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This paper describes the development of a microfluidic methodology, using RNA extraction and reverse transcription PCR,
for investigating expression levels of cytochrome P450 genes. Cytochrome P450 enzymes are involved in the metabolism
of xenobiotics, including many commonly prescribed drugs, therefore information on their expression is useful in both
pharmaceutical and clinical settings. RNA extraction, from rat liver tissue or primary rat hepatocytes, was performed using
a silica-based solid-phase extraction technique. Following elution of the purified RNA, amplification of target sequences
for the housekeeping gene, glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and the cytochrome P450 gene
CYP1A2, was carried out using a one-step reverse transcription PCR. Once the microfluidic methodology had been
optimized, analysis of control and 3-methylcholanthrene-induced primary rat hepatocytes were used to evaluate the
system. As expected, GAPDH was consistently expressed, whereas CYP1A2 levels were found to be raised in the
drug-treated samples. The proposed system offers an initial platform for development of both rapid throughput analyzers
for pharmaceutical drug screening and point-of-care diagnostic tests to aid provision of drug regimens, which can be
tailor-made to the individual patient.
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Cytochrome P450 enzymes (P450s) are a superfamily of
haem-containing monooxygenase enzymes, which have spe-
cific roles in numerous metabolic and synthetic pathways.1

P450s are the major enzymes involved in phase I metabolism
of xenobiotics, ie, any foreign chemicals that can be
introduced into an organism, including deliberately
administered pharmaceutical agents.2 Phase I metabolism
involves the oxidation, hydroxylation, reduction, and
hydrolysis of drug molecules making them more water
soluble for easy removal from the body. P450 enzymes, as
well as metabolizing drugs, are also involved in drug–drug
interactions, in which induction or inhibition of P450 ex-
pression can result in a greater production of toxic meta-
bolites, or a decrease in efficacy of a drug due to increased
clearance.1 There are situations in which, instead of assisting
in the elimination of drugs, P450s can activate prodrugs or
procarcinogens, causing them to become toxic.3 This is the
case with polycyclic aromatic hydrocarbons (PAHs), which

are found in compounds such as tar. PAHs by themselves
cannot damage DNA, but once hydroxylated by P450 they
become activated and have a carcinogenic role.4

Measuring P450 gene expression levels can be beneficial in
the development and administration of pharmaceutical
drugs. For example, the levels of P450 enzymes found in cells
after exposure to a new drug could indicate the likely
outcome of that drug due to a fast metabolism of the drug, or
its conversion to undesirable by-products. Specifically, an
individual patient’s likely response to a particular drug could
be determined before use through testing on a biopsy taken
from the patient. A tailored dosage could then be adminis-
tered taking into consideration the metabolic effects of the
P450 enzymes, and reducing the risk of any adverse effects to
the patient.5

CYP1A2 is a cytochrome P450 enzyme associated with the
metabolism of a number of clinically relevant drugs, such as
clozapine (an antipsychotic), which is released from the cell
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under the induction of various chemicals. One way in which
P450 induction can be assessed is via the 7-ethoxyresorufin
O-dealkylation (EROD) assay.6 In this assay, 7-ethoxyresorufin
is converted, by CYP1A2, to resorufin that can then be
quantified fluorescently.7 Hepatotoxicity studies have been
carried out previously within a microfluidic environment
using in situ quantification of the fluorescent intensity of cells
and their surrounding media via the EROD assay to compare
CYP1A2 expression in control and 3-methylcholanthrene
(3-MC)-induced primary rat hepatocytes.8 Assessment of the
catalytic action of CYP1A2 provides information as to the
action of the protein but does not measure gene expression
levels. Information about changes to specific gene expression
levels, in response to certain conditions, can only be obtained
by analyzing levels of messenger RNA (mRNA).

To obtain this information, mRNA must first be extracted
from the biological matrix that is being investigated. The
purified mRNA is then converted to complementary DNA
(cDNA) by a reverse transcriptase enzymatic reaction. The
cDNA can then be amplified using the PCR, which enables
either end-point or real-time detection.

The increasing ability to miniaturize laboratory techniques
onto a ‘Lab-on-a-Chip’ format using microfluidic technology
has opened the door to many varied and far-reaching
applications. It is now possible to integrate reactions in a way
not possible before, so that instead of products being moved
from one reaction vessel to another, risking contamination
and loss of product, two or more reactions can happen on the
same enclosed microfluidic device.9

Although nucleic acid analysis on microfluidic devices has
received great interest in the literature, the majority of pub-
lications are focussed on DNA presumably because of the
less-stable nature of RNA and its susceptibility to RNases.
However, analysis of RNA is vital for gene expression studies.
Total RNA can be extracted from biological samples using a
solid-phase matrix to which nucleic acids bind under selec-
tive conditions. The most common methods involve either a
silica- or anion exchange-based solid phase. When using
silica, nucleic acids bind to the solid phase in the presence of
a chaotropic salt such as guanidine hydrochloride, and
unbound contaminants are then removed with an alcohol
wash before the purified nucleic acids are eluted in a low
ionic strength buffer.10 Chitosan is an example of an anion
exchange matrix that can be used to bind nucleic acids in
solution at pH 5 and elute them at pH 9 once unbound
contaminants have been removed.11 Alternatively, mRNA can
be isolated via the poly(A) tail using tethered poly(T)
sequences, eg, directly immobilized onto the channel
surface12 or on superparamagnetic beads enabling the
captured mRNA sequences to be manipulated around the
microfluidic device using an external magnet.13 More recent
developments have enabled even more selective extraction of
RNA using sequence-specific probes. Root et al14 presented
an innovative method for the purification of RNA from
serum using a polymer capture matrix containing covalently

bound oligonucleotides. The capture, wash, and elution of
target RNA sequences were controlled by electrophoresis,
with an additional heating step required for elution.

A variety of amplification methods have been applied to
microfluidic devices to analyze RNA. Amplification of RNA
viruses, as well as the more traditional single chamber for
aqueous RT-PCR, has been achieved using both continuous
flow15 and solid-phase microarrays.16 Isothermal techniques,
such as nucleic acid sequence-based amplification17 and
loop-mediated isothermal amplification,18 have also been
successfully used.

The integration of RNA purification and amplification
processes is a challenge that has led to the development of a
number of inventive solutions. For example, Pipper et al19

used a series of aqueous droplets in oil on a perfluorinated
surface. Silica-coated superparamagnetic particles were
incubated with a biological sample and then dragged
through droplets containing wash and elution reagents for
RT-PCR before amplification and real-time detection. Lateral
flow strips have also been incorporated into a microfluidic
device for detection of RT-PCR products for HIV.20

Amplicons are labeled with digoxigenin and biotin that bind
to immobilized streptavidin and are then detected using up-
converting phosphor reporter particles. Another alternative
approach was presented by Ferguson et al21 who used
immunomagnetic target capture combined with sequence-
specific electrochemical detection for identification of the
H1N1 influenza virus from throat swab samples within 3½h.

Microfluidic devices provide a biomimetic microenviron-
ment that allows tissue samples/biopsies to be maintained for
up to 8 days.22,23 This enables investigation of the tissue as a
whole or of individual cells following disaggregation.24 Here
we demonstrate the integration of RNA extraction with RT-
PCR on a single microfluidic device that could be used for
the analysis of tissue samples. CYP1A2 gene expression levels,
from 3-MC-induced and non-induced cell populations, were
compared with gene expression levels of glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) as an internal control.

MATERIALS AND METHODS
Preparation of Microfluidic Devices
The microfluidic device used was made of borosilicate glass
and prepared using standard photolithography and wet
etching techniques to produce the design shown in Figure 1.
The etched bottom plate was then thermally bonded to a top
plate containing 360 mm holes drilled to act as inlets and
outlets for the channels.

The internal surfaces of the microfluidic device were
silanized to minimize DNA polymerase adsorption. The
channels were washed overnight with 10% (w/v) NaOH, then
sequentially with 10ml water and ethanol before being dried
thoroughly in an oven at 90 1C. Sigmacote (Sigma-Aldrich,
UK) was then applied to the channels for 5min, following
which the microfluidic devices were dried in an oven for
30min. Porous thermally activated silica monoliths were
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generated in the RNA-extraction chamber. The monoliths
were made from potassium silicate (K2SiO3 (21% SiO2, 9%
K2O)) (VWR International, UK) and formamide (Alfa Aesar,
UK) in a 10:1 ratio, and cured in an oven overnight at
90 1C.25 The monoliths generated are contained within the
hexagonal RNA-extraction chamber. Porous silica monoliths
have been shown to contain both micron and nm-scale pores,
resulting in facile flow of solutions through the micron pores
and generation of a large surface area for reactions due to the
nm-scale pores.26 In this instance, the micron pores have an
average diameter of 1.6 mm (Supplementary Material,
Supplementary Figure S1). Agarose gel encapsulated RT-PCR
reagents were then filled into half of the PCR chamber and
the microfluidic device stored at 4 1C until required.27

Sample Preparation
Experiments used either rat liver tissue or primary rat
hepatocytes. Male Wistar rats were housed under standard
conditions. All animals were fed and watered ad libitum until
anaesthetized and killed under schedule 1 procedure for liver
extraction. Total hepatectomy was performed, and tissue
sections of approximately 1mm3 were stabilized in RNAlater
solution (Qiagen, UK) to prevent degradation of RNA and
were stored at � 20 1C. Control and 3-MC-induced primary
rat hepatocytes were provided by LGC (Teddington, UK) and
were stored in Trizol (Invitrogen, UK) at � 80 1C until
required.

Conventional RNA Extraction
All solutions were prepared using diethylpyrocarbonate
(Sigma-Aldrich) treated water. RNA extraction was carried
out from the stabilized liver tissue, following the Qiagen
RNeasy Mini Kit (Qiagen) protocol. Briefly, tissue sections
were homogenized in RLT buffer supplemented with 2M
dithiothreitol (Fluka, UK) using a 1ml syringe and a needle.
Homogenized cells were applied to an RNeasy spin column,
washed, and then eluted in 50 ml of water and stored at

� 20 1C until required. RNA extraction from primary rat
hepatocytes (B0.4� 106 cells) was carried out using
conventional Trizol methodology.

Microfluidic RNA Extraction
Before sample addition, the monoliths were pretreated with
10mM TE buffer (10mM Tris, 1mM EDTA, adjusted to
pH 6.7), which was hydrodynamically pumped through at
5 ml/min. Rat liver tissue (1mm3) or primary hepatocytes
(B0.4� 106 cells) were homogenized in 40 ml 5M guanidine
hydrochloride (Sigma-Aldrich) in 10mM TE buffer, and then
pumped through the monolith at 2.5 ml/min. The optional
addition of DNase I (Invitrogen) to this lysis/binding buffer
was also evaluated. A 50 ml solution of 80% (v/v) isopropanol
(Sigma-Aldrich) was then used to wash the monolith and
remove cellular debris and potential contaminants of
downsteam processes. The concentrated RNA was eluted
from the monolith using 50 ml of water at a flow rate of
1 ml/min. Fractions of 5 ml were continuously collected
throughout the extraction procedure for RNA quantification
and downstream analysis using RT-PCR.

RNA Quantification
RNA quantification was carried out using a Nanodrop
spectrometer (ThermoScientific, UK) using 1 ml aliquots
taken from each collected fraction.

RT-PCR
Intron spanning primers were used for GAPDH and CYP1A2
to facilitate amplification of transcribed mRNA and not
genomic DNA (Table 1). GAPDH primers were previously
published,1 whereas CYP1A2 primers were designed using
Primer-BLAST software and synthesized de novo. GAPDH, a
housekeeping gene, was used as a positive control because of
its constitutive expression.

A one-step RT reaction and PCR were combined for
generation of cDNA and subsequent amplification. RT-PCR
was carried out using the following reagent mixture: 2.5 mM
forward primers, 2.5 mM reverse primers, 0.5 mM probes, 1�
M-MLV reaction buffer, 200U M-MLV reverse transcriptase,
200 mM each deoxyribonucleotides, 2mM MgCl2, 20 mg/ml
bovine serum albumin, and 0.2 U GoTaq DNA polymerase
(Promega, UK).

After the RNA was eluted from the monolith, the inlets/
outlets of the microfluidic device were covered with a drop of
mineral oil to prevent evaporation of reagents during thermal
cycling. The microfluidic device was placed on a thermo-
electric Peltier element, which provided heating and cooling
for RT-PCR. Control samples were run on a conventional
TC-312 (Techne, UK) thermal cycler. All samples were run
under the following conditions: reverse transcription (70 1C
for 5min, 4 1C for 30 s, and 37 1C for 15min) and PCR
(28 cycles of 94 1C for 30 s, 59 1C for 30 s, and 72 1C for 30 s).
Amplified samples were analyzed either by agarose gel
electrophoresis or capillary gel electrophoresis.

Figure 1 Schematic diagram of the microfluidic device used for the

integration of RNA extraction and RT-PCR. All features were etched to a

depth of 500 mm. (a) Monolith solution inlet. (b) Sample, wash and

elution reagent inlet. (c) Waste outlet. (d) PCR reagent inlet. (e) Waste

outlet.
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Gel Electrophoresis
Products of RT-PCR were analyzed using agarose gel
electrophoresis. Agarose gels of 2% (w/v) concentration were
made in 0.5� Tris/Borate/EDTA buffer. Loading dye was
added to the RT-PCR products before being run at 120V for
90min alongside Hyperladder II (Bioline, UK) for compar-
ison. Ethidium bromide at a concentration of 0.5 mg/ml (CLP,
US) was used to stain the DNA for visualization using a UV
transilluminator.

RT-PCR products were alternatively analyzed using a
standard procedure on a Capillary Gel Electrophoresis CEQ
8000 Genetic Analyser (Beckman-Coulter, UK).

RESULTS
RNA Extraction
As silica is known to bind all nucleic acids, DNase I was used
to remove any potentially contaminating DNA and maximize
RNA-extraction efficiency. This was carried out by adding
DNase I, at a range of 0.01–10mg/ml, to the binding buffer.
Optimization of this process showed that a concentration of
1mg/ml removed the maximum amount of DNA (data not
shown).

Preconditioning of the silica monolith using 10mM TE
buffer, pH 6.7, was performed in order to confer the most
appropriate level of protonation to the surface in order to
maximize nucleic acid adsorption/desorption28 A 30-min
conditioning step was found to be optimal as it resulted in
maximal RNA yields during the elution phase, approximately
32% greater total yield than with no preconditioning
(Figure 2). Longer incubations times, 60min, resulted
in loss of RNA during the washing phase, suggesting an
inefficient binding process.

Following optimization of the RNA-extraction process on
the proposed microfluidic system, whole tissue was homo-
genized directly in the lysis/binding buffer and RNA
extracted. RNAwas successfully extracted from rat liver tissue
using this technique, and the eluted fractions are shown to be
of sufficient quantity and quality for amplification using
RT-PCR on the microfluidic device (Figure 3).

RT-PCR
Combined RT-PCR for multiplex amplification was
optimized on the benchtop and then transferred onto the
microfluidic system. Successful amplification of both

targets was demonstrated on the microfluidic device as
demonstrated by the generation of PCR products of the
expected sizes for GAPDH and CYP1A2 (Figure 4).

Process Integration on a Microfluidic Device
To facilitate integration of the RNA extraction and RT-PCR
process on a single microfluidic device, the RT-PCR reagents
were encapsulated in a 1.5% (w/v) agarose gel and filled into
half of the amplification chamber. Once the RNA was eluted
from the monolith, the flow was directed toward the am-
plification chamber, whereupon it filled the second half of the
amplification chamber. The inlets and outlets of the micro-
fluidic device were then covered with a layer of mineral oil to

Figure 2 Graph showing an example of the RNA-elution profile results

obtained when the monolith was subjected to different preconditioning

times of 0 (—’—), 30 (- - -J- - -), and 60min ( � � �D � � � ) (n¼ 3 for each

condition tested).

Figure 3 Graph showing average elution profile from RNA extracted

from rat liver tissue on a microfluidic device. *Denotes samples that were

successfully amplified by RT-PCR (n¼ 3).

Table 1 Primer sequences for GAPDH and CYP1A2

Target Sequence (50 � 30) Product size

GAPDH (forward) 50-FAM-CAAGGTCATCCATGACAACTTTG-30 91 bp

GAPDH (reverse) 50-GGGCCATCCACAGTCTCCTG-30

CYP1A2 (forward) 50-JOE-ACAGCACAACGAGGGACAC-30 129bp

CYP1A2 (reverse) 50-CTCTGGGCGGAACACAAA-30
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prevent evaporation. Upon the initial reverse transcription
heating step, the agarose gel melts to release the RT-PCR
reagents, which combine with the eluted RNA. Following
amplification on the microfluidic device, RT-PCR products
were analyzed by capillary gel electrophoresis, and the relative
fluorescent intensities of the products were compared to
enable qualitative analysis of the end-point RT-PCR. This
technique was successfully used to compare basal gene ex-
pression levels of CYP1A2 with those induced by 3-MC,
using GAPDH as a constitutively expressed control
(Figure 5). As expected, treatment with 3-MC led to induc-
tion of CYP1A2 resulting in increased gene expression levels;
P¼ 0.008, two-tailed paired t-test, which was in agreement
with Baldwin et al.1

DISCUSSION
The ability to monitor drug effects on tissue samples using a
microfluidic system offers numerous advantages over
conventional drug-examination methods. First, multiple
experiments could be carried out on a single biopsy sample,
reducing the number of animals required for basic research
or enabling a patient biopsy to be used enabling individually
tailored medications and treatment plans to be devised.5,29

Furthermore, as the effect of the drug can be monitored not
only at an observable cellular level but also at the level of gene
expression, the pharmacological effect can be monitored
looking at potential unwanted side effects caused by the
activation of prodrugs or carcinogens. Integration of the
proposed system with other techniques, such as the EROD
assay, would allow more information to be obtained from
individual biopsy samples, eg, protein activity and gene
expression levels, in the development of techniques for
patient-specific treatments. Most important is the ability to
integrate analysis directly from a biopsy of tissue. This allows
direct interrogation in the most appropriate manner
depending on the type of analysis to be performed,
allowing extraction and quantification of the mRNA within
approximately 100min from the time of sample input

into the microfluidic device. Integration minimizes
contamination and loss of sample, making the whole
process more reliable and applicable to small samples—
useful in many clinical settings where the tissue is often
limited. In addition to measuring changes in mRNA ex-
pression, the tissue-based microfluidic system can be coupled
to other ‘downstream’ analysis modules, eg, spectro-
photometric/fluorescent detection of protein release,30

individual cells can be liberated and changed to the cell
surface analyzed by on-chip flow cytometry,24 and
oligonucleotide hybridization arrays can be used to assess
global changes in gene expression.31 The combination of
these technologies together with the RT-PCR described here
has the potential to offer a new platform technology for
studying normal or diseased tissue.

Supplementary Information accompanies the paper on the Laboratory

Investigation website (http://www.laboratoryinvestigation.org)
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