Catalytic DNAzyme 100 pM [56] 
MNPs-CL Gold nanoparticle 1 pM [58] 
MNPs-CL Horseradish peroxidase 

(HRP) 
100 fM [57] 

MNPs-CL Alkaline phosphatase 5 pM [62] 
MNPs-CL (this work) Alkaline phosphatase 10 fM 

 
 
The accuracy of the system was validated by an-

alyzing 40 human genome samples in comparison 
with the results by MLPA assay (Table 2). The MLPA 
test failed to yield expected results in two target 
genes, which suggested that the MLPA assay had 
some variability in results and should probably be 
performed repeatedly, or some more pairs of probes 
should be designed for the same loci in order to assure 
an accurate result [81]. In contrast, only one inconclu-
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sive result was reported in the MNPs-CL detection. It 
was thus inferred that a high background value 
would decrease the sensitivity of CL system, and the 
inevitable loss of MNPs in practical operation affected 
the accuracy of quantification, which produced a sig-
nificant deviation from the expected values. However, 
the results from this novel system suggested that such 
developed system was acceptable to determine 
chromosomal DNA copy number changes, especially 
deletions and duplications, and would therefore be 
suitable for CNV analysis. Further optimization for 
sensitivity improvement would be required to capture 
template DNA of low copy numbers and obtain an 
accurate result, such as use of multiple probes. The 
CNVs are distributed widely in the human genome 
[82,83] and the single probe-based hybridization 
might cause systemic errors unpredictably and una-
voidably. Some studies reported that more pairs of 
hybridization probes produced much better differen-
tiation results than one pair of probes. For example, 
Guo et al [51] investigated the effect of hybridization 
probe number on the discrimination power of the 
MLPA/RT-PCR method, and the results showed that 
eight pairs of hybridization probes for one chromo-
some demonstrated substantially larger F value than 
one pair of probes. Shen et al [50] developed their own 
MLPA assays for quick validation of array compara-
tive genomic hybridization (CGH) findings using all 
synthetic MLPA probes, where they designed 14 pairs 
of probes for 12 exons in Park2 gene, and two pairs of 
probes for the exons with large size. The MLPA assay 
confirmed all the duplications and deletions, demon-
strating 100% specificity and sensitivity. Therefore, 
the random errors could largely be eliminated via the 
use of multiple probes, and that would yield a cumu-
lative signal. 

The system developed for CNV analysis in this 
study required DNA hybridization to probe-MNPs 
and CL detection after ligation-dependent PCR, 
which seems more complex than the MLPA assay. 
However, it is still feasible and useful for DNA quan-
tification and CNV analysis, with advantages such as, 
low-cost, high accuracy, good specificity and sensi-
tivity. Moreover, a high throughput SNP automatic 
detection system based on MNPs and dual-color hy-
bridization or single base extension was recently de-
veloped at our group [84]. This detection system can 
realize sample preparation, target sequence amplifi-
cation, signal detection and data analysis automati-
cally. It is therefore our continuous work to integrate 
such MNPs-CL assay with the system described 
above for simplicity, automation and high through-
put. 

Conclusion 
In summary, a novel method based on mag-

netic nanoparticles, ligation-dependent PCR, and 
chemiluminescence detection technique for quantita-
tive analysis of copy number polymorphisms has 
been developed and described herein. The PCR, hy-
bridization and CL detection conditions for the sys-
tem were optimized and nucleic acid sequences were 
detected by a CL signal.. To verify the feasibility of 
the MNPs-CL system, copy number variation 
analysis for six target genes in genomic DNA was 
successfully performed using this new system. In 
comparison with the MLPA assay, the new 
MNPs-CL system showed high accuracy for detec-
tion of copy number changes. This system has the 
advantages of having low-cost, simplicity, high 
specificity and sensitivity, which will have great 
potential for application in analysis of genome 
diversity. Moreover, the method should further be 
improved for its stability, repeatability, and ap-
plication in detecting the variants of genomic DNA 
in different diseases under further investigation. 
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