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Study of the regulatory roles of small RNAs can be accelerated by techniques that permit simple, low-cost, and rapid extraction of small 
RNAs from a small number of cells.   In order to ensure highly specific and sensitive detection, the extracted RNAs should be free of the 
background nucleic acids and present stably in a small volume.  To meet these criteria, we designed a multi-well/multi-channel (M&M) 
chip to carry out automatic and selective isolation of small RNAs via solid-phase extraction (SPE), followed with reverse-transcription 
(RT) to convert them to the more stable cDNAs in a final volume of 2 µL.  Droplets containing buffers for RNA binding, washing, and 10 

elution were trapped in microwells, which were connected by one channel, and suspended in mineral oil.   The silica magnetic particles 
(SMPs) for SPE were moved along the channel from well to well, i.e. in between droplets, by a fixed magnet and a translation stage, 
allowing the nucleic acid fragments to bind to the SMPs, be washed, and then be eluted for RT reaction within 15 minutes.  RNAs shorter 
than 63 nt were selectively enriched from cell lysates, with recovery comparable to that of a commercial kit.  Physical separation of the 
droplets on our M&M chip allowed the usage of multiple channels for parallel processing of multiple samples.  It also permitted smooth 15 

integration with on-chip RT-PCR, which simultaneously detected the target microRNA, mir191, expressed in fewer than 100 cancer cells.   
Our results have demonstrated that the M&M chip device is a valuable and cost-saving platform for study of small RNA expression 
patterns in a limited number of cells with reasonable sample throughput. 

Introduction 
 Small RNAs carry out important functions in cells.  For 20 

example, one important sub-family of small RNAs are microRNAs 
(miRNAs), which regulate gene expression in cells by degrading 
mRNAs or suppressing their translation.1-3  MiRNAs also play 
important roles in cell fate commitment and cell proliferation.4-8  
Because abnormal cell proliferation is a hallmark of human 25 

cancers, expression patterns of miRNAs can denote the malignant 
state of cells and are potential biomarkers for clinical practices.9-14   
However, before such expression profiles can be used for disease 
diagnosis and prognosis, several challenges need to be overcome.   
The matured small RNAs compose of only a small mass fraction 30 

(ca. 0.01%) of the total cellular RNAs.  The high amount of total 
nucleic acids present in cell lysate, in particular, the pre-miRNAs 
in cytosol that has high sequence similarity as miRNAs, could 
interfere with specific detection of miRNAs.   Moreover, the 
stability of miRNAs is low after being extracted out of the cells.  35 

Thus, fast sample processing subsequent to cell lysis is highly 
demanded for reliable detection of miRNAs.  Detection platforms 
intended for clinical applications should also offer high robustness, 
simple processing, and low sample consumption.  
 Typically, enrichment of small RNAs can be performed by solid 40 

phase extraction (SPE) using batch columns or gel electrophoresis.  
Though, these approaches usually require large sample and reagent 
volumes, and are labor intensive and time consuming.  Multiple 
liquid transfer and manual handling steps could lead to problems 
like sample loss, degradation, and contamination.  Microfluidics is 45 

the technology of choice for large reduction in sample/reagent 
consumption and for integrating multiple analysis steps.  Genetic 
DNAs could be purified by microspheres packed in microchip 
channels, with samples driven by off-chip pumps.15  Sample-in-
answer-out devices were also constructed to integrate sample 50 

preparation with nucleic acid amplification and detection on the 
same chip, with on-chip pneumatic micropumps and valves to 
guide the flow of samples.16-21   
 To reduce complexity in chip design, magnetic particles can be 
employed to facilitate material transfer.22-25  Magnetic force is not 55 

affected by molecule charge, solution pH and ionic strength, as 
well as operation temperature, and thus compatible with a wide 
range of samples and biological or chemical processes.23  Some 
outstanding examples included moving magnetic droplets on a 
modified glass surface for them to undergo a couple merging-60 

splitting cycles to clean up nucleic acids.23, 24  To further diminish 
sample carry-over, physical barriers were employed to assist with 
droplet splitting.25   
 However, the above pump-and-valve-free designs have 
restrictions if applied to extraction and processing of small RNAs 65 

from cell lysates.  Since the magnetic droplets had no defined 
position and no enclosure, extreme care was needed to prevent 
droplet shifting and merging, which would become problematic 
when multiple solutions are needed for size selection of small 
RNAs in addition to removal of proteins and unwanted molecules 70 

in cell lysates.  Exposing small RNAs to the environment for an 
extended period also could induce more degradation.  
Simultaneously analysing multiple samples for functional study  
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Fig. 1. Schematic flow of M&M chip fabrication: 1) Master-1, made from UV curing adhesive (NOA81) and containing only the lower channel structures; 
2) Master-2, molded and punched PDMS substrate that was replicated from Master-1, and then temporally attached to a glass slide; 3) Master-3, 
patterned NOA81 molded from Master-2 by one-time curing process, consisting of both the lower channel structures and higher well posts; 4) the final 
M&M chip, with PDMS substrate replicated from Master-3 and bonded with glass slide by plasma oxidation.  

could also be difficult without well-confined droplets.  5 

Furthermore, they required incorporation of on-chip heaters and 
temperature sensors for thermal reactions, and liquid evaporation 
should be avoided by carefully placing a thin layer of oil to cover 
the aqueous droplet.24  Rapid isolation and concentration of small 
RNAs with the appropriate size range in an enclosed channel has 10 

been demonstrated previously but with the more complicated 
process of microchip isotachophoresis.26   
 Herein, we designed a simple device, which was free from any 
type of valve or pump, to extract RNA fragments smaller than 63 
nt from cell lysates within 15 minutes.  Droplets containing silica 15 

magnetic particles (SMPs) worked as the transportation vehicle, 
and were well isolated from each other and contained in 
microwells.  The enclosure of droplets in microwells diminished 
cross contamination between droplets, and also permitted the 
usage of multiple channels for parallel analysis of numerous 20 

samples.  This multiwell/multi-channel (M&M) chip offered very 
high simplicity in automatic operation and parallel sample 
handling with low fabrication cost, improving both the speed and 
specificity of small RNAs detection.  
 25 

Experimental 
 
Chip fabrication 
 
 The whole fabrication procedure was illustrated in Figure 1.  30 

Three masters were prepared from PDMS or the thiolene-based 

optical adhesive, NOA81 (Norland Products, NJ), with an open-
faced method.27  PDMS was prepared with the Sylgard kit (Dow 
Corning, MI) with a 10:1 base : curing agent mass ratio.  NOA81 
has a fast curing rate and is able to deliver structure with 35 

dimensions up to millimeters.  After polymerization, it has very 
good adhesion to glass, but not to PDMS, because the oxygen 
dissolved in PDMS inhibits NOA81 polymerization, leaving a thin 
layer of monomer at its interface between PDMS and the 
adhesive.28  Therefore, structures made from NOA81 could be 40 

easily peeled off from PDMS, simplifying the construction.  The 
first step of M&M chip fabrication was to procure the NOA81 by 
5-second radiation with a collimated UV light source (365 nm, ～
8.3 mW/ cm2) on a glass slide to make the channel feature with 
dimension defined by a photomask (Figure 1-1).  Once the PDMS 45 

stage was removed, the glass with convex channel features left on 
the surface was rinsed with ethanol/acetone mixture (1:1) to 
remove the unexposed adhesive; dried in air; and illuminated for 
345 seconds by UV light, to increase adhesion of NOA81 to glass.  
A subsequent 12-hr thermal cure at 50 °C was carried out to extend 50 

the lifetime of the structure.  Thereafter, Master-1 was treated by 
the vapour of dimethyl dichlorosilane (DMDCS, Fisher, PA), and 
utilized to mold a PDMS substrate with concave channel structures 
(Fig. 1-2).   Holes of 3-mm in diameter were then punched on this 
substrate with 9-mm spacing along each channel (Fig. 1-2), 55 

forming Master-2.  After attaching Master-2 on a plasma-treated 
glass slide, NOA81 was injected into the channels and wells, cured 
under UV for 1,300 sec, and thermally 

Disassemble & 
remove uncured 

adhesive

Detach PDMS 
layers and 

punch holes

Remove PDMS 
layer to form  

Master-3

Mold PDMS layer 
and bond it to 

glass slide
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Fig.2 M&M chip design and operation. (A) Layout of the M&M chip 
design, with main dimensions listed and zone functions listed: the well 
on the left end was for trapping of SMPs after extraction was completed; 
Zone 1 was for sample and SMP Loading, as well as DNA/RNA binding to 5 

SMPs; wells in Zone 2 contained washing buffer for removal of 
contaminants; Zone 3 was for elution of small RNAs; and Zone 4 
contained wells loaded with RNA standards for quantification purpose.  
Wells and channels were filled with oil. (B) Control of chip/SMP 
movement by a translation stage created from a modified syringe pump 10 

device and a magnet. 

Aged at 50 °C for 12 hours, accomplishing Master-3 (Fig. 1-3).  
Master-3 contained both the channels (360±50 μm in height) and 
the pillars (4.63±0.08 mm), and can be used for replication of the 
PDMS substrate for the M&M chips (Fig. 1-4).  The chips were 15 

finally obtained by bonding this PDMS substrate a 3"×1" glass 
slide (0.5 mm-thick).   
 
Magnetic droplet manipulation 
 20 

 Chip layout and channel/well dimensions were shown in Figure 
2A.  Small RNAs purification on the M&M chip was achieved by 
SMP; and automatic manipulation of the SMP movement was 
carried out by a fixed neodymium magnet cube and a translation 
stage modified from a syringe pump (Figure 2B).  By programming 25 

the direction and speed of this translation stage, magnetic particles 
could move at the desired speed in-between wells and spend 
adequate time in each well for optimal binding, washing, and 
elution effects (Figure S1 in ESI).  The moving speed was 
optimized to be 1.8 mm/min, and the resident time in each well 30 

was 2 min.  It only took 15 minutes to complete the on-chip SPE 
process.  The travel paths of SMPs during particle collection (Path 
1) and transportation between wells (Path 2) could be seen in 
video-1 and video-2, respectively, in ESI.    
 35 

MicroRNA purification 

  
Fig. 3 Illustration of the four steps of M&M chip-based miRNA 
purification. The grey areas represent the channel and wells, with 
different shapes indicating the content of the droplets.  Straight narrow 40 

arrows represent SMP movement; curved thick arrows represent 
addition of reagents. Even though only one channel was shown here, 
each chip contained four channels for simultaneous process of up to four 
different samples. During SMP collection, the magnetic field direction 
was reversed. 45 

Preparation of lysates from cell lines of Jurkat and 293T can be 
found in ESI.  The PureLinkTM miRNA Isolation Kit (Life 
Technologies, CA) was used for off-chip miRNA purification from 
cell lysates, but only the lysis buffer (LB) in this kit was employed 
to dilute the standard miRNA samples or cell lysates before on-50 

chip extraction to ensure fair performance comparison between our 
method and the commercial kit.   Prior to use, SMPs were washed 
twice with nuclease-free water and re-suspended in ethanol (> 
95%) to the desired concentration.   A suspension of 1.4 μL SMP 
(SMP-1, 100-140 µg) was mixed with 2.5 μL of the sample in LB 55 

buffer, resulting in a final ethanol concentration of 35%.  The 
mixture was vortexed, incubated for 4 minutes, and loaded to the 
chip.   Afterwards, SMP-1 was separated from the sample droplet 
by magnetic force and moved into the collection well, taking away 
the large fragments (Fig. 3, step 1).  Another 4.5 μL of SMP 60 

ethanol suspension (SMP-2, 60-80 µg) was then added into the 
sample droplet (~ 1.6 µL left after the split of SMP-1).  The ethanol 
concentration became 70%, under which the short nucleic acid 
fragments could bind to SMP-2 and be transported to the washing 
wells (Fig. 3, step 2).  Each washing well contained 10 μL of the 65 

washing buffer (WB) to dilute and wash away any impurities; and 
SMPs stayed in each well for 30 seconds before traveling to the 
next well.  After going through three washing wells, SMPs entered 
the RNase-free water that eluted the adsorbed nucleic acids (Fig. 
3, step 3).  Followed, all SMPs travelled back to the collection well 70 

and did not interfere with the subsequent enzymatic reactions.  The 
volume of the elution droplet was 2.5 μL if the sample was 
quantified by in-tube RT-qPCR; or 0.915 μL for on-chip RT 
reaction.  Upon addition of the RT reaction premix to the elution 
well, RT could be carried out on chip (Fig. 3, step 4).  Control 75 

reaction mix contained known concentrations of the target 
miRNA, which would be amplified by PCR for on-chip 
quantification.  

A) Well diameter: Φ3.00 mm
Channel width in Zone 1 & 2: 2.25 mm
Channel width in Zone 3 & 4: 0.85 mm

B)

9.00 mm
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50

  m
m

Magnet

Home-
made 
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Step 1: SMP1 adsorbed the large DNAs/RNAs with 35% ethanol and 
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Sample droplet WB dropletSMPs Water droplet

Step 2: SMP2 added to change ethanol content to 70%  and then adsorb 
the small DNAs/RNAs

Step 3: SMP2 carried the small DNAs/RNAs across 3 droplets of WB, and 
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Control reaction mix

Step 4: Reaction premix added to initiate on-chip RT reaction
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 In parallel, the same samples but with a much larger volume, 
100 μL, were treated with the PureLink miRNA Isolation Kit, 
following manufacturer’s instruction.  The effect of size selection 
was evaluated by CE using a home-built system equipped with a 
488 nm laser for laser-induced-fluorescence (LIF) detection, with 5 

operation conditions shown in Supporting Information.29   
 

MicroRNA RT-qPCR detection and on-chip RT-PCR 

 For in-tube enzymatic reactions, 2.5 μL of the miRNA in the 
elution well on the M&M chip was transferred to a PCR tube and 10 

mixed with 5 μL of the RT pre-mix (1× RT Buffer, 1 mM dNTPs, 
25 U of Multiscribe RT enzyme, 2 U of RNase Inhibitor and 1.5 
μL of 5× RT stem-loop primers; TaqManTM microRNA RT kit, 
Life Technologies).  RT reaction was performed in the GeneAmp 
PCR System 2400 (Perkin-Elmer): 16 °C for 30 min, 42 °C for 30 15 

min, and 85 °C for 5 min.  After RT, 0.67 μL of the reaction 
product was added into 9.33-μL PCR pre-mix prepared from 5× 
Taq Master Mix, 0.1% BSA, and 20× TaqMan probe/primers.  
Real-time qPCR was run on a BioRad CFX96 Real-Time PCR 
detection system at 95 °C for 3 min, followed by 45 thermal cycles 20 

(95 °C for 15 s and 60 °C for 1 min). 
 All on-chip reactions took place in the elution droplet, original 
volume of 0.915 μL.  RT reaction was initiated by addition of 
0.585-μL RT pre-mix and insertion of the chip in the GeneAmp 
PCR system.   Upon completion of RT, 6 μL PCR pre-mix were 25 

added for on-chip PCR using the same temperature program as that 
of the real-time qPCR, but for only 28 cycles to avoid reaching 
saturation.  End-point detection of the PCR product was carried out 
by imaging the entire M&M chip with a Typhoon Image Scanner 
(GE healthcare).  The signal from the TaqMan probe was excited 30 

at 488 nm, and fluorescence was detected with a 530SP emission 
filter and PMT gain of 530V at normal sensitivity.  Image analysis 
was performed by ImageQuant Version 5.2 (GE healthcare). 
 

Results and discussion 35 

Chip design 

 Different than previous chip design for nucleic acid extraction, 
our M&M chip confined magnetic droplets in microwells.  Such 
confinement permitted accommodation of different solutions used 
for sample purification or processing purposes with minimum 40 

contamination possibility.  Additionally, with droplets suspended 
in mineral oil, degradation of small RNAs would be avoided.  
Moreover, droplets are moved along a well-defined path, i.e. 
within a channel, and thus multiple channels can be constructed for 
parallel sample processing.   45 

 In our current design, each channel had five wells to 
accommodate solutions for miRNA binding, washing, and elution.  
Three consecutive washing wells were incorporated to ensure high 
sample purity.  Wells in the “control” zone (Zone 4 in Fig. 2a) were 
used to hold miRNA standards for obtaining a calibration curve 50 

during on-chip quantification.  The spacing between wells on each 
channel was set to be the same as that on a 96-well microtiter plate, 
therefore the common high-throughput laboratory equipment (e.g. 
multichannel pipettes, liquid handling robots, and PCR machine) 
could be used for reagent delivery and temperature control.  The 55 

channels in the elution zone (Fig. 2a) were narrower than those in 

Zone 1 and 2 to reduce the overall volume of the SMP pack and 
decrease ethanol carry-over.   Even a tiny amount of ethanol from 
the washing solution could be detrimental to the subsequent 
enzymatic reactions.   60 

 The channels and wells were filled with mineral oil, and 
aqueous solutions formed droplets in wells.  The oil aimed to 
reduce the friction force on the moving particles, and avoid fast 
evaporation during high-temperature reactions.  The well 
structures facilitated SMPs splitting from the parent droplet.  While 65 

pulling the particles under a strong magnet force, the droplet could 
be dragged along if the droplet volume was below the critical 
volume.25, 30  The critical volume increases with increasing 
amounts of particles.  In our case, 100-140 µg SMPs was used to 
ensure complete removal of the long DNA/RNA fragments from 70 

cell lysate.  This amount of SMPs required a critical droplet 
volume more than 15 µL in mineral oil for successful splitting, if 
the droplet was on a flat surface.25  However, to limit sample 
consumption, our sample volume was 2.5 µL; and the entire 
droplet volume with SMPs was only about 7 µL.   Splitting all 75 

SMPs from such a small volume with minimum sample carry-over 
is very difficult.  Physical barrier is needed to provide high enough 
surface tension and friction force to stop droplets from moving.  
Thus, we designed the channel height to be ~360 µm and the well 
to have a diameter of 3 mm (Fig. 1).  The intersection space at 80 

where the well connected to the channel had a total volume of 2.5 
µL.  The sample droplet which had a larger volume was then 
stopped by the wall of the well, while the magnetic particles 
squeezed out under magnetic force.   No residual particles were 
seen when inspected under a microscope with a 40x objective, 85 

which means all SMPs could be collected in the elution well for 
improved miRNA recovery. 
 We produced 3 masters using the open-surface method (Fig. 10, 
but only Master-3 was employed to prepare the final M&M chips.  
Master-3 is mechanically stable and can be used to produce 90 

multiple chips with the exact same dimensions, ensuring high 
reproducibility and low overall cost (< $1 per chip).  We compared 
extractions with the same amount of miRNA input using the same 
(intra-chip comparison) or different chip(s) produced from one 
single Master-3 (inter-chip comparison).  The extracted miRNA 95 

was quantified by RT-qPCR.  The resulted Ct values, 17.62 ± 0.31 
(n = 3) vs. 17.48 ± 0.25 (n = 3), were equal to each other within 
standard deviation (Figure S2, ESI), showing very little chip-to-
chip variation in extraction performance.  
 100 

Selective enrichment of short nucleic acid fragments by on-
chip SPE 

 The target miRNA selected in our study was hsa-mir-191.   This 
miRNA has been identified as a potential marker for 
Hepatocellular Carcinoma (HCC) therapy and found to be a 105 

regulator of a variety of cancer-related pathways.31  It has been 
demonstrated to be statistically superior to the other commonly 
used reference RNAs in miRNA expression study.32  
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Fig. 4 Size selectivity of the M&M chip-based small RNA extraction. The 
eluted samples were analyzed by CE.  The mir-191 (108 copies, ~0.25 nM 
in final mixture) was spiked into (A) 0.7 μL of the 63-nt oligo (1 μM) or 
(B) the 0.1-2 kb RNA ladder (80 ng/ μL) to perform on-chip SPE. 5 

The SPE method we employed on the M&M chip selectively 
enriched nucleic acids shorter than 63 nt, to ensure removal of all 
pre-miRNAs (typically ~ 70 nt), the main interference for detection 
of miRNAs.  It took advantage of the size-dependent affinity of 
nucleic acids to silica surface.33  With an ethanol content of 35% 10 

(v/v), the short fragments would not bind to SMPs, because the 
higher water content reduced the interaction between nucleic acids 
and silica surface, and the shorter fragments with smaller 
molecular weights were affected more than the longer ones.  While 
the overall ethanol concentration increased to 70%, the small 15 

fragments could bind to SMPs and be moved across the washing 
wells before eluted in the elution wells.    
 Successful removal of the large fragments was confirmed by 
CE, with a 63-nt DNA oligo as a size cut-off marker.  This marker 
had close sequence and similar physical properties to that of the 20 

precursor of our target miRNA, but was less susceptible to RNase 
degradation.  We mixed 0.25 nM mir-191 with the 63-nt oligo at a 
concentration ratio of 1:4000, mimicking the low abundance of 
miRNAs in real samples; and processed the sample on the M&M 
chip.    CE results on the original mixture and eluents from SMP-1 25 

and SMP-2 were shown in Figure 4A.  A 15-nt fragment was added 
to the sample before injection as a size marker.  We only monitored 
the appearance of the 63-nt in samples, because the miRNA 
concentration was below the detection limit of our CE method 
(Figure S3, ESI), and could not be seen in the electropherograms.  30 

The 63-nt peak was clearly observed in the CE traces obtained 
from the original mixture and the eluate from SMP-1, but not in 
that from SMP-2 (Fig. 4A).   

Fig. 5 Real-time PCR results for quantification of miRNA purified from cell 
lysates by using the M&M chip. (A) Comparison of the Ct values between 35 

chip-based and kit-based methods from lysates of two cell lines, Jurkat 
and 293T. Each data set was repeated at least three times. (B) Calibration 
curve for test of the lowest cell numbers measurable on our chip. Cell 
number was controlled by serial dilution of the 293T cell lysate to obtain 
~1000, 100, 10, 1 cell(s) in the sample. 40 

The same size exclusion effect was also obtained when mixing 
mir191 and the 0.1-2 kb RNA ladder at a mass ratio of 1: 50,000 
(Fig. 4B).  This result proved that our SPE method could 
selectively purify nucleic acids with length shorter than 63 nt, even 
with the presence of high concentrations of the long fragments.   45 

 

Extraction and preservation of miRNA from a few numbers of 
cells by on-chip SPE-RT  

 We went on to test if the M&M chip was able to handle low 
numbers of cells and compatible with thermal reactions.  We 50 

purified small RNAs from the lysates of Jurkat (human 
lymphocyte) and 293T (human embryonic kidney) cells, converted 
them to cDNAs via RT reaction with an universal primer to prevent 
degradation.  This preservation step coupled with our quick on-
chip extraction can ensure high quality of small RNAs for reliable 55 

expression profiling.  The M&M chip was thin enough to be 
enclosed between the cover and the heating plate of our PCR 
thermocycler, for temperature control of the RT reaction.  Initial 
investigation of the on-chip RT showed comparable performance 
to the RT in PCR tubes (Figure S4, ESI):  the RT products obtained 60 

from same amounts of mir-191  

15-nt oligo
(internal standard)

RNA ladder

Standard
Eluent from SMP-1

Eluent from SMP-2

B)

15-nt oligo
(internal standard)

63-nt oligo

Standard

Eluent from SMP-1

Eluent from SMP-2

A) A)

B)
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 Fig. 6 The integrated M&M chip-based SPE-RT-PCR for detection of 
miRNA expressed in cell lines. (A) The image of the entire chip obtained 
by the Typhoon gel scanner after on-chip RT-PCR; the grey spots 
corresponded to the wells in Zone 3 and 4 in Fig. 2; (B) Plot of relative 
fluorescence unit (RFU) (spot intensity reported by ImageQuant) vs. Log 5 

[copies of miRNA used in chip-PCR] (in control wells #5, 6, 7, and 8 in (A)). 
The arrows pointed to the intensities of well #2 and 4 in (A).  Each 
concentration of standard dilution series was repeated once and error 
bars represent standard deviation. 

by in-tube or on-chip RT reaction gave out Ct values different by 10 

only 4% when quantified by real-time PCR.  In fact, the Ct value 
for on-chip RT product was 21.69±0.30, lower than that 
(22.66±0.13) of the in-tube RT reaction, indicating more efficient 
small-volume RT reactions on the M&M chip.    
 Cell lysate from ~ 200 cells was loaded to the M&M chip for 15 

on-chip SPE.  Each channel handled the sample from one 
individual cell line, thus each chip simultaneously ran samples 
from two cell lines for two repeats.  The extraction took about 15 
min, and then RT reagents were added as one aliquot to the elution 
well for on-chip RT.  Alternatively, 1% of the sample purified from 20 

20,000 cells by the PureLinkTM Kit, taking about one hour, was 
also transcribed on-chip for comparison.  The RT products were 
quantified by real-time PCR using specific primer pairs for hsa-
mir-191.  The Ct values obtained for samples achieved by these 
two ways of treatment were identical within standard deviations 25 

(Fig. 5A).  Both on-chip and commercial-kit extraction led to lower 
Ct values in the 293T cells, meaning that a higher level of mir-191 
was expressed in this cell line.  Additionally, the chip-based 
extraction was performed on a serial dilution of the 293T cell 
lysate, i.e. about 1000, 100, 10, and 1 cell(s) input per extraction, 30 

the Ct value decreased linearly with the logarithm of cell number 
(Fig. 5B; real-time PCR curves displayed in Figure S5, ESI).  
While no amplification was seen without any cell input (Fig. S5), 
the sample containing one cell (calculated from the dilution factor) 

resulted in a Ct value of 27.23 ± 0.25 (n = 3), significantly lower 35 

than that (25.38 ± 0.25 (n = 3)) from 10 cells.    
  
 This result proved that the M&M chip delivered similar 
performance in extraction of small RNAs, but consumed a much 
lower amount of starting materials, and took shorter processing 40 

time with minimum human labour, compared to the column-based 
commercial kit.  Additionally, the chip platform provided smooth 
integration of SPE and RT, and minimized sample loss during 
liquid transfer, analysis bias from human operation as well as RNA 
degradation.  On-chip RT reaction enhanced the stability of the 45 

extracted small RNAs, allowing it to be directly quantified by on-
chip PCR or preserved for future off-chip processing.  The 
obtained RT reaction product could be stored at -20 °C for months.   
 

Integrated analysis of miRNA expression in cells 50 

 At last, we completed the sample-in-and-answer-out cycle by 
carrying out SPE, RT, and PCR on the same M&M chip.  Samples 
from two cell lines and two negative controls were loaded onto the 
same chip but in different channels.  To ensure heat transfer to the 
chip and temperature uniformity inside the reaction droplets, the 55 

reaction wells were designed to fit right on the metal part of the 
heating plate; and a 0.4 mm-thick brass sheet was placed under the 
M&M chip, with mineral oil applied on both sides of the brass 
sheet in touch with either the heating plate or the M&M chip.  The 
oil helped to ensure good thermal contact of the chip to the heating 60 

plate.  The temperature profile within the droplets on the chip 
basically matched to that in the PCR machine, with some delay in 
reaching the highest and lowest temperature during temperature 
cycling (Figure S6, ESI).   Detection of PCR products was 
performed by imaging the fluorescence from the TaqMan probe by 65 

The Typhoon gel imager.  The overall grey density of the reaction 
spot was integrated for quantification purpose.  We tested the 
performance of on-chip PCR using a series of standard miRNA 
solutions (Figure S7 in ESI).  The low R2 value (0.963) could be 
attributed to the slight deviation in the temperature profile 70 

mentioned above.   Additionally, we detected the end-point product 
of PCR, which has been well known not as reliable as real-time 
PCR in terms of quantification.   
 Nevertheless, different expression levels of hsa-mir-191 in 
Jurkat and 293T cells could be detected by the fully integrated on-75 

chip SPE-RT-PCR (Figure 6).  We incorporated 8 wells at the end 
region of the chip for loading standard miRNA solutions of 4 
different concentrations in duplicates to obtain a calibration curve.  
The sensitivity turned out to be adequate for detection of the target 
miRNA from 100 Jurkat or lower than 100 293T cells, estimated 80 

from dilution.  The lower number of 293T cells needed is due to 
the higher mir191 expression level in that cell line compared to 
Jurkat cells, as revealed in the above on-chip RT/off-chip PCR 
study.  Further improvements in temperature control and capability 
of on-chip real-time fluorescence detection are the focus of our 85 

continuous development of the M&M chip.  

Conclusions 

 The M&M chip prepared by a rapid process using low-cost 
materials could perform simultaneous extraction of miRNAs with 
the desired length from four cell lysate samples within 15 min, 90 

A)

(4) 293T cell
(2) Jurkat cell

(5) No target control (6) 1.0×104 copies
(7) 1.0×105 copies      (8) 1.0×106 copies

B)

(5)

(6)

(7)

(8)(1)-(4): SPE→ RT-PCR

(5
)-(

8)
: P

C
R(4) 293T (100 cells)

(3) No target control
(2) Jurkat (100 cells)
(1) No target control

B)
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providing similar efficiency as the commercial extraction kit but 
faster and more economic.  Automated sample movement was 
realized by a translation stage modified from a syringe pump and 
magnetic particles.  Holding the magnetic droplets in designated 
compartments could better prevent RNA degradation, minimize 5 

sample cross contamination, and enable analysis of multiple 
samples. Sample throughput of the M&M chip can be further 
enhanced; quantification performance can be improved by 
implementing more accurate temperature control; and the chip can 
be easily adapted for other applications which require employment 10 

of multiple solutions for either clean-up or assay purposes, owing 
to its multiple well/channel design.  
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