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Optofluidic ring resonator sensors for rapid DNT vapor detection

Yuze Sun,a Jing Liu,a Greg Frye-Mason,b Shiou-jyh Ja,c Aaron K. Thompsonc and Xudong Fan*a

Received 7th January 2009, Accepted 3rd March 2009

First published as an Advance Article on the web 20th March 2009

DOI: 10.1039/b900050j
We demonstrated rapid 2,4-dinitrotoluene (DNT) vapor detection at room temperature based on an

optofluidic ring resonator (OFRR) sensor. With the unique on-column separation and detection

features of OFRR vapor sensors, DNT can be identified from other interferences coexisting in the

analyte sample mixture, which is especially useful in the detection of explosives from practical

complicated vapor samples usually containing more volatile analytes. The DNT detection limit is

approximately 200 pg, which corresponds to a solid phase microextraction (SPME) sampling time of

only 1 second at room temperature from equilibrium headspace. A theoretical analysis was also

performed to account for the experimental results. Our study shows that the OFRR vapor sensor is

a promising platform for the development of a rapid, low-cost, and portable analytical device for

explosive detection and monitoring.
Introduction

Chemical vapor sensors for explosive detection have received

considerable attention recently due to the major demands in

homeland security, environmental monitoring, and public

health.1–3 The desirable features include rapid response, high

sensitivity, selectivity, reliability, portability, and low cost.

Towards this end, a number of vapor sensors and sensor arrays

based on various sensing mechanisms have been proposed and

are under extensive investigation, including electrochemical

sensors,4–6 surface acoustic wave (SAW) sensors,7–9 quartz crystal

microbalance (QCM) sensors,10,11 cantilever sensors,12,13 lumi-

nescence-based sensors,14–16 spectroscopy (IR absorption,17 laser

photoacoustic wave,18 Raman,19 cavity ring down20), and

refractive index (RI)-based optical sensors.21,22 Several methods

have already been demonstrated with ultra-high sensitivity

towards the common explosive compounds, such as DNT, TNT,

PETN, and RDX.7,8,16,18 For the pure analyte sample, where only

a single analyte is present, the detection limit can be pushed down

to the sub-ppb(v) level. However, for practical applications,

especially in the battlefield, at airport security checkpoints, and

for air monitoring with counter-terrorism purposes, it is crucial

for the sensor to discriminate the trace level of explosive

substances out of other usually more volatile interferences in the

air. This is very challenging for most of the miniaturized portable

vapor sensors because they typically rely on polymer coatings to

provide certain selectivity. When the explosive substances are

mixed with volatile interferences, the signal from explosives is

prone to be buried in the background, which would cause false

positives. To address this problem, herein, we develop a rapid

optofluidic ring resonator (OFRR) chemical vapor sensor as
aDepartment of Biological Engineering, 240D Bond Life Sciences Center,
University of Missouri, 1201 E. Rollins Street, Columbia, Missouri
65211, USA. E-mail: fanxud@missouri.edu
bICx Biodefense, 1001 Menaul Blvd NE, Suite A, Albuquerque, New
Mexico 87107, USA
cICx Nomadics, 1024 South Innovation Way, Stillwater, Oklahoma 74074,
USA

1386 | Analyst, 2009, 134, 1386–1391
a promising platform for explosive detection with the capability

of identifying the target from common interferents.

The OFRR is a recently developed novel biological and

chemical sensing platform.23–27 As illustrated in Fig. 1(A), the

OFRR is a thin-walled fused silica capillary with an outer

diameter around a hundred microns and a wall thickness of a few

microns. The OFRR interior surface is coated with a polymer thin

film of several tens to several hundreds of nanometers. The

circular cross-section of the capillary forms an optical ring reso-

nator, where circulating waveguide modes or whispering gallery

modes (WGMs) are supported by total internal reflection of the

light along the curved inner/outer boundary.28 The WGM can be

excited at any place along the OFRR by a tapered fiber in contact

with the OFRR capillary. The WGM resonant wavelength (or

spectral position), lWGM, is governed by lWGM ¼ 2pRneff/m,29
Fig. 1 Schematic of experimental setup of the OFRR vapor sensor.

(A) Cross-section view of an OFRR vapor sensor. The WGM is excited by

an optical fiber taper in contact with the OFRR. The evanescent field of the

WGM penetrates into the polymer layer, making it sensitive to absorbed

vapor molecules. (B) WGM spectral dip obtained at the output end of the

fiber, which can be used to indicate the spectral position of the WGM.
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Fig. 2 Normalized third order WGM intensity distribution for an

OFRR with 90 mm OD, 3 mm wall thickness, and 60 nm PEG-1000

coating thin film. The refractive indices for core, polymer (shaded area),

OFRR wall, and the surrounding medium are 1.0, 1.47, 1.45, and 1.0,

respectively. The resonant wavelength is 1512.78523 nm.
where R is the OFRR radius, neff is the effective RI experienced by

the WGM, and m is an integer. Since the OFRR capillary wall is

thin, the WGM has a significant electric field in and near the

polymer layer, as shown in Fig. 2. When vapor molecules flow

through the OFRR, they are either adsorbed to the polymer

surface to increase the RI near the polymer surface or absorbed by

the polymer to cause the change in polymer RI and thickness.

Both effects will result in a change in neff, and hence lWGM. By

monitoring the WGM spectral shift in time, the quantitative and

kinetic information regarding the vapor molecule interaction

with the polymer can be acquired.

The unique architecture of OFRR offers a number of advan-

tages over existing vapor sensors. (1) Since WGMs have Q-

factors over 107, the sensing signal resulting from the polymer–

analyte interaction can be significantly amplified due to the

circulating nature of the WGM, greatly improving the OFRR

sensor detection limit. (2) When a mixture of vapor molecules

travels along the OFRR, they are separated by their unique

interaction with the polymer. This is particularly useful to pick

up explosives of low volatility from large backgrounds of ana-

lytes of high volatility. In addition, the unique retention time can

be used for species identification, which provides additional

selectivity for the vapor sensor. (3) The OFRR inherently inte-

grates the ring resonator with a microfluidic gas delivery channel

provided by a piece of capillary. The samples can be delivered

efficiently from a gas chromatography (GC) injection port

directly to the sensing head, which is crucial in explosive detec-

tion, as this minimizes condensation of explosives along the gas

delivery channels, which can result in sample loss. (4) The OFRR

enables on-column sensing capability. Therefore, sample sepa-

ration and detection can be carried out simultaneously on

a single sensor, making the OFRR an integrated GC separation

column and detector. Removing the need for extra fluidics such

as connectors or valves greatly simplifies the sensor design. (5)

Since the OFRR is approximately 100 mm in diameter and a few

centimeters in length, it requires a very small sample volume and

can be packed on a chip for a compact and portable sensing

system. (6) Because of the small dimensions of the OFRR, rapid

detection and sensor regeneration can be achieved. All of these
This journal is ª The Royal Society of Chemistry 2009
characteristics are critical in the development of rapid, sensitive,

selective, and portable vapor sensors.

In this article, we demonstrated the capability of the OFRR in

the rapid, sensitive, and selective detection of explosives. 2,4-

Dinitrotoluene (DNT) was chosen as a model system, because its

chemical structure is similar to 2,4,6-trinitrotoluene (TNT) while

its significantly higher volatility facilitated testing. Also, DNT is

present in some explosives and is usually used as an indicator to

predict the existence of TNT. We used poly(ethylene glycol)

(PEG) as the stationary phase, since PEG is a highly polar

polymer and has strong interaction with nitroaromatic

compounds. We show that DNT could be detected within one

minute by using the OFRR operated at room temperature. The

detection limit is estimated to be approximately 200 pg.

Furthermore, DNT could be identified from 2-nitrotoluene and

triethyl phosphate (TEP), which were used as interferents. We

further carried out theoretical analysis to validate the experi-

mental results.

Experimental

Materials

Reagents used in this study included methanol (>99.8%), 48%

hydrofluoric acid (HF), and 98% ethanol, all obtained from Sigma

Aldrich. DNT, nitrotoluene, and TEP were GC grade or better

and used as received (Sigma-Aldrich). Polymer coating solution

was produced in-house using poly(ethylene glycol) 1000 (PEG-

1000) (Fluka) dissolved in methanol. 18 MU water purified by an

Easypure-UV system from Barnstead was used in all solutions.

Glass capillary pre-forms of 850 mm outer diameter (OD) and 700

mm inner diameter (ID) were purchased from Polymicro Tech-

nologies. Fused silica capillary tubing of 0.25 mm ID with a non-

polar deactivated phase and solid phase microextraction (SPME)

fibers with a 65 mm coating of poly(dimethylsiloxane)/divinyl-

benzene (PDMS/DVB) was purchased from Supelco. UHP grade

helium was used as the carrier gas in all experiments.

Sample preparation

The details of OFRR fabrication and characterization procedures

have been described in our earlier publications.23,24,30 Briefly, an

OFRR was fabricated by rapidly stretching a fused silica pre-

form under CO2 laser irradiation using a home-built pulling

system. After direct pulling, the OFRR capillary has an outer

diameter of around 90 mm and a wall thickness of around 5 mm,

suggested by SEM characterization. In order to increase the

sensitivity, the OFRR was further etched by HF to reduce the wall

thickness and to expose a sufficient fraction of light to the poly-

mer layer.26 The etching process was controlled by bulk RI

sensitivity calibration (using a series of ethanol–water mixtures

with known RIs) to yield a wall thickness in the range of 2.8–3.0

mm. Each OFRR was calibrated separately before use. Helium

was used to dry the OFRR capillary interior surface after etching.

The subsequent polymer coating procedure was adapted from the

static coating method developed for gas chromatography (GC)

microfabricated columns.31 First, 3 mg/mL PEG-1000 in meth-

anol was filled into the OFRR capillary by capillary force. The

capillary was sealed with a septum at both ends and the coating

solution was left inside for one hour. Then, vacuum was applied at
Analyst, 2009, 134, 1386–1391 | 1387



Fig. 3 Temporal response of the OFRR vapor sensor upon injection of

DNT vapor. Peak position ¼ 41 seconds. Peak width ¼ 13.6 seconds.

DNT was extracted by SPME from the equilibrium headspace of a vial

containing DNT powder at room temperature. SPME extraction time ¼
40 seconds. DNT was injected at the 0th second.

Fig. 4 OFRR vapor sensor response to DNT vapor samples extracted

with various SPME sampling times at room temperature. The sensitivity

for DNT is estimated to be 0.41 pm/ng and 0.67 pm/ng for OFRR #1 and

#2, respectively. The error bars represent standard deviation obtained

from three measurements with OFRR #2. Inset: calibration curve

obtained with a GC/MS system (Varian) for the mass of DNT extracted

by the SPME fiber under various extraction times at room temperature.
one end of the capillary to evaporate the solvent. The thickness of

the polymer coating can be controlled by varying the concen-

tration of coating solution, and the concentration used in this

study should yield an average thickness of 60 nm. Finally, the

OFRR capillary was checked under a microscope to ensure that

a uniform and smooth polymer thin film had been formed.

Experimental setup

Fig. 1 illustrates the schematic experimental setup of OFRR

chemical vapor sensors. A tunable diode laser (JDS Uniphase,

center wavelength: 1550 nm) was scanned over a 110 pm spectral

range at a scanning rate of 5 Hz. The laser light was guided by

a single-mode fiber that was tapered to approximately 3 mm in

diameter and placed in contact with the OFRR to define the

detection location. A photodetector (New Focus 2033) was used

at the fiber distal end to monitor the output light intensity. When

the laser was scanned through a wavelength that is on resonance

with the WGM, a spectral dip was observed, as shown in

Fig. 1(B), which could be used to indicate the WGM spectral

position. The data were collected by a data acquisition card

(National Instruments NI USB 6211) for post-analysis.

The OFRR used in the experiment was 3.5 cm in length and

the detection position was approximately 1 cm from the OFRR

inlet, which was connected to a GC injection port (Agilent GC

5890 II) through a non-polar deactivated phase fused silica

capillary (0.25 mm ID, 35 cm in length) wrapped in a transfer

line, which was heated to approximately 65 �C to avoid DNT

condensation. The OFRR and fiber optic taper were covered

with a home-made plastic module to reduce the thermally

induced fluctuations in the WGM spectral position caused by

surrounding air flow. All experiments were carried out at room

temperature (�20 �C), unless otherwise specified.

The analytes (DNT, nitrotoluene, or TEP) were sealed indi-

vidually in 10 mL sample vials. The SPME fiber was exposed to

the headspace for different sampling times to pick up propor-

tional amounts of analyte, and then released at a GC injection

port that was heated to 250 �C. UHP helium was used as the

carrier gas at a flow rate of 10.6 mL/min measured at the outlet of

the OFRR capillary.

Results and discussion

Real-time detection of DNT vapor

Fig. 3 shows the real-time response of the PEG-1000 coated

OFRR sensor upon injection of DNT vapor. The WGM started

to shift to a longer wavelength around 20 seconds after injection,

and reached its peak value around 40 seconds. The signal

completely returned to baseline quickly afterwards, indicating

that the polymer was completely regenerated for the following

sensing activities. A single sensing event was accomplished within

only one minute at room temperature, showing great promise for

detecting explosives in a rapid and simple manner.

Fig. 4 plots the WGM spectral shift of the OFRR used in Fig. 3

(OFRR #1) in response to various SPME extraction times. To

further characterize the variations in the OFRR sensitivity,

another OFRR (OFRR #2) was made and tested. An excellent

linear response was observed for both OFRRs. Furthermore, the

OFRR showed good repeatability in the WGM spectral shift for
1388 | Analyst, 2009, 134, 1386–1391
a given DNT mass. However, a relatively large variation was

present in the OFRR sensitivity (0.41 pm/ng and 0.67 pm/ng for

OFRR #1 and #2, respectively), which can be attributed to the

variations in the OFRR fabrication process that might result in

different wall thicknesses.26 To estimate the detection limit of the

OFRR vapor sensor for DNT, we used a WGM resolution of 0.15

pm (3 standard deviations),25 which results in a detection limit of

approximately 200–300 pg for DNT vapor, corresponding to

about one second of SPME extraction time at room temperature.

Identification of DNT out of vapor mixtures

In many chemical vapor sensors for explosive detection, a poly-

mer is used to capture and recognize the target explosive mole-

cules. Since nitro groups in explosive compounds are great

electron acceptors, a wide range of sensing polymers acting as
This journal is ª The Royal Society of Chemistry 2009



Fig. 6 Response of the WGM to DNT when the polymer coating

thickness is 200 nm. (A) The OFRR is at room temperature; DNT mass

injected z 400 ng; peak position ¼ 240 seconds; peak width ¼ 150

seconds. (B) The OFRR is at 65 �C; DNT mass injected z 400 ng; peak

position ¼ 34 seconds; peak width ¼ 33 seconds.
electron donors have been designed to recognize explosives.

However, these polymers experience challenges in detection

selectivity because they will respond to interferents in real analyte

samples, especially those that also contain the nitro group or

other electron acceptors, which would cause false positives.

OFRR vapor sensors are able to differentiate the target

explosive analyte out of a series of interfering analytes in the

vapor mixture by monitoring the WGM wavelength shift in real

time. Different analytes will have unique retention times

according to their affinity towards the polymer as well as vola-

tility difference. Fig. 5(A) shows the separation between DNT

vapor and nitrotoluene vapor using OFRR #1. Although

nitrotoluene and DNT only have one nitro group difference in

structure, OFRR vapor sensors achieved very efficient separa-

tion between them. Since the retention time was used as a unique

criterion to provide additional selectivity, it is crucial to ensure

the repeatability from one injection to another. We have tested

separation between nitrotoluene and DNT vapor mixtures with

various mass ratios for numerous times and all the data showed

consistent retention times. In addition, the signal amplitude was

proportional to the extraction time of the SPME fiber in equi-

librium headspace. In Fig. 5(B), we further show the highly

reproducible and highly specific detection of DNT from

a mixture containing three different analytes. The four traces not

only demonstrate the separation capability among analytes that

have relatively big differences in retention times, such as nitro-

toluene and DNT, but also show excellent separation efficiency

in analytes that have similar interaction with the polymer, indi-

cated by the well resolved peaks with one second retention time

difference between nitrotoluene and TEP.
Effects of polymer thickness and temperature

Both polymer thickness and OFRR working temperature play an

important role in the sensor performance. Fig. 6(A) shows the
Fig. 5 Highly repeatable detection of DNT using OFRR #1 from

interference background. (A) Separation and detection of DNT from

nitrotoluene/DNT mixtures. SPME extractions were performed at room

temperature. Curves are vertically shifted for clarity. Top curve: nitro-

toluene extraction time ¼ 3 seconds, DNT extraction time ¼ 20 seconds.

Bottom curve: nitrotoluene extraction time ¼ 1 second, DNT extraction

time ¼ 30 seconds. (B) Separation and detection of DNT from nitro-

toluene/TEP/DNT mixtures. SPME extractions were performed at room

temperature. Extraction time for each analyte was varied among four

operations. Curves are vertically shifted for clarity. Inset shows the

details of the first 15 seconds.
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WGM response to DNT from an OFRR coated with 200 nm

PEG-1000 working at room temperature. As compared to the

one with a 60 nm polymer coating shown in Fig. 3, the temporal

response peak position is significantly delayed to 240 seconds

with a much more broadened peak width. In addition, the

response curve has a strong tailing effect, which significantly

deteriorates the sensor regeneration capability. However, when

the OFRR was heated to a higher temperature (e.g. �65 �C), the

response peak, shown in Fig. 6(B), emerges at a much earlier time

with a narrower peak width, since the DNT becomes more

volatile at this temperature. Also the WGM returns to baseline,

indicative of regeneration of the polymer. Regarding DNT

sensitivity, however, in comparison to Fig. 6(A), the WGM

spectral shift at higher temperature decreases. This decreased

response is expected since the partition coefficient for the vapor

absorbed into the stationary phase polymer coating decreases

with increased temperature. Therefore, for explosive detection, it

is critical to tailor the polymer coating thickness as well as the

OFRR operating temperature to obtain an optimized sensitivity

and time response.
Theoretical analysis

The DNT detection process can be analyzed using the Mie model

in conjunction with the effective medium model that accounts for

the RI change induced by the embedded analyte molecules in the

polymer matrix.26,32

First, we need to estimate the DNT molecule density in the

polymer layer, r2,

r2 ¼
�

KV1

V1 þ KV2

�
r0 (1)

where V1 and V2 are the DNT vapor phase volume in the OFRR

capillary and the polymer volume, respectively, r0 is the initial

DNT molecule density in the vapor phase, and K is the partition

coefficient. Although K is unknown between DNT and PEG-

1000, it is reasonable to assume K ¼ 60 based on the studies

performed on TNT extraction using an SPME fiber.33 V1 and V2

can be estimated by considering the length of the DNT plug
Analyst, 2009, 134, 1386–1391 | 1389



travelling in the OFRR, the dimensions of the OFRR, and

polymer thickness. While the mobile (gas) phase had a large

linear velocity, which was about 28 m/s in our experiment, DNT

travelled at a much slower speed due to the strong interaction

with the polymer. Using the retention time in Fig. 3 and the

distance between the OFRR inlet and the detection position, the

DNT speed can be estimated to be 0.025 cm/s, which translates to

a DNT spread of 0.34 cm along the OFRR capillary by using

13.6 seconds of the DNT peak width. As a result, V1 ¼ 2.1 �
10�11 m3 and V2 ¼ 5.8 � 10�14 m3, and subsequently r0 ¼ 0.26

mol/m3 and r2 ¼ 13.4 mol/m3 can be obtained for 1 ng of DNT

injected.

The RI change in the polymer layer, Dn, due to the DNT

molecules embedded in the polymer can be estimated using the

effective medium model or Lorentz–Lorenz model26,32

Dn ¼
�
npolymer

2 þ 2
�2

6npolymer

�
�

NAa

330

�
r2 (2)

where a is the vapor molecule polarizability, npolymer (e.g. 1.47 for

PEG) is the RI for the polymer layer, NA is Avogadro’s number,

and 30 is the dielectric constant for vacuum. Using NAa/330¼ 4�
10�5 m3/mol for DNT,34,35 we arrive at Dn ¼ 1 � 10�3 RIU

(refractive index units) for 1 ng of DNT.

The OFRR sensitivity can be simulated using a four-layer Mie

model that includes the air core, polymer layer, OFRR wall, and

the surrounding air.26 Fig. 7 plots the linear WGM spectral shift

as a function of the RI change in the polymer layer, using the

OFRR OD of 90 mm, the wall thickness of 3 mm, and the polymer

thickness of 60 nm. The sensitivity based on the slope in Fig. 7 is

approximately 4.3 nm/RIU, which further leads to a sensitivity

for DNT of 4.3 pm/ng. This result is approximately 10 times

higher than that obtained experimentally (0.41 pm/ng). The

discrepancy can be attributed to the lack of detailed information

about the OFRR wall thickness, the polymer thickness, and the

partition coefficient in theoretical analysis, and the possible

analyte loss at the connectors and along the column during the

experiment.
Fig. 7 Calculated WGM spectral shift as a function of the RI change in

the polymer layer using a four-layer Mie model with OD ¼ 90 mm, wall

thickness ¼ 3 mm, and polymer thickness ¼ 60 nm. The sensitivity is 4.3

nm/RIU.
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Summary and future work

We have demonstrated the rapid detection of DNT at room

temperature out of a volatile background using an OFRR vapor

sensor that integrates gas microfluidics and an optical ring

resonator detector. The detection limit of DNT was approxi-

mately 200–300 pg, which corresponds to an SPME extraction

time of only one second at room temperature from equilibrium

headspace. As compared to other optical vapor sensors, the

OFRR vapor sensor has a similar sensitivity and detection limit,

but a much more rapid sensor response time owing to the effi-

cient gas fluidics, small sensor dimension, and on-column

detection capability. Furthermore, the selectivity is greatly

improved due to the incorporation of GC technology with the

OFRR vapor sensor. The analyte of interest can be separated

efficiently and detected rapidly from background analytes, which

is especially useful for the detection of explosives buried in more

volatile chemical compounds, thus significantly reducing the

occurrence of false positives and negatives. However, as

compared to well-developed analytical equipment, such as GC/

MS, the OFRR vapor sensor detection limit is still two orders of

magnitude less sensitive. Nevertheless, since the OFRR is highly

compatible with the GC column, capable of on-column detec-

tion, and requires no complicated fluidics, it is a promising

technology platform for the development of portable micro-GC

systems.

In future work, we will continue to enhance the OFRR

detection limit in explosive detection by further reducing the

OFRR capillary wall thickness. Although the thin-walled

OFRRs may be too delicate to operate, one possible solution is

to package the OFRR in a low RI polymer to improve its

mechanical strength, as demonstrated in our recent work.36 In

addition, we will investigate using a polymer of a higher RI that

enables more electric field to be pulled towards the center of the

OFRR, thus increasing the light–analyte interaction and hence

detection sensitivity.26 With these improvements, it is expected

that the OFRR will be capable of detecting DNT down to the

low picogram level. We will further employ the improved OFRR

vapor sensor for the detection of TNT and other more chal-

lenging explosives (such as RDX) that have a much lower vola-

tility. Additionally, we will optimize the polymer thickness and

OFRR working temperature based on the discussion presented

earlier for even faster temporal response in the OFRR sensor.

These efforts should enable an OFRR-based, rapid, portable,

and cost-effective explosive vapor analyzer with on-site detection

and monitoring capabilities.
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