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bstract

Micro-spot arrays with different pH and polarity sensitive fluorescence dyes were prepared using a piezo dispensing head. A polyethylene glycol
atrix was used to immobilize the dyes covalently. The polymer matrix was cross-linked to ensure stable dye bonding and for controlling the

welling and permeability of the thin film. Analytical experiments were carried out in the fluidic phase with specially developed micro-fluidic
nd CCD imaging optical set-up. As a result, different solvents and solutions could be distinguished for their pH and polarity using fluorescence

igital imaging. After calibration, a quantitative determination of the solution composition was also possible. The chemo-chips were tested against
ifferent solvent species leading to confirmation of the applicability of the developed spot array for the reproducible recognition of different liquid
ypes focusing on polarity and pH as parameters.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Recently, array technology has been extensively used in the
eld of biotechnology for gene expression studies more com-
only known as DNA chips, protein chips, and carbohydrate

hips [1]. These techniques make use of the specific interaction
etween the probe molecule embedded in the spot array and
he analyte molecular sequence. Analogously for the ‘chemo-
hip’ approach, a micro-spot array of solvatochromic dyes and
H indicator dyes [2–6] is built for short-term determination
f the polarity of solvent mixtures and online pH determina-
ion, which is of great interest in chemical synthesis [7–10]. In
rinciple, chemo-chip efforts are focused on developing a uni-
ersal tool for the recognition of general chemical species in
uidic phases. It is next to impossible to have the perfect uni-
ersal chip as a sensor for the enormous number of chemical

pecies with specific probe–analyte interactions such as cova-
ent binding, complex formation, hybridisation, and hydrogen
onding, which is the case for biochips [11,12]. There has been
lot of work done on the electronic nose for detection of ana-

ytes in the gaseous phase using specific as well as non-specific
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nteractions [13–16]. These techniques are also applied in the
haracterization of complex composed liquids like coffee, beer,
nd wine as well as in special diagnostics like human breath
nalysis [17–21]. Therefore, to widen the span of chemo-chip
etection of chemical liquids as much as possible, we have
dopted the approach of non-specific interactions only. In doing
o, the special high performance digital imaging technique for
uorescence measurements proves to be a more powerful and
ensitive tool when compared to the other optical techniques like
olorimetry or conventional optical spectroscopy. The optical
ignal generated by a digital imaging technique has been pro-
essed, to obtain an empirically generated fluorescence pattern
epending on the fluorescence quenching or enhancing interac-
ion of the various dyes present in the micro-array. This strategy
ives the potential of developing an advance pattern recognition
ystem if employed on multi-component cross-reactive arrays
22]. Development of fluorescent spot arrays for chemical sen-
or application requires knowledge about the influence of solvent
olarity on the fluorescence behavior of each sensor spot. In
rder to optimize each dye spot in the micro-array, we have

nvestigated the solvatochromic fluorescence behavior [23,24]
f different spot types simultaneously, under the influence of
eries of solvent mixtures with varying polarity (Fig. 1). The
umbered ET

N empirical polarity unit has been used for the clas-
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Fig. 3. (A) Scripting dye spot array on a polymer film using a Nanoplotter
(GeSim mbH): (a1) polymer film coated glass chip; (a2) X–Y plotter scale; (a3)
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ig. 1. Polarity of the analyte sample expressed in ET
N number empirical units

s a function of organic solvent content in water. The values are calculated from
bsorption λmax measurements of Reichardt’s betaine dye.

ification of polarity of the analyte samples discussed here [25].
ence, the determination of a set of general chemical proper-

ies can be applied together with selected indicator functions.
olyethylene glycol films coated on glass (IPHT, Jena) have
een used as an immobilization substrate. The experimental set-
p consists of an optical bench with visible light source, CCD
igital imaging camera set, optical filters, mirrors, lenses, and
n integrated micro-fluidic arrangement. Here, the development
f a chemo-chip based on the micro-spot array technology, the
onstruction of a micro-fluidic set-up for reproducible analytical
pplication, and the testing of results on different liquid analytes
re reported.

. Experimental
.1. Composition and preparation of micro-spots

In our study, four fluorescent dyes were used. These are
ainly polarity sensitive solvatochromic dyes, namely 5-

i
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g

Fig. 2. Indicator dyes used as pro
icro-titre plate. (B) (b1) Stroboscopic image at a speed of 250 �s/frame of the
ano-dispensing head with spot adjustment scales; (b2) dye solution droplet;
b3) margin for spot positioning.

exadecanoylaminofluorescein (1) (H110, Invitrogen Inc.) and
2-(N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)amino)dodecanoic
cid (2) (N678, Invitrogen Inc.) and the pH sensitive dyes
luorescein (3) and Rhodamine-B (4) (Fig. 2). These dyes
ere bound covalently to a polymer using N-ethyl-N′-(3-
imethylaminopropyl) carbodimide hydrochloride (EDCI)
s coupling reagent which forms an ester linkage using the
arboxylic acid group on the dye molecule and the hydroxyl
roup from the polymer itself. 4-Di(methylamino)pyridine
DMAP) and N-ethyldiisopropylamine solution (DIPEA) were
sed as catalyst and base, respectively.

The solution of dyes and coupling reagents were prepared in
imethyl formamide (DMF). These solutions were then loaded

nto the Nanoplotter (GeSim mbH) device, which spotted these
olutions to form a micro-spot array. The Nanoplotter (Fig. 3)
onsists of a nano-dispensing silicon tip bearing a photolitho-
raphically created micro-channel covered with glass. This

bes in the micro-spot array.
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Fig. 4. (A) Dyed micro-spot array inside glass cuvette micro-channel: (a) inlet
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ispensing head can deliver a droplet of ∼350 nL minimum vol-
me with the help of a piezo block fitted on the rear side of the
ispensing tip. The spot volume can be controlled by changing
he voltage, frequency or pulse width of the piezo which creates a
ectangular pulse. The pulses are transferred to the liquid present
n the micro-channel. As a result of this, a drop is given out from
he tip. A diagonal spotting pattern was adopted to spread the
pots all over the array yet maintain simplicity of array design
or further image analysis. The complete loading and unloading
f solutions in the piezo tip and the spotting procedure was pro-
rammed. A batch of 20 chips for array spotting can be carried
ut for better reproducibility of spot arrays.

After spotting the dye-coupling solution, the chips were
eated to 40 ◦C for 10 min on a hot plate to carry out the coupling
eaction. Subsequently, they were washed with DMF and water
o remove the excess unbound dye from the polymer matrix.

The reversibility of such a chip depends on the nature of ana-
yte liquid interacting with the matrix and the reversibility of the
uorescence change. The spot size was estimated to be ∼100 �m
ith a spacing of 75–100 �m depending on the wetting ability of
ifferent dye solutions on the polymer surface. The positioning
f spots is critically dependent on the conditions of droplet for-
ation from the nano-tip and is monitored and controlled using
stroboscope imaging camera integrated in the plotting device

see Fig. 3B).

.2. Micro-fluidic arrangement

The glass cuvette with dimensions 25 mm × 15 mm × 1 mm
ears photolithographically prepared micro-channels having a

epth of about 60 �m (Fig. 4) through which the analyte liquid
s loaded for interaction with the spot array. In the presence of
he analyte liquid the polymer surface of the chip is swollen. The
harp edges of the micro-channels which are in direct contact

m
i
a
c

Fig. 5. Optical set-up (Sensovation GmbH) for fluoresce
nd outlet apertures and (b) glass cuvette with micro-channel edges. (B) Selected
rray for CCD imaging.

ith the swollen polymer surface concurrently act as a gasket to
eal the fluidic channels. This compact liquid interaction micro-
hamber (IMC) assembly is the space for the analyte liquid
nd micro-spot array to come in contact with inlet and outlet
pertures. The particular curved nature of the micro-channels
rovides minimum dead volume of the analyte liquid in the
uvette, facilitating homogeneous fluidic conditions inside the
MC. Also online liquid characterization is possible if the micro-
eaction assembly is fitted in series with the inlet of the IMC
eplacing the auto-sampler in the miniaturized flow through sys-
em (Fig. 5). Analytical experiments were carried out with this
icro-fluidic set-up integrated in an optical bench, which mainly
ncluded the syringe pumps, an auto sampler and the IMC. The
uto-sampler sample loop was filled with the analyte liquid and
onnected to the IMC. The syringe pumps on the other end were

nce CCD imaging with integrated micro-fluidics.
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Table 1
Polarity samples used with ET

N empirical scale values calculated from the absorp-
tion λmax measurements of Reichardt’s betaine dye

DSMO content in water

100 90 70 50 30 10

ET
N scale 0.44 0.59 0.81 0.92 0.96 0.99

Table 2
pH solutions used as analyte probes

Buffer used
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tted with syringes containing distilled water or buffer solu-
ions connected to the auto-sampler loop which could push the
ample liquid from the auto-sampler loop into the IMC under
ontrolled delivery parameters like flow rate and sample volume.
eflon tubing with 0.5 mm inner diameter was used to connect
ll fluidic peripherals.

Consequently the IMC can be washed with solvent or distilled
ater following the analyte liquid. The complete experimental
peration was automated and computer controlled using ded-
cated software based on LabVIEWTM (National Instruments)
rogram package.

.3. Optical set-up fluorescence imaging

The optical set-up primarily comprises of a CCD camera
CoolSamBa HR-320) with a resolution of 3.2 mega pixels,
hich creates an image of 2184 × 1472 pixels with a pixel size
f 6.8 �m × 6.8 �m. The CCD chip is cooled to about 60 ◦C
elow room temperature, which provides high efficiency and
good signal to noise ratio. Images are created by the shutter

ituated next to the light source with controlled exposure and
hutter delay timings. A gray scale image with 16-bit resolu-
ion was created with an arbitrary gray scale value (GSV) for
he pixels, which represents the fluorescence intensity of the
rea on the chip (array). The integration time of the CCD chip
aries from 100 �s to 5 s which allows the set-up to be used
or dynamic fluid analysis via fast imaging. The IMC can be
ounted in front of the camera lens on a slide rule with XYZ
ne adjustments for camera focusing. The filter wheels are used

o fit the excitation and emission filters. Band pass excitation
lters with bandwidth of 30–50 nm were used. Corresponding
mission filters with similar bandwidth were fitted on the emis-
ion filter wheel. Concave mirrors were positioned to propagate
he light beam in order to illuminate the IMC. The beam diam-
ter was 2.5 cm so as to expose almost the whole cuvette facing
he camera lens. Camera parameters like exposure time, inte-
ration time and the source intensity were adjusted according to
he dye fluorescence intensity to fit the upper and lower limits of
he fluorescence detection sensitivity of the camera CCD chip.
he software ‘Image-J’ (freeware) was used for image process-

ng. We chose the visually homogeneous area inside the spot for
alculating the average GSV of the pixels.

.4. Measurement procedures

The intensity of the array was equilibrated with distilled water
or reference imaging. Syringes mounted on the syringe pumps
ere filled with distilled water which acted as a carrier liquid.
he initial GSV for the fluorescent spots was adjusted to the max-

mum resolution of 16 bits using camera parameters of exposure
ime and integration procedures.

The programmed experimental steps began with the stop flow
ethod, capturing images of the IMC under distilled water. The
uto-sampler loop was filled with sample analyte liquid. The car-
ier liquid from syringes pushed the analyte liquid into the IMC
nd replaced the complete volume inside the IMC with the ana-
yte liquid in a time period of 15 s. The flow rate and volume, for

a
s
a
t

Citrate–phosphate Citrate Citrate Phosphate Phosphate NaHCO3

H 4.7 5.3 6.0 7.4 8.0 10.0

he feeding of analyte sample into the IMC was standardized. A
tabilization time of 1 min was given to allow for homogeneous
uidic conditions inside the IMC. All pictures were also taken in
tatic fluidic conditions, so as to avoid sheer stress on the poly-
er matrix. The IMC was washed again with the carrier liquid

ill the GSV returned to its original value. This was in turn the
nitial value for the next analyte liquid. All standardized exper-
mental steps were programmed in the LabVIEWTM software
nd were completely automated.

.5. Test analytes

Dimethyl sulphoxide (DMSO) was diluted with varying
mounts of water in order to prepare the analyte sample with
ifferent polarities (Table 1). Different standard buffer solutions
ere prepared and used as pH analyte samples (Table 2).

. Results and discussion

The digital images recorded with the CCD camera were saved
n the TIFF format and analysed for the GSV of the spots. These
mages had an upper cut off at GSV 6553 and below 3000 were
reated as the back ground count with an estimated noise of
00. The absolute GSV count of the dye spot varies with the
mount of dye bound to the polymer surface. Each dye spot has
ts characteristic initial intensity which depends on its intensity
t the given excitation wavelength and the overlapping area of its
bsorption spectrum with a band pass spectrum of the excitation
lter.

According to the type of dye used in the construction of the
pot array, the initial GSV of the images differ slightly from
rray to array and spot to spot depending on the reproducibility
f the preparation procedure steps of the array.

The problem of signal identification from digital images for
ptical intensity change is handled by simple arithmetic oper-
tions. Generally, the gray scale or color values are added or
ubtracted to know the change in the optical signal which is

lways based on the reference picture. Here, we have used a
lightly different method in which we compared the percent-
ge change of fluorescence intensity in the GSV of the spots in
he array from their initial intensity (before interaction with the
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nalyte) to the GSV of the spots after analyte interaction. This
ignal was plotted against the solvent composition (Fig. 7). As
entioned earlier, there might be leaching of dye observed in

he case of some analytes. In order to have a better calibrated
ystem we treated the new GSV of the leached spot as the zero
alue (reference value) and calculated the percentage change in
uorescence intensity from that new value. The array showed
typical pattern of fluorescence alteration with respect to the

hange in the analyte sample characteristics. A polarity response
s represented in Fig. 6. Dye 1 and dye 2 which were typical
olarity indicators showed opposite behavior. Spots of dye 1,
ositioned along the diagonal of the array showed a gradual
ecrease in fluorescence intensity with the decrease in polarity
f the sample analyte. On the other hand the fluorescence inten-
ities from the spots of dye 2 were increased with decreasing
nalyte sample polarity (Fig. 7a and b). A similar response was
lso shown by dye 3 and dye 4, but the change in fluorescence
ntensity was comparatively lower. The extent of fluorescence
ntensity change between dye spots 1 and 2 is also different.
ye 1, is more sensitive towards change in polarity in compari-

on with dye 2 and shows a percentage increase in fluorescence
ntensity of up to 180%. On the other hand the percentage
ecrease in fluorescence intensity of dye 2 goes down only by
bout 45%.

The other two (pH indicator) dyes used in micro-arrays were
luorescein (dye 3) and Rhodamine-B (dye 4) in their salt forms.
he sodium salt of Fluorescein makes it an anionic dye, while
hlorine salt of Rhodamine-B makes it a cationic dye.
These dyes once again show opposite behavior towards
he pH analyte liquids (see Fig. 7c and d). Fluorescein is a
H indicator fluorescent dye which a shows a pH-dependent
onic equilibrium also in dianionic form with high fluorescence

t
s
e
f

ig. 7. Reproducibility of the fluorescence signal from different spots of same comp
nalysed for percentage change with respect to reference intensity in the solvent (dist
ndicator dyes spots. (c and d) Percentage intensity change of pH indicator dye spots.
ig. 6. Optical response of a micro-spot array towards the polarity analyte liq-
ids. Fluorescence intensity of different dye spots changed characteristically as
he polarity of the analyte liquid.

ntensity. Hence it also shows a considerably larger percent-
ge fluorescence quantum yield change which is up to 95%
hile with Rhodamine-B the percentage intensity change low-

rs only by around 22%. These data also emphasized the fact

hat although the GSV of each individual spot was scattered con-
iderably, the percentage change in the fluorescence intensity of
ach spot was in good agreement with the exception of dye 1,
or lower polarity analyte samples.

osition depending on polarity and pH, after spot fluorescence intensities were
illed water). (a and b) Percentage fluorescence intensity change of the polarity
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. Conclusion and outlook

The sensitive technique of fluorescence change detection was
pplied in array technology for the successful identification and
haracterization of solvent mixtures by measuring the polarity
nd pH of various analyte samples. The commercially avail-
ble dyes were effectively used for the micro-array construction
nd analyte sample characterization by adopting an empiri-
al approach. The non-specific interaction approach widens the
pan of application of the chemo-chips in the field of chemical
ensors. This work sets the foundation for the enlarged array,
ith more identification functions as probes. The fundamental
ower of this chemo-chip approach using fluorescence micro-
pot arrays consists in its applicability to biological analytes
r more complex liquids due to its high sensitivity and unique
esponse for each different analyte. Future work will focus on
he advancement of the array size, composition of the single
pot in the array, its contents and identification properties. Stan-
ardization of a fluorescence pattern from such an array for the
esponse to the analyte–array interaction can be done to create
he optical fingerprinting criterion for identification and char-
cterization of common chemical analyte liquids and complex
omposed liquids like common beverages.
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