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Chapter 6 

Towards a miniaturized GC-based device for 

detection of Mycobacterium tuberculosis 
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Summary

Biomarker discovery using gas chromatography-mass spectrometry (GC-MS)

shows great potential for the development of reliable tuberculosis point of

care (POC) tests in developing countries. This chapter focuses on the devel-

opment of a miniaturized GC-based device for detection of biomarkers for

tuberculosis in the field. The device consists of a small GC inlet equipped

with a Programmed Temperature Vaporizing (PTV) injector that is con-

nected to a heated micro-GC column cartridge. Because of the lack of a

miniaturized MS detector, the proto-type GC device is connected to a flame

ionization detector (FID) for recording the chromatograms obtained. The

device showed a good performance in the separation of low boiling com-

ponents such as the volatile alkanes C6 to C14 or fatty acid methyl esters

(FAMEs) in the range from FAMEs C6 to C10; unfortunately however, severe

peak splitting, the so-called “Christmas tree effect”, was observed for higher

boiling components such as the higher alkanes or higher FAMEs (e.g. from

C16 and C18 onwards). The peak splitting is caused by a non-uniform oven

temperature along the length of the column. Clearly further improvements

to the device are needed to allow separation of the high-boiling components

on our target list of 20 marker compounds.
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6.1 Introduction

According to the World Health Organization (WHO), tuberculosis (TB) is

still a major problem in public health [1]. Although tuberculosis deaths

fell in 2012, three million cases of TB were still undiagnosed and untreated

around the world, especially in low- or middle-income countries where there

is a limited access to health services [1]. Early treatment of TB is hindered

by the lack of rapid, accurate diagnostic tests that can be used at the point of

care (POC) in resource-limited settings [2]. Serology-based POC tests can be

performed on-site without laboratory equipment in such resource-constrained

settings. However, the commercially available serological tests so far provided

inconsistent and imprecise results [3]. Therefore, the WHO strongly recom-

mends that these tests are not be used to diagnose TB. Another TB POC

test is the Determiner TB-LAM test (Alere, Inc., Waltham, Massachusetts,

USA) that is based on the detection of lipoarabinomannan (LAM) in urine

collected from TB patients. This test is simple to use, rapid, inexpensive and

could in principle be suitable for on-site detection of TB; but it gives a very

low sensitivity ranging from only 39% to 67% [4]. Sputum-smear microscopy

is still the commonest diagnostic test; however this method suffers from poor

sensitivity and specificity. The GenoTyper MTBDRplus assay (Hain Life-

science GmbH, Nehren, Germany) is commercially available and allows si-

multaneous molecular identification of tuberculosis and multidrug-resistant

tuberculosis (MDR-TB) directly from smear-positive sputum samples [5].

This test gives a high sensitivity, but is expensive and skillful personnel are

required. Recently, the GeneXpert MTB/RIFr assay (Cepheid Inc., Sunny-

vale, California, USA), based on a cartridge-based nucleic-acid amplification

test (NAAT), has been introduced. This method is fully-automated, rapid

and sensitive; but unfortunately again expensive and limited in use at the

point of care (POC) [6]. We are still searching for an accurate diagnostic test

that is field-friendly, allowing POC use with improved sensitivity, miniatur-

ized device design, reduced cost and high-throughput multiplex detection.

The POC aspects are very important, as POC diagnostics bring tests closer

to the site of patient care resulting in reduced turnaround times and enabling

quick clinical management decisions.

Nowadays the emerging fields of nanotechnology and microfluidics have made

a valuable contribution to provide new tools for diagnosis of TB at the
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point of care. A variety of biosensors have been developed in recent years for 
detection of TB. TB biosensors that are based on detecting antibody-antigen 
interactions and whole mycobacteria or nucleic acid hybridization were 
reported in several studies. He and Zhang for example coated a styrene-
butadiene-styrene copolymer as a membrane-mimicking layer to immobilize 
anti-MTB antibodies onto a silver-coated piezoelectric quartz-crystal sensor 
[7]. The detection limit is 1.0 x 105 colony-forming unit/mL (CFU/mL). This 
method is rapid and simple; but it is not reliable because the accuracy varies 
significantly depending on a number of factors such as density, viscos-ity or 
electrical conductivity of sputum samples. In another study, Ren and 
coworkers used a multi-channel piezoelectric quartz crystal sensor system to 
detect volatile metabolic products which are produced during the MTB 
growth (e.g. NH3 and CO2) [8]. This method provided very good detection 
limits of 10 CFU/mL and had a wide linear range from 1.0 x 102 to 1.0 x 107 

CFU/mL, but the method required careful sample pretreatment to eliminate 
interferences from other bacteria. This limits the use of the sensor for POC 
testing. In 2010 McNerney and colleagues proposed to use breathalyzer flu-
orometry (Rapid Biosensor Sytems, Cambridge, UK) to detect native MTB 
antigen (e.g. Ag85B) in aerosols and particles coughed out by suspected 
patients [9]. This biosensor gave a sensitivity of 74% and a specificity of 79% 
in the analysis of 60 samples. The device is fast; but sensitivity and specificity 
need to be improved and the use of fluorescent-labeled antibod-ies limited its 
use in remote settings. A new, chip-based nuclear magnetic resonance (NMR) 
biosensor was reported by Chun for detection of MTB as low as 20 CFU/mL 
in unprocessed sputum samples within 30 min [10]. The NMR component 
costs less than $200 and can be re-used. The disposable microchip costs less 
than $1 which makes this sensor suitable for POC test-ing. Unfortunately, 
there is no further result reported for evaluation of the performance of this 
device in the field. Recently, a new enzymatic sensor detecting a natural BlaC 
enzyme from the class A β-lactamase family as a marker for MTB detection 
was reported [11]. This method can detect as low as 100 bacteria spiked in 
unprocessed sputum in less than 10 min. It could be an excellent opportunity 
for diagnosis of TB in the field; but the device needs to be further evaluated at 
the POC level and compared to existing diagnostic tests for TB.

Although a variety of new POC diagnostic tests for TB has been introduced
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during the past two decades, none of these are ready for reliable field use.

Testing real sputum is still a great challenge because sputum is very likely

to contain other bacteria that can interfere with the detection of MTB. Fur-

thermore, antibodies often not only bind to MTB but also to other species

in sputum resulting in an increase of false positives in antibody-based tests.

Capturing only MTB remains the biggest hurdle in new technologies. There-

fore, development of a simple POC test is still challenging in the current

pipeline of TB diagnosis. Breakthroughs in biomarker discovery will be cru-

cial for the development of reliable TB POC tests which can be widely applied

in remote settings, particularly in developing countries. The use of a single

biomarker showed insufficient for accurate diagnosis of TB in several studies

[12, 13]. In contrast, the use of multiple biomarkers demonstrated an im-

proved accuracy for reliable identification of MTB or differentiation of MTB

from non-tuberculous mycobacteria (NTM) as was outlined in Chapter 3 of

this thesis.

In previous chapters of this thesis we have introduced a new approach for

identifying novel biomarkers for MTB using a fully automated gas chromatography-

mass spectrometry method based on thermally-assisted hydrolysis and methy-

lation (THM-GC-MS) in combination with chemometrics. A combination of

multiple biomarkers allowed us to differentiate MTB from NTM with more

than 95% accuracy in early culture of mycobacteria from The Netherlands

and South Africa (Chapters 3 and 4 of this thesis). The new method also

allowed direct detection of MTB in South African sputum samples (Chapter

5). This chapter is our ultimate goal to develop a miniaturized, GC-based

prototype instrument for detection of the set of 20 biomarkers for tubercu-

losis proposed in the previous chapters of the thesis.

6.2 Material and Methods

6.2.1 Standards and reagents

Standards of fatty acid methyl esters (FAMEs) containing the C6, C10,

C14 and C18 FAMEs were obtained from Sigma-Aldrich (Zwijndrecht, The

Netherlands). The pure solvents hexane, heptane, chloroform as well as an

alkane mixture were also purchased from Sigma–Aldrich.
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Figure 6.1. Schematic set up of the GC cartridge.

6.2.2 Experimental section

6.2.2.1 Design of a miniaturized GC cartridge

In gas chromatography the column is normally placed in a bulky hot air

oven. The size and design of the oven is such that a very uniform column

temperature profile and fast temperature ramping are achieved. For a POC

application a more compact GC design is preferable. The GC module pre-

sented is much more compact and based upon direct column heating. Figure

6.1 shows the system set-up of the GC module. The column is winded into

an envelope build up using a ceramic heater on one side and a heat spreader

on the other. The column assembly is hinged on a small suspension to a

frame which is mounted in the housing. Figure 6.2 shows a picture of the

GC module. On top of the module a miniaturized PTV injector is placed

(see §6.2.2.2). The output of the column is led through a heated output line

to an external FID.

The ceramic heater consists of a ceramic carrier with on one side metal resis-

tive heater tracks and on the other side integrated temperature sensors. The

resistive heater was driven by a controllable current source which is connected

to the current terminals as shown in Figure 6.1. In these initial experiments

the integrated temperature sensors are not used. Instead the heater’s elec-

trical resistance, being temperature depended is used as a reference for the

average heater temperature. A LabVIEW (National Instruments, Woerden,

The Netherlands) control module is developed with which the heater tem-

perature can be programmed (both isothermal and temperature ramp).
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Figure 6.2. Micro GC Module.

A detailed characterization of the temperature profile of the heater is per-

formed. The electrical current enters the heater at the left terminal at the

bottom (Figure 6.2) and travels around to the right terminal. The heater

is divided into 8 sections and a measurement terminal is placed between

each section. To determine the temperature distribution over the heater, the

temperature dependence of each section is first calibrated (room tempera-

ture resistance and thermal coefficient). After calibration the temperature

distribution is measured during normal operation of the heater.

6.2.2.2 Design of a miniaturized PTV injector

ATAS GL has developed a small GC inlet port, which allows to introduce up

to 50 µL of a liquid sample into a portable micro-GC. The inlet also acts as

chemical reactor unit and provides accurate and rapid heating and cooling in

the temperature range between ambient and 600◦C with programming rates

up to 60◦C/sec.

The inlet port normally operates at elevated temperature to ensure that the

sample is vaporized and transferred into the gas phase prior to separation in

the chromatographic column. To assist this vaporization, a disposable liner

made of an inert glass is placed within the inlet port. To facilitate manual

or automated liner exchange, ATAS GL has developed a quick-close/open

inlet head. To make this possible, all the gas line connections were moved

to the inlet base and a new o-ring sealing mechanism was designed. Besides

the base bayonet socket with the o-rings, this mechanism also includes a

top boss assembly and a bayonet locking nut. The socket and the nut, when
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Figure 6.3. Miniaturized GC Inlet.

locked together, provide stable compression of the o-ring seals and allow quick

opening or closing of the head (Figure 6.3). The heating part of the small

inlet is based on the ATAS GL OPTIC multimode inlet with its patented

two heaters technology. This technology ensures rapid heating ramp rates

and an excellent axial temperature profile for the transfer to the GC column

of high boiling compounds.

The inlet temperature is controlled using a powerful pulse-width-modulation

controller. This controller is capable of accurate and rapid temperature

control. Calibration of the inlet thermocouple can be done via the controller’s

firmware. The fast heating overshoot can be filtered out using the correct

parameters.

6.2.2.3 Coupling of inlet and transfer line to GC cartridge

The inlet is mounted on a small rotating platform on a top of the micro-GC

chassis. The platform with the inlet can be easily turned aside providing free

access to the inlet bottom nut for the GC column connection. When a column

is connected, the inlet is turned back into its working, vertical position. This
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Figure 6.4. Pre-prototype of the portable device.

position is chosen carefully, to ensure that the inlet bottom nut is placed

exactly in-between the GC heater cartridges. This is to eliminate possible

cold spots, which can cause re-condensation of a sample on its way from the

inlet to the GC column. The transfer line is mounted at the opposite end of

the micro-GC (as viewed from the inlet). It is rigidly fixed to the GC chassis.

One end of the transfer line is placed in-between the GC heater cartridges to

get rid of a possible cold spot. The column outlet is extended through the

transfer line during the column installation.

6.2.2.4 Experimental evaluation of a prototype

Figure 6.4 shows the connections of the portable device system. For the ex-

perimental testing the GC prototype was coupled with a PTV injector and a

Flame ionization detector (FID). The oven temperature of the GC cartridge

was controlled by Qmicro software while the temperatures of the PTV injec-

tor and the transfer line connected to the FID detector were controlled by

ATAS GL software. The FID signal was recorded and data processing was

carried out using Clarity software from DataApex (Prague, Czech Republic).
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6.3 Results and Discussion

6.3.1 GC Inlet design

Despite the small size, the new inlet has an excellent performance. The device

is capable of handling different sample injection modes like Large Volume

Injection (LVI), Thermal Desorption (TD), Pyrolysis etc. The inlet also

provides accurate and rapid heating and cooling in the temperature range

between -180 ◦C and 600 ◦C with programming rates up to 60 ◦C/sec. The

inlet injection volume is determined by the liner internal volume. Although

the liner is small, its large internal diameter (3.4 mm) still allows injection

of samples with volumes up to 50 µL. The inlet has also an excellent axial

temperature profile, which is important for a reliable sample transfer into a

GC column.

6.3.1.1 Heating Ramp Rate Effect

A series of model experiments was performed to study the heating behavior

of the new injector. Because the device is much smaller, it should be possible

to obtain higher heating rates. This might be attractive from the perspective

of signal to noise ratios. At higher heating rates pyrolysis of the same mass of

material would occur in a shorter time. This in turn would result in narrower

and higher peaks. This effect was indeed seen in model experiments with the

pyrolysis of the polycarbonates. It is clear from Figure 6.5 that the heating

ramp rate has a beneficial effect on the peak intensity.

It was also found that this effect is much more pronounced for the higher

molecular weight components. Figure 6.6 shows the relative peak intensity

(I60/I30) for four compounds with different molecular weights.

6.3.1.2 Inlet Temperature Profile

It is very well known that the axial temperature profile is a very important

performance feature of a GC inlet. The temperature difference along the

liner can significantly affect chromatography for the heaviest compounds. In
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Figure 6.5. Effect of inlet heating ramp rate on p-isopropenyl phenol
peak intensity.

Figure 6.6. Effect of heating ramp rate on peak intensity for com-
pounds with different molecular weights.
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Figure 6.7. Inlet temperature profile.

some cases, a cold inlet bottom can almost completely eliminate the transfer

of the heavier compounds to the column. The inlet temperature profile

of the new minaturised inlet is shown in the Figure 6.7. It is seen that

the temperature profile is flat over a large part the liner length, with the

temperature difference between center and bottom of the liner being less

than only 50◦C. Taking into account that the bottom thermal mass is very

low, this difference cannot impede the transfer of high boiler compounds onto

the column.

In order to couple the micro-GC column with a mass spectrometer detector,

a heated transfer line has been developed. The column is extended from

the small oven through the transfer line so that the eluting compounds are

carried rapidly to the detector, without compromising the chromatographic

separation. During the transfer of the effluent from the GC column oven

to the ion source, it is necessary to maintain a uniform temperature along

the column extension. If a significant temperature gradient exists and tem-

perature varies at different points along the column extension, cold spots
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Figure 6.8. Transfer line temperature profile.

may occur to cause condensation so that the heavier sample constituents

will either not be passed through to the MS, or will exhibit excessive chro-

matographic peak broadening or peak tailing.

The transfer line design is based on the same two heater technology as used

for designing the miniaturised inlet. This technology ensures a uniform tem-

perature profile along the column extension. It also allows using a similar

type of temperature controller as for the inlet. The temperature profile for

the transfer line is shown in Figure 6.8.

6.3.2 Separation performance of the miniaturized GC de-

vice

In a series of initial tests, the miniaturized GC device was coupled to FID

detector and its performance for the separation of low-boiling organic sol-

vents was evaluated. Figure 6.9 shows the FID chromatogram of a hexane

injection. The chromatogram shows an acceptable symmetrical peak. Fig-

ure 6.10 shows the chromatogram obtained in the separation of an alkane

mixture containing alkanes in the range from C10 to C40. The result in-

dicates that the device shows a good performance for low molecular weight

alkanes, such as C10, C12 and C14. Unfortunately severe peak splitting,
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Figure 6.9. FID chromatogram of hexane solvent recorded at an
isothermal oven temperature of 200◦C.

the so-called “Christmas tree effect”, was found for alkanes with higher boil-

ing points (>200◦C). This was caused by a non-uniform temperature along

the column length in the GC cartridge. Temperature differences strongly

influence the peak shape of high-boiling compounds because of the presence

of local cold spots along the capillary column. We measured the tempera-

ture along the capillary column during a temperature ramp of the oven from

100◦C to 320◦C. These measurements show a significant fluctuation in oven

temperature for temperatures above 200◦C. This causes the Christmas tree

effect for the high boiling-point compounds. From these results it is evident

that the temperature control of the device needs to be improved to get a uni-

form temperature in all of parts of the capillary GC column. The separation

performance of the miniaturized GC device was also tested for a mixture of

fatty acid methyl esters including the FAMEs C6, C10, C14 and C18. The

FID chromatogram of a mixture of C6, C10 and C14 FAME is shown in

Figure 6.11. The figure shows a good separation of the mixture. Clearly,

symmetrical peaks are found for the lower-boiling FAMEs (C6 and C10),

whereas again peak splitting is obtained for the higher boiling C14 FAME.

The “Christmas tree” effect was even more pronounced for the heaviest C18

FAME as is shown in Figure 6.12.

The heater is divided into eight sections and a measurement terminal is

placed between each section. Figure 6.13 gives the temperature deviation of

each section at an average heater temperature of 200◦C. The temperature

distribution is far from ideal therefore it is clear that the heater needs further

improvement.
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Figure 6.10. FID chromatogram of the alkane mixture. The concen-
tration of the individual compounds was 50 µg/mL. Temperature was 

programmed from 40◦C to 320◦C at 10◦C/min.

Figure 6.11. FID chromatogram of a standard mixture of pure
FAMEs (C6, C10 and C14) at an isothermal oven temperature of 200◦C.

Figure 6.12. FID chromatogram of pure FAME C18 at an isothermal 
oven temperature of 200◦C.
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Figure 6.13. Temperature Micro GC Module

6.4 Risk analysis and technology assessment∗

Innovative technologies such as field portable analyzers significantly grow

and show very promising especially for the medical area. Clearly, there are

always gaps between the actual applications/uptake in society and the in-

novation value chains. Therefore, a detailed assessment of the potential im-

pacts of new technologies on the economy and society is important. This is

to help the technology developer with more knowledge about relevant tools

and insights as well as to allow further improvement of the innovation by

identifying and eliminating the gaps and barriers in the present situation.

Since our main goal is to develop a handheld, (trans)portable device based

on micro-GC technology that provides an affordable, accurate and easy test

for TB, we will only focus on the future impacts of the devices that we have

developed.

In the first section we will perform a chemical risk assessment related to our

diagnostic test. Assessment of the toxicology of the chemicals used could
∗As a part of NanoNext NL programme, Risk Analysis and Technology Assessment

are compulsory to assess environmental and health risks and address public commu-
nication, entrepreneurship, and ethics of the GC portable device developed before its
introduction into society
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help to determine the appropriate level of exposure-control needed to pro-

tect future users and provide useful information needed for decision making

in risk management. All chemicals that we are dealing with are well-known

compounds. Most of them are organic solvents that are used in the extrac-

tion procedure; e.g. hexane, methanol, chloroform. The hazard data for

these chemicals are readily available in safety databases. We have not intro-

duced any new compounds in our method. Therefore, we believe that the

chemical assessment process is not complex. Moreover, our ultimate diag-

nostic test should be a fully-automated procedure which can largely avoid

exposures of staff or (suspected) patients to hazardous substances. In the

second part of this assessment, we will focus on the technology assessment

of our diagnostic test device. The device is based on existing GC techniques.

Despite of persistent efforts over the last 125 years to develop simple tools

for the diagnosis of TB, the ideal method has proven elusive. The current

methods suffer from a number of drawbacks, such as a low sensitivity and

specificity, time consuming measurements, high costs, need for a complex

infrastructure etc. These disadvantages all limit their use. Hence, there is a

strong desire for a new diagnostic test for TB that provides a high accuracy

at affordable cost and which can be used in the field. Our diagnostic test is

expected to be a fully automated procedure which shows a lot of advantages,

such as high speed, good repeatability, cost reduction and safety. However, a

big gap always exists between the laboratory and the clinic on the one hand

and the market on the other. Tuberculosis is readily transmitted by inhal-

ing aerosol containing MTB. Hence, the diagnostic test is required to have

a high sensitivity to minimize the number of false-negative cases which in-

crease the chance of spread of tuberculosis in a community. Moreover, a low

specificity results in a large number of false-positive cases which also has sig-

nificant consequences, such as increased expense for unnecessary-tuberculosis

treatment, potential for drug toxicity, disruption of daily life, and social os-

tracism. Therefore, it is crucial that the diagnostic method for tuberculosis

should be as accurate as possible. Some techniques introduced recently on

the market (e.g. the Xpert MTB/RIFr assay) provide a high accuracy but

these tests unfortunately have limited utility due to their cost and need for

a complex infrastructure. The basic principle of our method is based on the

detection of a number of specific biomarkers for M. tuberculosis. A method

for searching these biomarkers was discussed in detail in previous chapters.
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Here we only note that the method developed was based on a number of

representative bacterial strains from hospitals in the Netherlands and was

validated by samples from South Africa. The validation results show that

the performance of our method is less for samples from South Africa. Thus,

a first potential risk for our method is a reduced performance for samples

from other geographical areas then those used to build the model. The best

performance of our method is obtained when the strains in the training set

come from the same geographical area as those in the validation and test

sets. In the case there is a difficulty to collect samples in different areas for

inclusion in the training set, one should be aware that the performance of

the method could be reduced. Cost is a critical factor that we need to take

into account at an early stage. This includes the cost of purchase of the own

device and the cost per sample with all consumables inclusive. The device

was developed based on the basic requirements of a high accuracy, good fea-

sibility, full automation and the absence of a need for specialist operations.

The last three requirements contribute to a reduction of the cost per test.

However, more parameters are involved in the cost effectiveness, including

for example maintenance of the device, lifetime of the device, economy of

the countries, salary for the operator, etc. An economy evaluation needs

to be performed in an appropriate way before the device is made commer-

cially available. Discussing societal aspects of the novel device is important

even when it is not commercially available yet. We have realized that the

general public lacks awareness and understanding of micro- and nanotech-

nology. Suppliers and customers always need time to adjust themselves to

new devices. Introduction of a new product can fail by public resistance.

In conclusion, the micro GC device developed in the current project shows

promise for fast and simple diagnosis of tuberculosis. However, a detailed

evaluation of the risks and benefits of this device before commercialization is

crucial to ensure that the device can do better compared with the competing

technologies that exist.
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6.5 Future strategies

The miniaturized GC device holds great potential for detection of specific

biomarkers for M. tuberculosis. However, the GC cartridge needs to be fur-

ther improved to obtain a more uniform high temperature allowing a better

separation for high-boiling components. Moreover, a search for a cheaper,

portable and sensitive detector that can replace mass spectrometry should

be performed. Finally, the device would need to be tested using real sam-

ples, such as sputum collected from suspected patients with MTB and its

performance should be compared to the existing diagnostic tests, such as

sputum-smear microscopy, and sputum culture results or polymerase chain

reaction based assays.
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