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Bacterial transcriptomics is widely used to investigate gene regulation, bacterial

susceptibility to antibiotics, host-pathogen interactions, and pathogenesis.

Transcriptomics is crucially dependent on suitable methods to isolate and detect

bacterial RNA. Microfluidics offer ways of creating integrated point-of-care sys-

tems, analysing a sample from preparation, and RNA isolation to detection. A

critical requirement for on-chip diagnostics to deliver on their promise is that

mRNA expression is not altered via microfluidic sample processing. This article

investigates the impact of the use of microfluidics upon RNA expression of bacte-

ria isolated from blood, a key step towards proving the suitability of such systems

for further development. VC 2015 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4921819]

INTRODUCTION

RNA plays a crucial role in information transfer, catalysis, and gene regulation.1 Many

diseases have been associated with gene expression variations, indicating that RNA expres-

sion profiles offer new insights into diseases processes and the underlying fundamental molec-

ular biology.2 Similarly, bacterial transcriptomics has aided in the further understanding of

antibiotic resistance3–5 and host-pathogen interactions,6–8 as well as the identification of novel

drug targets.9–11 The main challenges remain, however, the isolation of low abundance bacte-

ria and removal of inhibitors. Microfluidic systems have been used for high-throughput stud-

ies of RNA and their interactions at the single molecule level.1 Recently, systems have been

reported measuring multiple mRNA expressions or identifying specific biomarkers.2 However,

these systems performed only the detection stage of the on-chip process. Microfluidics has

also been utilised for on-chip extraction of viral RNA in blood12 and for bacterial RNA

extraction,13 but the RNA expression was not benchmarked against traditional processes.

A major challenge in using RNA expression lies in processing and extracting, in a robust

and repeatable manner, RNA from a patient sample before the occurrence of any changes in

RNA expression. Expression profiles have been shown to vary, depending upon the chosen

extraction method.6 Several microfluidic devices have been reported for the continuous extrac-

tion of bacteria from blood, some relying on active forces,14,15 on selective lysis16 while others

exploit label-free passive hydrodynamic methods.17–21 However, given that shear stress is a

known factor for mRNA deregulation in human22 and bacterial cells,23 it is critical to ensure

that microfluidic processing does not impact upon the RNA expression profile.
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In this paper, we investigated the impact of microfluidic processing on the RNA expression

of bacteria in blood, comparing on-chip sample processing to traditional benchtop methods.

The main aim of the study was to determine whether RNA expression was altered by the use

of a microfluidic device for the separation of bacteria from human whole blood.

MATERIALS AND METHODS

The design and operation of the microfluidic chip used in isolating plasma from blood

cells has been reported previously.24 The chip comprises several constrictions enhancing the

lateral drift force pushing blood cells (2–30 lm) to the channel centre while plasma is drawn

off from cell-free zones through narrower side channels. As this lateral force is smaller for

bacterial cells (�0.25–1 lm), these are relatively marginated, similar to the strategy adopted

in Ref. 21 (Figure 1). Device manufacturing was performed by Epigem (Redcar, UK). Flow

rates of up to 6 ml/h were tested using syringe pumps (World Precision Instruments, FL,

USA).

FIG. 1. Blood plasma separation device. (a) Schematic of a blood plasma device including constrictions and bifurcations.

(b) Lateral lift force in the constriction forces the largest cells including RBCs and WBCs more centrally. The sudden

expansion at the end of the constriction creates a cell-free zone, from which plasma can be extracted providing flow rate

ratios between the feed channel and daughter channels are correctly set. This allows the relative margination of smaller par-

ticles (<1–2 lm) of such platelets and bacterial cells within the cell-free zones found near the wall from which the plasma

is extracted. (c) A photograph of a 3:7 (v/v) Blood:PBS flow in the device. Flow rate: 5 ml/h. (d) Simulated velocity profiles

at the first constriction and expansion using computational fluid dynamic (CFD) software Comsol 4.4 (Burlington, MA,

USA) using a Newtonian model (Inlet flow rate¼ 5 ml h�1; density¼ 1025 kg m�3; viscosity¼ 1750 cP). (e) Simulated

shear rate map in the first constriction and expansion. The highest shear rate is situated on the walls of the first constriction.

Blood cell induced viscosity and its impact upon shear rate30 was not considered in this model.
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Human whole blood was purchased from Seralab (West Sussex, UK). The pooled sample

originated from 3 healthy individuals and EDTA K2 added to prevent coagulation. The blood

was 10 days old from the point of collection. Escherichia coli CFT 073 was used at a concen-

tration of 105 cfu/ml in blood. Initial microfluidic runs were done with 105 cfu/ml spiked into

Luria Bertani (LB) broth. Subsequent experiments used blood cultures in which the organism

was grown in blood for 24 h at 37 �C, shaking at 200 rpm. These cultures were then diluted at

varying dilutions with phosphate buffered saline (from 10% to 50% blood).

RNA extraction was performed using Qiagen RNA protect (Hilden, Germany) to stabilise the

RNA followed by a column based extraction method using the Qiagen RNeasy Mini kit (Hilden,

Germany), followed by DNase treatment with Turbo DNA-free (Life Technologies, Carlsbad,

USA). RNA yield was quantified using Nanodrop ND-1000 (Thermo Fisher Scientific, Waltham,

USA), and RNA quality was determined using an on-chip capillary electrophoresis method,

Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, USA).

5 replicates of each of the bench processed and microfluidic processed samples were sent

for microarray analysis to determine the RNA expression. Microarray processing was performed

by Hologic (Manchester, UK) (Affymetrix protocol). The raw data were analysed by Fios

Genomics (Edinburgh, UK). This has been deposited in NCBI Gene Expression Omnibus,25 ac-

cessible through GEO Series accession number GSE68064 (http://www.ncbi.nlm.nih.gov/geo/).

One way analysis of variance (ANOVA) was applied, and from this, a list of down- and up-

regulated genes were transcribed; the function of these genes were determined via comparison

with the literature and public gene regulation databases.26–28

RESULTS AND DISCUSSION

The main focus of the sample processing work was to separate bacteria from the blood

cells in the blood sample. The rationale behind isolating the bacteria is to reduce the presence

of inhibitors present in whole blood, which can lead to poor lysis yield of the bacteria and inhi-

bition of enzymatic steps in the downstream process. Also, prior bacteria separation leads to an

RNA extraction that is enriched for bacterial RNA compared to host RNA, hence reducing the

noise level during quantification of the expression level. The microfluidic system, based on the

axial migration of cells, had been previously demonstrated to successfully isolate plasma from

blood samples at a flow rate of several ml/h for blood concentration between 5% and 100%.

The flow profile in the constriction and after the constriction (Figure 1(d)), leads to relatively

high shear stress on the channel walls (Figure 1(e)), in particular, impacting bacterial cells flow-

ing close to the wall and being drawn out in the plasma channels. Though these rates are high

compared to physiological values encountered in the vascular system (40 s�1 and 2000 s�1 in

stable laminar flow), only a small percentage of all cells and bacterial cells experience the high-

est shear rates and this for a short period of time while passing through the constrictions.

The system was initially tested with blood samples that were spiked with bacteria. For this

study using commercial banked blood samples, the optimal blood concentration level was deter-

mined to 30% and the optimal flow rate was found to be 4 ml/h, enabling processing of a 5 ml

sample within 75 min. Bacteria collected from the device output were then lysed, yielding bac-

terial RNA concentrations of over 16 lg/18 ll with a RNA integrity number (RIN) of 9.4. This

compared favourably to the benchtop procedure and ensured microarray analysis was possible

as the criteria for microarray processing were a yield of greater than 10 lg/18 ll and a RIN of

at least 7, see supplementary Table S1 in Ref. 29.

ANOVA analysis was employed to determine any differences in RNA expression between

the two conditions (Figure 2). Significant fold change in the gene expression was determined

by only selecting genes that were differentially regulated both by �4 or ��4 fold and with

corrected p-value of �0.01. Based on these selection criteria, we identified 143 genes that were

differentially regulated between the two separation methods. In order to visualise the spread of

the genes that were up- and down-regulated, the 143 genes were tabulated into a bar graph, see

Figure 3. The 143 genes were then grouped into their functional categories, to visualise the reg-

ulatory networks that were affected by the separation method, see supplementary Table S2 in
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Ref. 29. The main classes of genes which appeared to be differentially regulated belonged to

regulatory networks such as metabolism (mainly arginine metabolism/transport), bacteriophages,

fimbrial proteins, the SOS response, and DNA replication/repair. The appearance of these net-

works signifies that the conditions during the sample processing on the microfluidic device led

to changes in the metabolic regulation of the organism. The microarray results indicate that

microfluidic processing of the samples impacted on the RNA expression. In our study, the dif-

ferences in gene expression were observed in 143 genes out of the total 5379 genes for E. coli
CFT073, a 2.7% change in the overall expression profile.

CONCLUSIONS

This study investigated the impact of microfluidic sample processing on RNA expression to

determine the feasibility of lab-on-a-chip based point-of-care diagnostics. Several genes were

identified as being up- or down-regulated as a result of the microfluidic processing, though this

represented a low percentage of the total expression profile. If RNA biomarkers of interest

fall outside the categories identified being susceptible to microfluidic processing, separation

FIG. 2. Volcanic plot of fold changes in gene expression of E. coli CFT073 due to separation using the microfluidic method

in comparison to the benchtop method. The vertical dotted lines perpendicular to the X-axis delineate the area representing

a fold change value of 4 (right line) and �4 (left line). The horizontal dotted line perpendicular to the Y-axis delineates the

upper area representing corrected p value of �0.01.

FIG. 3. Indication of the degree of fold change observed across the 143 identified genes. The horizontal dotted lines from

the Y-axis depict the fold change value of 4 (top line) and �4 (bottom line).
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methods based on hydrodynamic separation can be considered suitable for diagnostic devices

measuring bacterial RNA expression.
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