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Visual	
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  based	
  on	
  Mie	
  scattering	
  and	
  
magnetophoretic	
  effect	
  
Zichen	
  Zhao,a	
  Shan	
  Chen,a	
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  Ho,a	
  Ching-­‐Chang	
  Chieng,a	
  and	
  Ting-­‐Hsuan	
  Chen*a,b,c	
  

Visual	
  detection	
  of	
  nucleic	
  acid	
  biomarkers	
   is	
  a	
  simple	
  and	
  convenient	
  approach	
  to	
  point-­‐of-­‐care	
  applications.	
  However,	
  
issues	
  of	
  sensitivity	
  and	
  the	
  handling	
  of	
  complex	
  bio-­‐fluids	
  have	
  posed	
  challenges.	
  Here	
  we	
  report	
  on	
  a	
  visual	
  method	
  of	
  
detecting	
  nucleic	
  acids	
  using	
  the	
  Mie	
  scattering	
  of	
  polystyrene	
  microparticles	
  and	
  the	
  magnetophoretic	
  effect.	
  Magnetic	
  
microparticles	
   (MMPs)	
   and	
   polystyrene	
  microparticles	
   (PMPs)	
  were	
   surface-­‐functionalised	
  with	
   oligonucleotide	
   probes,	
  
which	
   can	
   hybridise	
   with	
   target	
   oligonucleotides	
   in	
   juxtaposition	
   and	
   lead	
   to	
   the	
   formation	
   of	
   MMPs-­‐targets-­‐PMPs	
  
sandwich	
   structures.	
   Using	
   an	
   externally	
   applied	
   magnetic	
   field,	
   the	
   magnetophoretic	
   effect	
   attracts	
   the	
   sandwich	
  
structure	
   to	
   the	
   sidewall,	
   which	
   reduces	
   the	
   suspended	
   PMPs	
   and	
   yields	
   a	
   change	
   in	
   the	
   light	
   transmission	
   via	
   Mie	
  
scattering.	
   Based	
   on	
   the	
   high	
   extinction	
   coefficient	
   of	
  Mie	
   scattering	
   (~3	
   orders	
   of	
  magnitude	
   greater	
   than	
   that	
   of	
   the	
  
commonly	
  used	
  gold	
  nanoparticles),	
  our	
  results	
  showed	
  the	
  limit	
  of	
  detection	
  to	
  be	
  4	
  pM	
  by	
  UV-­‐Vis	
  spectrometer	
  or	
  10	
  
pM	
  by	
  direct	
  visual	
  inspection.	
  Meanwhile,	
  we	
  also	
  demonstrated	
  that	
  this	
  method	
  is	
  compatible	
  with	
  multiplexed	
  assays	
  
and	
  detection	
  in	
  complex	
  bio-­‐fluids,	
  such	
  as	
  whole	
  blood	
  or	
  a	
  pool	
  of	
  nucleic	
  acids,	
  without	
  purification	
  in	
  advance.	
  With	
  a	
  
simplified	
  operation	
  procedure,	
  a	
   low	
  instrumentation	
  requirement,	
  high	
  sensitivity	
  and	
  compatibility	
  with	
  complex	
  bio-­‐
fluids,	
  this	
  method	
  provides	
  an	
  ideal	
  solution	
  for	
  visual	
  detection	
  of	
  nucleic	
  acids	
  in	
  resource-­‐limited	
  settings.	
  

Introduction	
  
Short, single-stranded nucleic acids often serve as biomarkers 
of disease and bioterrorism agents. Their detection has broad 
applications, such as in pathogen identification1-4 and disease 
diagnosis5, 6. Many platforms have been developed for detecting 
nucleic acid molecules with specific sequences, including 
polymerase chain reaction (PCR)7-14, Bio-barcode-based 
detection15, 16 and electrochemistry17, 18. PCR-based methods, in 
particular, have been largely used to detect nucleic acids in 
ultra-low abundance. However, this approach requires labour-
intensive procedures and cumbersome instrumentation. These 
limitations have created significant challenges in healthcare 
medication in developing countries and other resource-limited 
sites. For example, the recent Ebola virus outbreak in Africa 
was partially due to the lack of diagnostic facilities in many 
local hospitals and clinics19. Thus, effective detection and 
diagnosis, suitable for low-resource settings, is of particular 
importance.  
 It is clear that there is a high potential demand for a simple 
and efficient approach. In recent years, the development of 
visual detection methods based on gold nanoparticles 

(AuNPs)20-26, silver nanoparticles27 and graphene oxide28 has 
increased rapidly because of their simplicity and the visual 
readouts produced29-35. Mirkin and coworkers pioneered a 
AuNP-based colourimetric assay29. Typically, AuNPs have 
been surface-functionalised with detection probes designed to 
bind with target molecules20, 26, 29, 36, 37. Thus, the presence of 
target molecules induces the aggregation of AuNPs by forming 
a sandwich-type structure, i.e. AuNPs-targets-AuNPs, resulting 
in a change of bulk solution colour from red to purple readable 
by visual inspection or spectrometry20, 26, 29. Numerous methods 
based on AuNP aggregation have been developed to detect 
DNAs/RNAs, protein and metal ions26, 29, 37. Moreover, to 
improve its sensitivity, enzymatic38 or non-enzymatic DNA 
circuit39, 40 were recently employed41-44. In addition, a lateral 
flow strip based on AuNPs was also developed that can provide 
a fast and visual readout for detection of nucleic acids45, 46. In 
particular, by using magnetic microparticles (MMPs) the 
AuNP-based assay was developed into a magnetophoretic assay 
with significantly reduced detection time and simplified 
equipment requirement47-49. However, although AuNPs are 
widely used, their modification is time-consuming and requires 
delicate protocols to stabilise their mono-dispersion. For 
example, the mono-dispersed AuNPs are sensitive to ionic 
strength of the solution49, 50. Alternation of the ionic strength 
may result in undesirable aggregation, creating additional 
uncertainly in optimising the assay sensitivity and 
repeatability47, 51 and making it incompatible with complex 
environments such as bio-fluids. On the other hand, the 
intrinsic colour of a biological sample can create significant 
interference for colourimetric assays. Consequently, delicate 
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preparation or biomarker purification may be required, which 
restricts the practicality of the assay.  
 Here we report on a new visual detection method for nucleic 
acids, based on Mie scattering and magnetophoretic effect (Fig. 
1). Instead of AuNPs, we used polystyrene microparticles 
(PMPs) with a 1.04 µm diameter as the suspended particles. 
Two probes, P1 and P2, were designed to hybridise in 
juxtaposition with a target oligonucleotide. As such, using 
MMPs modified with P1 and PMPs modified with P2, the 
present target oligonucleotides led to the formation of an 
MMPs-targets-PMPs sandwich structure, which were attracted 
to the sidewall when an external magnet was attached, thus 
changing the solution turbidity from opaque to transparent. 
Importantly, the change in turbidity was caused by the Mie 
scattering due to the size of the PMPs, which could effectively 
attenuate the light transmission52, 53 with a significantly 
enhanced extinction coefficient greater than that of AuNPs (~3 

orders of magnitude, Fig. S1). In addition, PMPs showed 
improved stability in their dispersion, rapid modification 
through a streptavidin-biotin link and enhanced compatibility 
with complex bio-fluids. Based on the enhanced light scattering 
effect and stability, this method achieved a limit of detection at 
16 pM by the naked eye and 4 pM by spectrometry. In addition, 
it is compatible with multiplexed assays and detections in 
complex bio-fluid, such as whole blood or a pool of nucleic 
acids, without purification in advance. With its simple 
procedure, low instrumentation requirement and sufficient 
sensitivity, this method provides an ideal solution for 
applications in resource-limited settings. 

Materials	
  and	
  Methods	
  
Oligonucleotide sequences	
  	
  
The single-stranded oligonucleotides were purchased from 
Sangon Biotech Ltd. (Shanghai, China) and dissolved in Tris-
ethylenediaminetetraacetic acid (Tris-EDTA) buffer. The 
sequences are listed in Table 1 and Table S1. Oligonucleotide 
probes, P1rpoB pairing with P2rpoB and P1capC pairing with P2capC, 
were designed with sequence complementary to the target 
oligonucleotides TrpoB and TcapC, respectively, in juxtaposition. 
TrpoB+30A and TrpoB+60A are targets of which 30 bases and 60 
bases of adenine (A) were inserted in the middle of the 
sequence of TrpoB, respectively (Table S1).  The SNP A, SNP G 
and SNP C oligonucleotides were designed with single-base 
mismatches (shown in bold italics in Table 1) compared to TrpoB. 
The probes and auxiliary blocker oligonucleotide, pagA, were 
biotinylated, such that they can spontaneously attach to 
streptavidin-coated MMPs of 0.90 µm (CM01N, Bangslab, 
USA) and streptavidin-coated PMPs of 1.04 µm (CP01F, 
Bangslab, USA) and 0.97 µm.  
 
Modification of microparticles  

Fig.	
   1	
   Operating	
   principle	
   for	
   the	
   visual	
   detection	
   of	
   nucleic	
   acids.	
   (a)	
  
Two	
  types	
  of	
  microparticles	
  were	
  used:	
  magnetic	
  microparticles	
  (MMPs)	
  
modified	
  with	
  both	
  P1rpoB	
  +	
  pagA	
  and	
  polystyrene	
  microparticles	
  (PMPs)	
  
modified	
   with	
   P2rpoB	
   +	
   pagA.	
   When	
   the	
   target	
   oligonucleotides,	
   TrpoB,	
  
hybridise	
  with	
  the	
  P1rpoB	
  and	
  P2rpoB	
  in	
  juxtaposition,	
  MMPs	
  and	
  PMPs	
  link	
  
together,	
   such	
   that	
   an	
   externally	
   applied	
   magnetic	
   field	
   can	
   attract	
  
MMPs	
  and	
  the	
  linked	
  PMPs,	
  yielding	
  a	
  change	
  in	
  light	
  transmission	
  and	
  
solution	
   turbidity	
   via	
   Mie	
   scattering.	
   (b)	
   Optical	
   images	
   showing	
   the	
  
changes	
  in	
   light	
  transmission	
  in	
  response	
  to	
  the	
  presence	
  of	
  the	
  target,	
  
TrpoB.	
  When	
  TrpoB	
  was	
  present,	
  the	
  solution	
  became	
  transparent	
  (left).	
   In	
  
contrast,	
   when	
   target	
   TrpoB	
  was	
   absent,	
   the	
   solution	
   remained	
   opaque	
  
(right).	
  

	
  

Table	
  1.	
  The	
  sequences	
  of	
  the	
  single-­‐strand	
  oligonucleotides	
  	
  

Strand name Sequence 

TrpoB 5’-ACTTGTGTCTCGTTTCTTCGATCCAAAGCG-3’ 

P1rpoB 5’-AAACGAGACACAAGT-/biotin/-3’ 

P2rpoB 

pagA 

5’-/biotin/ CGCTTTGGATCGAAG-3’ 

5’-CTCGAACTGGAGTGA-/biotin/-3’ 

TcapC 5’-ATGCCATTTGAGATTTTTGAATTCCGTGGT-3’ 

P1capC 5’-AATCTCAAATGGCAT-/biotin/-3’ 

P2capC 5’-/biotin/-ACCACGGAATTCAAA-3’ 

SNP A 5’-ACTTGTGACTCGTTTCTTCGATCCAAAGCG-3’ 

SNP G 5’-ACTTGTGGCTCGTTTCTTCGATCCAAAGCG-3’ 

SNP C 5’-ACTTGTGCCTCGTTTCTTCGATCCAAAGCG-3’ 
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Based on the streptavidin-biotin bonds, the MMPs were 
modified with P1rpoB and pagA, while the PMPs were modified 
with P2rpoB and pagA. Briefly, a 3.5 µl suspension of MMPs (10 
mg/ml) was mixed with 2.5 µg P1rpoB and 2.5 µg pagA. A 3.5 µl 
suspension of PMPs (10 mg/ml) was mixed with 2.5 µg P2rpoB 
and 2.5 µg pagA. The mixtures were incubated for 30 min at 
room temperature with gentle shaking, allowing immobilisation 
of biotinylated oligonucleotides on streptavidin-coated 
microparticles. Next, the MMPs and PMPs were rinsed with 
200 µl of wash buffer (20 mM Tris-HCl, pH 7.5, 1 M NaCl, 1 
mM EDTA, 0.0005% Trition X-100) three times to remove 
residual oligonucleotides. For each washing step, the MMPs 
were collected using a magnetic separation rack, while the 
PMPs were collected using a centrifuge (13.8 × g for 5 min). 
 
PMP-based magnetophoretic assay  
Two protocols were used. Modified MMPs and PMPs (35 µg 
each) were first mixed in 20 µl of hybridisation buffer (10 mM 
Tris-HCl, 1 mM EDTA, 1 M NaCl, 0.2% Tween 20, pH 8.2) 
and the supernatant was removed after centrifugation (13.8 × g 
for 5 min). In the first protocol, 20 µl of hybridisation buffer 
with varying concentrations of the target TrpoB, TrpoB+30A, 
TrpoB+60A, SNP A, SNP G or SNP C was mixed with MMPs 
and PMPs for 30 min at room temperature with gentle shaking. 
In the second protocol, 1500 µl of hybridisation buffer with 
varying concentrations of target TrpoB was first mixed with 35 
µg of MMPs for 30 min at room temperature with gentle 
shaking. The MMPs were then washed and separated from the 
suspension using a magnetic separation rack and the MMPs 
with TrpoB were mixed with the modified PMPs  (35 µg) in 20 
µl of hybridisation buffer for 30 min with gentle shaking. 
Finally, a magnetic separation rack or a magnet was used to 
provide magnetic attraction that pulls the MMPs and MMPs-
targets-PMPs towards the sidewall, allowing the solution 
turbidity observed by the naked eye or quantitatively analysed 
by a UV-Vis spectrometer (BioDrop µLITE, UK). 
 
Multiplexed assay  
The MMPs were simultaneously modified with P1rpoB and 
P1capC, to capture targets TrpoB and TcapC, respectively. The 
PMPs of 1.04 µm diameter were modified with P2rpoB and pagA, 
while the PMPs of 0.97 µm diameter were modified with P2capC 
and pagA. Briefly, a 3.5 µl suspension of MMPs (10 mg/ml) 
was mixed with 2.5 µg P1rpoB and 2.5 µg P1capC. A 3.5 µl 
suspension of 1.04 µm diameter PMPs (10 mg/ml) was mixed 
with 2.5 µg P2rpoB and 2.5 µg pagA. Similarly, a 3.5 µl 
suspension of 0.97 µm diameter PMPs (10 mg/ml) was mixed 
with 2.5 µg P2capC and 2.5 µg pagA. These mixtures were 
incubated for 30 min at room temperature with gentle shaking 
and the MMPs and two modified PMPs were then rinsed with 
200 µl of wash buffer, three times, to remove residual 
oligonucleotides. For each washing step, the MMPs were 
collected using a magnetic separation rack, while the PMPs 
were collected by centrifugation (13.8 × g for 5 min). Next, 
1500 µl of hybridisation buffer with different types of target 
oligonucleotides (a blank sample containing only buffer 
solution, TrpoB, TcapC or TrpoB + TcapC) at 50 pM, was first mixed 

with the MMPs and incubated for 30 min at room temperature 
with gentle shaking. The MMPs were then separated from the 
suspension by a magnetic separation rack. Subsequently, the 
suspension of two types of modified PMPs was mixed with the 
MMPs in 20 µl of hybridisation buffer and the mixture was 
incubated for 30 min at room temperature with gentle shaking. 
Finally, a magnetic separation rack or a magnet was used to 
provide magnetic attraction removing the MMPs and MMPs-
targets-PMPs from the suspension, and the solution turbidity 
was quantitatively analysed using a UV-Vis spectrometer.  
 
Detection in a complex bio-fluid environment 
MMPs and PMPs modified with probes recognising TrpoB were 
prepared as described. Next, 1500 µl of rabbit whole blood 
(Qiyi Biological Technology Co., Ltd.) or solution of nucleic 
acid pool isolated from human mammary gland metastatic 
epithelial cells (MDA-MB-231, see Electronic Supplementary 
Information), with varying concentrations of the target TrpoB, 
was mixed with 35 µg of MMPs and incubated for 30 min at 
room temperature with gentle shaking. The MMPs were then 
collected from the bio-fluid by a magnetic separation rack and 
rinsed in 1500 µl of wash buffer, three times, to remove the 
residual rabbit blood. This step removed the target TrpoB from 
the interference of the bio-fluid environment. Afterwards, the 
MMPs were mixed with 35 µg of modified PMPs in 20 µl of 
hybridisation buffer and incubated for 30 min at room 
temperature with gentle shaking. A magnetic separation rack or 
a magnet was used for magnetic attraction, and the solution 
turbidity was observed directly by the naked eye or quantified 
using a UV-Vis spectrometer.  

Results	
  	
  
Operating principle	
  	
  
The schematic is shown in Fig. 1a. To detect the target TrpoB, 
the biotinylated oligonucleotides, P1rpoB and P2rpoB, were 
designed with sequences complementary to TrpoB, in 
juxtaposition. P1rpoB and P2rpoB were immobilised onto 
streptavidin-coated MMPs and PMPs, respectively, via biotin-
streptavidin interactions. As such, when TrpoB was present, 
P1rpoB and P2rpoB hybridised with TrpoB simultaneously, forming 
a sandwich-like structure, MMPs-TrpoB-PMPs. Thus, using a 
magnetic field, the PMPs were carried by the MMPs towards 
the sidewall, making the suspension transparent (Fig. 1b). In 
contrast, when TrpoB was absent, the PMPs were freely 
suspended in the solution, which made the suspension opaque 
due to the Mie scattering.  
 We first investigated whether there was any non-specific 
binding if only P1rpoB and P2rpoB were used. The MMPs 
modified with P1rpoB and the PMPs modified with P2rpoB were 
mixed in 20 µl of hybridisation buffer and the suspension was 
placed onto a magnetic separation rack. The results showed that 
the suspension rapidly became transparent (Fig. 2). Using a 
UV-Vis spectrometer, the measurement yielded a low 
absorbance at 400 nm, indicating strong non-specific binding 
between MMPs and PMPs, even though the target TrpoB was 
absent (Fig. 2). We hypothesised that the partial complementary 
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sequence between P1rpoB and P2rpoB, “5’-AAA-3’” on P1rpoB 
pairing with “3’-TTT-5’” on P2rpoB or “5’-CGA-3’” on P1rpoB 
pairing with “3’-TCG-5’” on P2rpoB, could be the reason for 
such spontaneous binding between MMPs and PMPs. To verify 
this, the modification of PMPs was changed to P2capC, which 
has no sequence complementary with P1rpoB. After magnetic 
attraction, the suspension remained opaque, validating that the 
strong non-specific binding between P1rpoB- and P2rpoB-
modified microparticles was due to the hybridisation of partial 
complementary sequences.  
 To avoid this non-specific binding, a biotinylated auxiliary 
oligonucleotide  (pagA) was introduced. The sequence of pagA 
was partially complementary to P1rpoB at “5’-CTCG-3’” and 
P2rpoB at “5’-TCGA-3’”. Therefore, pagA could partially 
hybridise with P1rpoB and P2rpoB. As such, when TrpoB was 
present, the partial hybridisation denatured and P1rpoB and 
P2rpoB can then hybridise with TrpoB in juxtaposition, forming 
the sandwich structures that make the suspension transparent 
through the magnetophoretic effect. T o demonstrate the 
feasibility of this mechanism, we used MMPs modified with 
P1rpoB and pagA, and PMPs modified with P2rpoB and pagA. 
The result showed that the non-specific binding was eliminated 
(Fig. 2). 
 We next tested the limit of detection using 20 µl of TrpoB 
solution at various concentrations (0 M, 0.05 nM, 0.5 nM, 1 nM, 
2 nM, 3 nM, 4 nM, 5 nM, 10 nM, 20 nM and 50 nM). The 
suspension from 0 M was completely opaque. In contrast, as the 
concentration of TrpoB increased, the suspension gradually 
became transparent. The difference can  be discriminated by the 
naked eye when concentrations of TrpoB were greater than 2 nM 
(Fig. 3a). Using a UV-Vis spectrometer, the spectral 
absorbance of the suspension was analysed (Fig. 3b-c). 
According to the absorbance at 400 nm, the limit of detection 
was 50 pM. Note that the absorbance was inversely 
proportional to the concentration of TrpoB and had a linear range 
of 50 pM ~ 2 nM (R2 = 0.997, Fig. 3d). Moreover, in this 
detection strategy, the MMPs and PMPs were used as the final 
detecting agents to directly react with the target solution in 20 
µl. Thus, the duration was only 10 ~ 30 min. When the 
concentration of target oligonucleotide was high, detection was 
almost in real-time and was visible to the naked eye.   
 Moreover, to test whether the detection is applicable to longer 
target oligonucleotides, we designed the sequences of TrpoB+30A and 
TrpoB+60A, of which 30 bases and 60 bases of adenine (A) were 
inserted in the middle of the sequence of TrpoB, respectively (Table 
S1). The results showed that the suspensions resulting from 10 nM 
of TrpoB, TrpoB+30A and TrpoB+60A became all transparent and had 
similar level of absorbace (Fig. S3), indicating the compatibility with 
the detection of targets with longer length.  
 
Optimisation of experimental conditions 
Considering that target molecules are mostly present in more 
dilute and complex environments, we next optimised the 
experimental protocol to adapt to these. Magnetic particles have 
been frequently used for extraction and purification of target 
molecules54, 55. Thus, the magnetophoretic assay was broken 
into two steps: 1) target oligonucleotide extraction and 2) visual 

detection. After preparation of MMPs and PMPs, the MMPs 
were first used to extract the TrpoB from a diluted sample 
solution of larger volume, e.g. 1500 µl. After incubation and 
washing, the PMPs were then introduced to the MMPs carrying 
the target TrpoB, followed by visual detection of the suspension 
using magnetic attraction. Lower concentrations of the TrpoB 
solution were used, including 0 M, 4 pM, 10 pM, 16 pM, 32 
pM, 64 pM and 128 pM. The results showed that when using 
MMPs for target extraction, the limit of detection was reduced 
to 4 pM by the spectrum analysis (Fig. 4a-b) and 10 pM by 
visual inspection. Meanwhile, the spectral absorbance 
decreased as the concentration of TrpoB increased (Fig. 4c), with 
a linear range of 4 pM ~ 128 pM detected using a UV-Vis 
spectrometer (Fig. 4d). 
 
Multiplexed assay 
On the basis of the optimised experimental conditions, we next 
explored the possibility of multiplexed detection for two types 
of target molecules, TrpoB and TcapC. We first tested the 
specificity of this assay by analysing single nucleotide 
polymorphisms (SNPs). SNP A, SNP G and SNP C were 
designed based on the target oligonucleotides TrpoB but with the 
eighth nucleotide, T, replaced by A, G or C (Table 1). The 
results showed that, although the relative absorbance for the 
solutions of SNP A, SNP G and SNP C were slightly lower 
compared to the blank sample (hybridisation buffer with 0 M of 
the target), they were significantly different from that of TrpoB 
(Fig. 5), indicating the ability to differentiate target 
oligonucleotides with single nucleotide mismatched sequen ces. 

Fig.	
   2	
   Elimination	
   of	
   non-­‐specific	
   binding	
   between	
   MMPs	
   and	
   PMPs.	
  
Optical	
   images	
   and	
   relative	
   UV-­‐Vis	
   spectral	
   absorbance	
   at	
   400	
   nm	
  
showing	
   that,	
   for	
  MMPs	
  modified	
  with	
   P1rpoB	
  and	
   PMPs	
  modified	
   with	
  
P2rpoB,	
   the	
   partial	
   hybridisation	
   between	
   P1rpoB	
   and	
   P2rpoB	
   led	
   to	
   non-­‐
specific	
   binding	
   and	
  made	
   the	
   suspension	
   transparent,	
   even	
  when	
   the	
  
target	
   oligonucleotides	
   were	
   absent.	
   This	
   non-­‐specific	
   binding	
   can	
   be	
  
eliminated	
  using	
  MMPs	
  modified	
  with	
  P1rpoB	
  +	
  pagA	
  and	
  PMPs	
  modified	
  
with	
   P2rpoB	
   +	
   pagA,	
   where	
   auxiliary	
   oligonucleotide	
   pagA	
   was	
   able	
   to	
  
block	
   the	
   partial	
   hybridisation,	
   or	
   by	
   using	
   a	
   pair	
   of	
   oligonucleotide	
  
probes	
  that	
  have	
  no	
  partial	
  hybridisation,	
  such	
  as	
  P1rpoB	
  and	
  P2capC.	
  The	
  
absorbance	
  of	
   the	
  suspension	
   resulting	
   from	
   the	
  modification	
  with	
   the	
  
auxiliary	
   block	
   was	
   used	
   as	
   the	
   reference.	
   The	
   relative	
   absorbance	
   is	
  
from	
  repeated	
  experiments	
  (mean	
  ±	
  SEM,	
  n	
  =	
  3).	
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   For the multiplexed assay, a second type of PMP with a 
0.97 µm diameter was introduced to detect TcapC. As PMPs 
differ in size, the spectrum of absorbance in the suspension of 
PMPs showed a red shift (Fig. S2), providing signal characters 
for multiplexed assays. We used the 0.97 µm diameter PMPs 
modified with P2capC and pagA to detect TcapC and the 1.04 µm 
diameter PMPs modified with P2rpoB and pagA to detect TrpoB. 
The MMPs were simultaneously modified with P1capC and 
P1rpoB. Before exposure to TrpoB or TcapC, the mixed particle 
suspension showed an absorbance peak near 379 nm (Fig. 6). 
However, when the solution of TrpoB at 50 pM was mixed with 
the particles, after incubation, magnetic attraction only pulled 
the 1.04 µm diameter PMPs to the sidewall, leaving the 0.97 
µm diameter PMPs suspended and the absorbance peak shifted 
from 379 nm to 364 nm. In  contrast, for the solution containing 
only TcapC, only the 0.97 µm diameter PMPs were magnetically 

attracted, shifting the absorbance peak to 396 nm. In addition, 
when both TrpoB and TcapC were present, both kinds of PMPs 
were attracted to the sidewall, resulting in a transparent 
suspension with nearly zero absorbance. Thus, these 
combinatory experiments demonstrate that this PMP-based 
magnetophoretic assay is capable of multiplexed detection of 
target oligonucleotides at concentrations as low as 50 pM.  
 
Detection in a complex bio-fluid environment 
Nucleic acid biomarkers such as microRNAs, short 
oligonucleotides present in the blood stream, were recently 
found to show  promise for cancer classification and 
prognostication56. However, for other visual detections based 
on AuNPs, the dispersion of AuNPs may be unstable due to 
interfering material in whole blood, such as cells, DNAs/RNAs 
and proteins. Moreover, the intrinsic colour of whole blood 

Fig.	
   3	
   Detection	
   of	
   TrpoB	
   solution	
   of	
   varying	
   concentration.	
   (a)	
   Optical	
   images	
   showing	
   the	
   changes	
   in	
   solution	
   turbidity	
   in	
   response	
   to	
   different	
  
concentrations	
  of	
  TrpoB.	
  (b)	
  UV-­‐Vis	
  spectral	
  absorbance	
  of	
  the	
  suspension	
  of	
  (a).	
  (c)	
  Relative	
  UV-­‐Vis	
  spectral	
  absorbance	
  at	
  400	
  nm	
  of	
  the	
  suspension	
  from	
  
repeated	
  experiments	
  (mean	
  ±	
  SEM,	
  n	
  =	
  3).	
   (d)	
  Analysis	
  of	
  the	
   relative	
  UV-­‐Vis	
  spectral	
  absorbance	
  at	
  400	
  nm	
  of	
   the	
  suspension	
   resulting	
   from	
  varying	
  
concentrations	
  of	
  TrpoB.	
   Inset:	
  the	
  linear	
  range	
  between	
  the	
  concentration	
  of	
  TrpoB	
  and	
  the	
  relative	
  UV-­‐Vis	
  spectral	
  absorbance	
  at	
  400	
  nm.	
  The	
  absorbance	
  
of	
  the	
  suspension	
  resulting	
  from	
  the	
  blank	
  sample	
  (hybridisation	
  buffer	
  with	
  0	
  M	
  target	
  oligonucleotides)	
  was	
  used	
  as	
  the	
  reference.	
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causes significant interference for the colourimetric readout, 
creating considerable challenges for detection sensitivity and 
stability. Therefore, before the assay, extraction and 
purification of biomarkers is usually required, which is difficult 
for point-of-care applica  tions.  
 To demonstrate the stability of our assay in complex 
environments, we next investigated whether the optimised 
visual assay was compatible with complex bio-fluid. Compared 
to AuNPs, one of the advantages of using PMPs is the stability 
of the particle suspension and the tolerance of interfering 
biomolecules. We first conducted detection under the 
interference from a pool of nucleic acids isolated from human 
mammary gland metastatic epithelial cells (MDA-MB-231, see 
Electronic Supplementary Information). Using the optimised 
protocol, TrpoB was extracted by MMPs, followed by washing 
steps to remove the residual bio-fluid via magnetic separation. 

The MMPs with extracted TrpoB were then mixed with the 
PMPs for the magnetophoretic assay. One hundred pM of TrpoB 
was mixed with 641 ng/ml RNAs extracted from cell lysate. 
The result showed that the presence of interfering molecules 
does not hinder the detection (Fig. 7a).  
 Furthermore, to demonstrate the compatibility to whole 
blood environment, we used the target molecule TrpoB mixed in 
undiluted rabbit blood at concentrations of 0 M, 5 pM, 50 pM, 
500 pM, 5 nM and 50 nM. The results showed that, although 
the total absorbance was reduced, possibly caused by non-
specific binding of the complex components of blood, we still 
achieved a limit of detection as low as 50 pM by visual 
inspection and 5 pM by UV-Vis spectral analysis (Fig. 7b). 
Together, these results demonstrated that our PMP-ba  sed 
magnetophoretic assay is compatible with complex bio-fluids, 
retaining the high sensitivity without the need for additional 

Fig.	
  4	
  Detection	
  of	
  diluted	
  TrpoB	
  solution	
  using	
  optimised	
  experimental	
  conditions.	
  (a)	
  Optical	
  images	
  showing	
  the	
  changes	
  in	
  solution	
  turbidity	
  in	
  response	
  
to	
  the	
  concentrations	
  of	
  TrpoB.	
  (b)	
  UV-­‐Vis	
  spectral	
  absorbance	
  of	
  the	
  suspension	
  of	
  (a).	
  (c)	
  Relative	
  UV-­‐Vis	
  spectral	
  absorbance	
  at	
  400	
  nm	
  of	
  the	
  suspensions	
  
from	
  repeated	
  experiments	
  (mean	
  ±	
  SEM,	
  n	
  =	
  3).	
  (d)	
  Analysis	
  of	
  the	
  relative	
  UV-­‐Vis	
  spectral	
  absorbance	
  at	
  400	
  nm	
  of	
  the	
  suspension	
  resulting	
  from	
  varying	
  
concentrations	
  of	
  TrpoB.	
   Inset:	
  the	
  linear	
  range	
  between	
  the	
  concentration	
  of	
  TrpoB	
  and	
  the	
  relative	
  UV-­‐Vis	
  spectral	
  absorbance	
  at	
  400	
  nm.	
  The	
  absorbance	
  
of	
  the	
  suspension	
  resulting	
  from	
  the	
  blank	
  sample	
  (hybridisation	
  buffer	
  with	
  0	
  M	
  target	
  oligonucleotides)	
  was	
  used	
  as	
  the	
  reference.	
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purification processes, indicating its potential for future 
practical applications such as on-site examination. 

Discussion	
  
This approach has many advantages over the most recent visual 
detection of nucleic acids, as compared in Table 2. The use of 
magnetic microparticles offers an extremely convenient and 

economical method of processing complex sample solutions by 
extracting and purifying the diluted nucleic acid targets from 
complex fluids. PMPs also have the advantage of greatly 
enhanced suspension stability, which is important for the visual 
detection of biomarkers in complex bio-fluid. In addition, 
compared with methods using AuNPs, which require time-
consuming modification (~16 hours)  and delicate protocols to 
stabilise their mono-dispersion, the effective streptavidin-biotin 
links for the modification of PMPs offers a much more efficient 
and stable approach. 
 In addition to the stability and convenience of our method, 
the enhanced extinction coefficient due to the Mie scattering by 
PMPs provides a limit of detection lower than, or comparable 

Fig.	
  7	
  Detection	
  in	
  complex	
  bio-­‐fluid	
  environment.	
  (a)	
  Optical	
  images	
  and	
  
relative	
  UV-­‐Vis	
   spectral	
  absorbance	
  at	
  400	
  nm	
  showing	
   the	
  changes	
  of	
  
solution	
   turbidity	
   when	
   TrpoB	
   was	
   present	
   at	
   100	
   pM	
   or	
   absent	
   in	
   the	
  
nucleic	
   acid	
   pool.	
   The	
   absorbance	
   resulting	
   from	
   the	
   blank	
   sample	
  
(solution	
  of	
  nucleic	
  acid	
  pool	
  without	
  target	
  oligonucleotides)	
  was	
  used	
  
as	
  the	
  reference.	
  The	
  relative	
  absorbance	
  is	
  from	
  repeated	
  experiments	
  
(mean	
   ±	
   SEM,	
   n	
   =	
   3).	
   (b)	
   Optical	
   images	
   and	
   relative	
   UV-­‐Vis	
   spectral	
  
absorbance	
   at	
   400	
   nm	
   showing	
   the	
   changes	
   in	
   solution	
   turbidity	
   with	
  
varying	
   concentrations	
   of	
   TrpoB.	
   The	
   absorbance	
   of	
   the	
   suspension	
  
resulting	
   from	
   the	
   blank	
   sample	
   (hybridisation	
   buffer	
   with	
   0	
   M	
   target	
  
oligonucleotides)	
  was	
  used	
  as	
  the	
  reference.	
  The	
   relative	
  absorbance	
   is	
  
from	
  repeated	
  experiments	
  (mean	
  ±	
  SEM,	
  n	
  =	
  3).	
  

	
  

	
  

Fig.	
   6	
   Multiplexed	
   detection	
   of	
   TrpoB	
   and	
   TcapC.	
   Conducted	
   by	
   MMPs	
  
modified	
   with	
   P1rpoB	
   +	
   P1capC,	
   0.97μm-­‐diameter	
   PMPs	
   modified	
   with	
  
P2capC	
  +	
  pagA	
   for	
  detecting	
  TcapC,	
  and	
  1.04	
  μm-­‐diameter	
  PMPs	
  modified	
  
with	
  P2rpob	
  +	
  pagA	
  for	
  detecting	
  TrpoB,	
  the	
  spectral	
  absorbance	
  showed	
  a	
  
peak	
  at	
  379	
  nm	
  when	
  the	
  target	
  oligonucleotide	
  was	
  absent;	
  it	
  shifted	
  to	
  
364	
  nm	
  when	
  exposed	
  to	
  TrpoB	
  solution	
  at	
  50	
  pM,	
  and	
  to	
  396	
  nm	
  when	
  
exposed	
  to	
  TcapC	
  solution	
  at	
  50	
  pM.	
  When	
  exposed	
  to	
  both	
  TrpoB	
  and	
  TcapC,	
  
the	
  solution	
  became	
  transparent.	
  

	
  

Fig.	
   5	
   Single	
   nucleotide	
   polymorphisms	
   (SNPs)	
   analysis.	
   Optical	
   images	
  
and	
   relative	
   UV-­‐Vis	
   spectral	
   absorbance	
   of	
   the	
   suspensions	
   resulting	
  
from	
  5	
  nM	
  of	
  TrpoB	
  or	
  SNP	
  A,	
  SNP	
  G	
  or	
  SNP	
  C,	
  at	
  400	
  nm.	
  For	
  SNP	
  A,	
  SNP	
  G	
  
and	
   SNP	
   C	
   the	
   eighth	
   nucleotide,	
   T,	
   of	
   TrpoB	
  was	
   replaced	
   by	
  A,	
  G	
   or	
   C,	
  
respectively.	
  The	
  absorbance	
  of	
  the	
  suspension	
  resulting	
  from	
  the	
  blank	
  
sample	
  (hybridisation	
  buffer	
  with	
  0	
  M	
  target	
  oligonucleotides)	
  was	
  used	
  
as	
  the	
   reference.	
  The	
  relative	
  absorbance	
  is	
  from	
  repeated	
  experiments	
  
(mean	
  ±	
  SEM,	
  n	
  =	
  3).	
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to, the AuNP-based method (50 pM)47. Mie scattering describes 
a phenomenon where an electromagnetic plane wave passes by 
homogeneous spheres, of which the size is comparable to the 
wavelength of light.57-61 When a light beam passes a solution, 
the intensities of the incident and scattered light together with 
absorbed beam follow Lambert-Beer’s law: 
𝐴! = 𝜀𝑐𝐿  
where 𝐴! = ln 𝐼!/𝐼!  is the spectral absorbance at the 
wavelength of λ, Ii is the intensity of incident	
   beam, Io is the 
intensity of the beam passing through the solution,  𝜀 is the 
extinction coefficient, 𝑐 is the concentration of PMPs in the 
suspension and 𝐿  is the pathlength of light. Extinction 
coefficient 𝜀 for spheres is the function of size parameter 𝜋𝑑/𝜆. 
When the diameter d is 600~1200 nm, 𝜆 = 546.1  nm    and 
refractive index 𝑛 = 1.333, 𝜀  reaches a high value range of 
specific turbidity59. Measured by a UV-Vis spectrometer at 400 
nm for a series dilution of PMP suspension, we calculated the 
extinction coefficient 𝜀  as 4.457 × 1012 M-1cm-1 (Fig. S1), 
which is 3 orders of magnitude greater than that of AuNPs 
(typically at the scale of 109 M-1cm-1 for a diameter of 20 ~ 40 
nm62). Thus, although larger PMPs may need more targets to 
form the particle-particle connection, the significantly enhanced 
extinction coefficient compensates this shortcoming, making 
the assay as sensitive as that of AuNP-based assays. 
 In this magnetophoretic assay, we found that the partial 
complementary sequence between the oligonucleotide probes 
resulted in non-specific bindin  g. As the sequence of probes 
P1rpoB and P2rpoB was based on the sequence of TrpoB, it is 
difficult to adjust the sequence without changing the 
hybridisation efficiency. Here we demonstrate that such a 
partially complementary sequence can be blocked using the 
auxiliary oligonucleotide, pagA. By calculating the binding 
energy, we determined that the binding energy for P1rpoB + 
pagA and P2rpoB + pagA was -6.78 kal/mol and -6.76 kal/mol, 
respectively. Note that these were lower than the binding 
energy between P1rpoB and P2rpoB (-5.19 kal/mol), indicating 
that the non-specific binding due to P1rpoB and P2rpoB could be 

minimised when the aux  iliary oligonucleotide pagA was used. 
As such, this strategy may be further applied to the design of 
oligonucleotide-based probes for other applications. 
 For the SNP analysis, the hybridization energy between 
SNP A, G, or C and P1rpoB is -12.02 kcal/mole, which is much 
greater than the hybridization energy, -25.07 kcal/mole, 
between TrpoB and P1rpoB. Accordingly, the single base 
mismatch leads to a significant decrease of binding strength 
between MMPs and PMPs. For PMP-based magnetophoretic 
assay, the flow of PMPs was driven by the movement of MMPs 
but also resisted by the friction following Stokes’ law, F = 
6πµrV, where µ is the dynamic viscosity, r is the radius of 
microparticle, and V is the particle velocity. For PMPs with 
diameter at 1.04 µm, this friction is significantly larger than that 
of the commonly used nanoparticles (~2 orders of magnitude 
greater).  Thus, the weaker connections due to SNP A, G or C 
were more vulnerable during magnetophoretic flow, which 
would lead to the differentiation of perfect matched or single-
mismatched targets.  

Conclusions 	
  
In this paper, we demonstrate the visual detection of nucleic 
acids using the Mie scattering of PMPs and the 
magnetophoretic effect. Using MMPs and PMPs modified with 
oligonucleotide probes, the hybridisation between the probes 
and the target oligonucleoti	
    des leads to a sandwich structure 
that can be attracted by a magnetic field, resul  ting in a change 
in solution turbidity. In addition, using magnetic extraction for 
diluted samples, the optimised protocol achieved a limit of 
detection of 4 pM b	
  y spectrometry and 16 pM by the naked eye, 
which is much more sensitive than other visual assays, such as 
lateral flow test strips or AuNP-based assays. More importantly, 
based on the efficient magnetic extraction and the stability of 
mono-dispersed PMPs, we demonstrate that this method can be 
used to perform multiplexed assays and for handling complex 
fluids, such as whole blood, in a single assay.   Thus, by 

Table 2. Comparison of visual detection of nucleic acids 
Readout Strategy Limit of detection Advantages/Drawbacks 
Visual 
(this work) 

Mie scattering & 
magnetophoretic 
effect 

10 pM (naked eye) Simple operation; Rapid modification by streptavidin-biotin 
binding; Compatibility with complex bio-fluids such as whole 
blood 

Visual46 Lateral flow 60 pM (naked eye) Simple and rapid procedure; Time-consuming modification of 
AuNPs; Incompatibility with coloured samples; 

Colourimetric49 AuNPs & 
magnetophoretic 
effect 

100 pM (naked eye) Time-consuming modification of AuNPs; Incompatibility with 
coloured samples; Delicate protocols to stabilise AuNPs’ 
mono-dispersion 

Colourimetric26 AuNPs & conjugated 
polyelectrolyte 

~1 pM (naked eye) High sensitivity; Incompatibility with coloured samples; 
Delicate protocols to stabilise AuNPs’ mono-dispersion 

Colourimetric41,43 AuNPs & DNA 
circuit 

200 pM in the 
HCR* system and 
14 pM in the CHA* 
system 
(calculated)41; 25 
pM (naked eye)43 

Time-consuming modification of AuNPs; Incompatibility with 
coloured samples; Delicate protocols to stabilise AuNPs’ 
mono-dispersion 

*HCR: Hybridization Chain Reaction 
*CHA: Catalyzed Hairpin Assembly 
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satisfying many of the requirements of point-of-care detection, 
we envision that this method will be applicable to healthcare 
and environmental monitoring in resource-limited settings in 
the future. 
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