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Abstract

The dye tris(2,20-bipyridyl dichlororuthenium) hexahydrate has been successfully applied to glass and silica surfaces using the technique of

layer by layer self-assembly. Solutions of both admixed polyion–dye and pure dye were used to attempt adsorption of the dye onto the

substrates. Characterization of the constructed dye layers was performed using quartz crystal microbalance (QCM), UV-Vis absorbance

spectrophotometry, fluorescence spectroscopy, and scanning electron microscopy (SEM) methods. Successive, controlled addition of multiple

dye layers has been demonstrated, and exposure to different levels of dissolved oxygen shows that the films containing entrapped dye

molecules retain sensing properties.

# 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Detection of dissolved oxygen in a microscale environ-

ment is of considerable interest in the fields of micro-

spectrophotometry and chromatography, enzyme activity

monitoring, and cell culture [1–7]. Traditionally, dissolved

oxygen sensing has been facilitated using Clarke-type

amperometric oxygen sensors. This technology, though well

established, is difficult to miniaturize, and has been carried

out with only moderate success on the microscale [8–10].

Optical techniques show promise in overcoming the inherent

shortcoming of the amperometric methodology, and orga-

nometallic compounds, particularly ruthenium-based dyes,

have been demonstrated to exhibit fluorescence sensitivity to

oxygen with very high chemical and pH selectivity [11–19].

However, the dimensions and patterning of immobilization

films of fluorescent oxygen sensitive dyes to silicon-based

substrates has proven difficult to control the microscale.

Numerous methods of coating optical waveguides and plat-

forms have been postulated, using techniques such as dip-

ping, spinning and simple dropping to produce small areas

of immobilized dye [11–19]. Of these techniques, only

spinning is capable of producing a film of controllable,

reliable thickness, but also suffers the disadvantage of

producing relatively thick films, on the order of several

microns. In the field of integrated sensors, as applied to

microscale fluid flow, such irregularities are not acceptable,

as small changes in a microfluid flow can greatly affect the

overall operation of the device. Towards integrated optical

oxygen sensing within cell culture substrates, layer-by-layer

self-assembly permits spatially controlled deposition of

functional dye layers at specific areas, such as exposed

sections of integrated waveguides, determined by the surface

charge difference of the waveguides to the surrounding

substrate.

Electrostatic self-assembly has demonstrated the capabil-

ity of producing nanoscale polyelectrolyte layers with

Sensors and Actuators B 87 (2002) 336–345

* Corresponding author. Tel.: þ1-801-581-6441; fax: þ1-801-585-9826.

E-mail addresses: changyen@uofu.net (D.A. Chang-Yen),

ylvov@coes.latech.edu (Y. Lvov), mcshane@coes.latech.edu

(M.J. McShane), gale@eng.utah.edu (B.K. Gale).
1 Tel.: þ1-318-257-5100; fax: þ1-318-257-5104.
2 Tel.: þ1-318-257-5112; fax: þ1-318-257-5104.
3 Tel.: þ1-801-581-5944; fax: þ1-801-585-5944.

0925-4005/02/$ – see front matter # 2002 Elsevier Science B.V. All rights reserved.

PII: S 0 9 2 5 - 4 0 0 5 ( 0 2 ) 0 0 2 6 7 - 8



embedded functional molecules [20–23]. This layer-by-

layer process utilizes the inherent surface charge of mole-

cules in solution to produce adsorption onto a substrate with

an opposing surface charge when immersed in the same

solution. To produce more than one adsorbed layer, adsorbed

molecules must reverse the surface charge at the substrate–

solution interface. Small molecules, such as typical fluor-

ophores, simply neutralize the substrate surface, prohibiting

further surface adsorption. To remedy this problem, long

polymeric molecules with regular surface charges along

their length are used. In the case of these polyions, not

all of the charges are neutralized by the substrate surface

charge, and the existing charge state is reversed, which

facilitates further adsorption by polyions of opposite

polarity.

For this work, ruthenium-based dyes were explored for

use in an oxygen sensitive film. Electrostatic assembly for

embedding ruthenium dye molecules between polyelectro-

lyte layers has been carried out by Cooper, Yoo, Rubner,

Lvov, Ariga and Lee [5,24–27], permitted by the strong

charge of the dye at low pH values. Looking towards

biomedical applications, a number of requirements were

not met by the method presented in that work. First, a more

neutral pH of 7.6 was required for our layer environment in

this experiment, as the polyions have isoelectric points at

non-neutral pH values. Second, the dye used the work does

not demonstrate a strong responsivity to changing oxygen

concentrations as required for tissue culture monitoring,

which display very small changes in dissolved oxygen

concentration. Third, a dye with a stable surface charge

and high water solubility was needed. The dye used for this

experiment tris(2,20-bipyridyl dichlororuthenium) hexahy-

drate, met all of these requirements, but has only a point

positive charge of magnitude 2, as opposed to multiple

charges present on the polyion molecules required to per-

form electrostatic layer-by-layer assembly. Accordingly, in

this paper, we have shown that using a technique of admix-

ing the dye with a strongly negative polyion to produce

molecularly large interpolyelectrolyte complexes allows the

dye to be adsorbed to silica surfaces in nanoscale increments

while maintaining the dye’s fluorescent characteristics.

Oxygen sensitivity measurements of the dye have also been

carried out to determine whether the layered state of the dye

affects its sensitivity and overall response.

2. Methodology

The tris(202-bipyridyl ruthenium) cation in solution, while

bearing a strong positive surface charge at approximately

neutral pH, is too small to cause surface charge inversion,

and thus was mixed with a negatively charged polyion,

poly(sodium styrenesulfonate), to form an interpolyelectro-

lyte complex that bears a net negative charge. A diagram of

how the ruthenium dye and the PSS molecules may interact

is shown in Fig. 1.

The interpolyelectrolyte complex is capable of adsorbing

to an oppositely charged surface and causing surface charge

inversion, as described in Ariga et al. [25]. Formation of

interpolyelectrolyte complexes is based on spontaneous

polymer complex formation in water, when charges of

one component are in access to charges of another compo-

nent [22]. The oxygen sensitive dye tris(2,20-bipyridyl

dichlororuthenium) hexahydrate (Ru(bpy)) was purchased

from Aldrich in crystalline form and used in solution, both

alone and mixed with the polyanion poly(sodium styrene-

sulfonate) (PSS; Sigma–Aldrich). The specifications for the

polyions used were as follows: poly(ethylenimine) (PEI) of

molecular weight 70,000 at 1.5 mg/ml, poly(sodium styr-

enesulfonate) (PSS) of molecular weight 500,000 at 3 mg/

ml, and poly(diallyl dimethylammonium) chloride (PDDA)

of molecular weight 70,000 at 2 mg/ml (Sigma–Aldrich).

All the polyions used in the work were strongly charged at

pH 6–8 [28]. The chemical structures for the materials used

in this paper are given in Fig. 2.

All solutions were prepared at pH 7.6 (buffered with

Trizma base and HCl buffer; Aldrich). The ruthenium layer-

ing solutions were prepared in four forms: in solution alone at

11.4 mg/ml and admixed with PSS at concentrations of 0.14,

0.28, and 0.57 mg/ml, corresponding to ratios of 80:1, 40:1,

and 20:1 polyion monomeric units per molecule of ruthenium.

Each of the polyion solutions were prepared from dry salts as

received from Sigma–Aldrich with buffered water, excepting

PEI, that was mixed from a 40 wt.% solution. The substrates

chosen for the layering process were glass slides, each

2 in:� 3/8 in. cut from 1 in:� 3 in:� 1 mm Swiss glass

(Fisher Scientific) microscope slides and cleaned in a solution

of 60% H2O, 39% methanol, and 1% KOH for 20 min at 40 8C
with sonication. The slides were then washed in flowing

deionized water for 3 min, and dried under flowing N2.

Fig. 1. Interpolyelectrolyte formation.
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Preparatory layers of PEI, PSS and PDDA were applied

identically to all test slides to saturate the surfaces with a

uniform charge. The slides were each immersed in the

polyion solutions, allowing the charged polyions to adsorb

to the oppositely charged surface. Irregular patches of sur-

face charges on the substrate were inverted by the prepara-

tory layers, and thus produced a uniform surface charge in

preparation for the dye–polyion layering process. Micro-

scopic inspection of the films following application of the

dye layers verified uniform coverage of the glass substrates.

The five preparatory layers (precursor) [29] shown in Table 1

were applied to each slide.

2.1. Admixed dye layering procedure

Three slides prepared according to Table 1 were layered

with the three admixed PSS–Ru(bpy) solutions, respectively.

The slides were dipped in the Ru(bpy)–PSS solutions and

left for 20 min to ensure complete surface saturation and

charge inversion. They were then removed and washed in pH

7.6-buffered deionized water twice for 30 s and dried with

flowing nitrogen. This process produced thin PSS–Ru(bpy)

monolayers on the slide surfaces with the slide surface

charge inverted from positive to negative. The slides were

then dipped into the PDDA solution for 20 min, then washed

and dried similarly. These alternating layers thus served to

invert the surface charge back to positive in preparation for a

further PSS–Ru(bpy) dye layer adsorption. This process was

repeated 20 times to produce 20 functional dye layers on the

slide, of 45 total monolayers, including the preparatory

layers. Prior to dye–polyion layering, and after every five

PSS–Ru(bpy)/PDDA bilayers were applied, the slide was

scanned using a laser excitation apparatus (described later)

for fluorescence emission changes. These scans were saved

separately for later analysis.

2.2. Direct-assembly Ru(bpy) dye layering process

Another slide, designed to act as a control, was initially

covered with similar preparatory layers as the admixed

slides, and then layered with direct-assembly of the Ru(bpy)

dye in solution using the concentrated Ru(bpy) solution and

PSS polyion solution. To facilitate the first layer of Ru(bpy)

on the slide, a layer of PSS was first applied to invert the

surface charge from positively charged to negatively

charged. The slide was dipped in the Ru(bpy) solution

and left for 20 min to ensure complete surface saturation.

It was then removed and washed in pH 7.6-buffered deio-

nized water twice for 30 s and dried with flowing nitrogen.

Following this first monolayer, the dye and PSS was applied

five times in discrete bilayers, with fluorescence emission

scans taken after application of every Ru(bpy)–PSS bilayer.

2.3. QCM tests

The two dipping methods described earlier were used

for quartz crystal microbalance (QCM) dye-layering tests:

direct-assembly and admixed dye layering. The admixed

solution used was Ru(bpy)–PSS at 0.57 mg/l and PDDA

which, when combined with the direct-assembly Ru(bpy)

dye process, was used to evaluate the efficiency of the

admixing process compared to direct-assembly. Two

quartz crystals, AT-cut, resonant frequency 9 MHz, with

silver electrodes were used as substrates for the QCM dye

layering. The crystals were resonated using a USI-System

Inc., Japan, 9 MHz RF generator, and monitored for

resonance with an Iwatsu SC-7201 Universal Counter.

Dye layering was restricted to the quartz crystal surfaces

Fig. 2. Structural images of polyion and dye molecules (a) poly(sodium styrenesulfonate), (b) poly(dially dimethylammonium) chloride, (c)

poly(ethylenimine), and (d) tris(2,20-bipyridyl dichlororuthenium) hexahydrate.

Table 1

Substrate and polyion surface charges for preparatory layers

Layer applied Charge

Bare slide (no layers) �
PEI þ
PSS –

PDDA þ
PSS –

PDDA þ
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and contacts alone to prevent short-circuiting the elec-

trode connections. QCM frequencies were measured in air

after drying of the film. Once the five prep layers had been

applied, measurements of crystal resonance were taken

after each monolayer was applied, beginning with the prep

layers alone and subsequently after each dye–polyion

layer. Five dye–polyion bilayers were applied to each

of the crystals. All the measurements were carried out

in a climate-controlled room at 20 8C. The thickness and

mass were determined from the QCM reading by using the

Sauerbrey equation [30]:

DF ¼ �2F2
0 DM

A
ffiffiffiffiffiffiffiffiffiffirqmq

p (1)

where DF is the change in frequency from the original

resonant frequency in Hz; F0 the quartz crystal’s base

resonant frequency, equal to 9 MHz; DM the mass of the

applied adlayer in nanograms; A the surface area of the

crystal, calculated to be 0.16 cm2; rq the density of quartz,

equal to 2.65 g cm�3; and mq is the shear modulus of quartz,

equal to 2:95 � 1011 dyn cm�2. Using these values, simpli-

fied conversions for DF to changes in layer thickness Dt and

mass DM were produced:

DFðHzÞ ¼ �0:87DMðngÞ (2)

Direct scanning electron microscope scaling of polyion film

thickness gives the following formula:

DtðnmÞ ¼ �0:016DFðHzÞ (3)

which is close to the theoretical one Eq. (2).

Observation of Eqs. (2) and (3) reveals that increases in

mass to the surface of the crystal will cause decreases in the

resonant frequency. Changes in the frequency observed

during QCM testing were thus normalized and plotted.

2.4. Optical absorption tests

Optical absorbance tests were carried out using an Agilent

8453 absorption spectrometer, using a 10 mm path length

cell over a range of 200–1000 nm. The slides were placed

perpendicular to the beam pathway, and the system was

zeroed using a blank glass slide. To evaluate the effect of the

self-assembled polyions layers and dye molecules separately

on the optical absorption of the substrates, two slides were

layered: the first with the five prep layers plus nine PSS and

PDDA bilayers and the second with the prep layers and nine

Ru(bpy)–PSS and PDDA bilayers, with the Ru(bpy) dye

solution at 0.57 mg/ml concentration. To provide an optical

absorbance reference for the three polyion-layered, a clean

glass slide was used. The combination of these three slides

allowed us to accurately determine changes in the absor-

bance of the dye components separately from the polyion

layers and glass substrate. However, determination of

effects on absorbance of the bilayers with increasing dye

concentration was not evaluated, and is yet to be tested in the

future.

To assess possible changes of the immobilized fluoro-

phore’s quantum yield through self-quenching, a fifth slide

was layered with 20 Ru(bpy)–PSS and PDDA bilayers, at a

dye concentration of 0.57 mg/ml. Absorbance and fluores-

cence readings were taken after the application of every fifth

layer and the absorbance intensity was plotted against

increasing fluorescence intensity.

2.5. Fluorescence tests

Following application of the preparatory polyion layers,

the admixed and direct-layered slides were scanned for

baseline fluorescence emission (zero dye layers), under

excitation of 450 nm light. The optical system is setup as

shown in Fig. 3. Excitation energy of the dye at 450 nm was

produced with an Ocean Optics LS-450-USB LED light

source. The excitation pulse was directed normally to the

slide surface through the center fiber of the optical fiber

bundle, and the resulting fluorescence emission light was

collected by the surrounding six fibers. This arrangement

allowed very stable, repeatable fluorescence measurements

to be taken for multiple slides. All fluorescence measure-

ments were scanned with an Ocean Optics USB2000 Fiber

Optic Spectrometer over a 340–1000 nm wavelength

range using a 1000 ms integration period and a 10-point

average.

2.6. Scanning electron microscopy (SEM) imaging

To provide a visual measurement of the thickness of the

layers, an scanning electron microscopy (SEM; AMRAY)

image was taken of the 0.28 mg/ml dye–polyion-layered

absorbance glass slide that had been cleaved through the

polyion layers. These images were taken to provide final

thickness measurements of the 20 completed polyion

bilayers, plus the prep layers. The SEM image also

allowed us to visually gauge the effects of the incorpo-

rated dyes into the polyion layers, supported by the QCM

readings.

Fig. 3. Laser excitation and fluorescence scanning apparatus.
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2.7. Oxygen sensitivity tests

Using the 0.57 mg/ml concentration ruthenium dye–poly-

ion solution, a full size (1 in:� 4 in.) Swiss glass (Fisher

Scientific) microscope slide was layered at the center of one

of the slide surfaces. Strips of adhesive tape were used to

restrict the dye layering to a small area at the center of the

slide surface, corresponding to a section of the wall of the

completed controlled oxygen fluid testing apparatus (Fig. 4).

The same dye layering methodology was used for this

substrate as was used for the smaller fluorescence and

absorption test substrates.

A water/gas-mixing closed-loop system was used to pro-

vide a controlled dissolved oxygen liquid environment. Oxy-

gen and nitrogen were bubbled into and dissolved in deionized

water in a stirred chamber that was monitored with a dissolved

oxygen probe (VWR Scientific Instruments). The actual

oxygen concentration was monitored using the probe, and

the gas flow rates were adjusted to provide the desired

dissolved oxygen concentrations. The fluid was then pumped

out the chamber and into the testing apparatus shown in Fig. 4.

Fluid out of the apparatus was sent back to the mixing

chamber, creating a closed fluid loop.

The PDMS channel of the controlled oxygen loop was

fabricated using a peel-off acrylic plastic mold, and sealed to

the glass slide using a pressure clamp. The fluid couplings

were attached to the channel using a cyanoacrylate-based

epoxy. No fluid leakage was observed during testing, even

using flow rates as high as 7.3 ml/min, that was required to

reduce the effect of oxygen diffusion through the edges of

the PDMS channel. Care was taken during integration of the

optical fiber to the PMMA base to minimize the gap between

the tip of the fiber and the underside of the glass substrate by

screwing in the optical fiber bundle until the fiber end faces

were pressed firmly against the microscope slide. The

known oxygen concentration that was pumped into the test

apparatus ranged from 0.6 to 10.8 mg/l with steps of

approximately 1 mg/l, which allowed us to determine the

oxygen sensitivity of the dye-layered substrate for a dis-

solved oxygen range of approximately 0–25%.

3. Results and discussion

3.1. QCM

The first tests carried out to completion were the QCM

tests, which provided firm indications to the success of the

dye layering. A clear upward trend of the Ru(bpy)–PSS at

0.57 mg/ml concentration and PDDA dye solutions show

that surface adsorption to the slide was occurring (Fig. 5),

with no evidence of dye desorption. Comparison of this plot

to previously accomplished work by Ariga et al. [27] of

layer-by-layer self-assembly of PSS and PDDA show simi-

lar trends, indicating that the addition of the ruthenium dye

to the PSS polyion layers does not adversely affect the

layering process.

However, in the case of the concentrated ruthenium

solution (direct-assembled dye), this trend was not present,

indicative of failed layer adsorption. Considering the nature

of the alternately charged layer-by-layer adsorption process,

this adsorption failure is not unpredictable. According to

Ariga et al. [25], for successive layers to be applied to a

charged surface, the applied layer must not only adsorb to

the surface, but also invert the surface charge. The ruthenium

molecule is relatively small dication as compared to any of

the polyions. Hence, instead of surface charge inversion,

surface charge neutralization takes place, preventing any

further layer adsorption [31].

The y-axis of the data plot in Fig. 5 is normalized to

display an upward trend in the layer thickness. Calculation

of the average layer thickness using Eq. (3) yielded surpris-

ingly low values (Table 2), compared to the calculated result

of 22 nm (for all layers adsorbed to the slide) from the SEM

imaging. This discrepancy is most likely caused by the

assumption that the adsorbed layer density is similar to

the quartz resonator density. The interpolyelectrolyte layer-

ing process will yield characteristically much lower density

Fig. 4. Controlled dissolved oxygen testing apparatus.

Fig. 5. QCM plots of direct-assembled and admixed dye.
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layers, as the packing of the polyions onto the surface will be

much looser, around the complexes. Additionally, the initial

polyion layer applied to the slide, PEI, has a highly branched

structure that could also decrease the total average layer

density.

3.2. Optical absorption

The optical absorption data provided the first indication of

successful adsorption (Fig. 6). As expected, the clean refer-

ence slide shows no significant absorption. Low-level

absorption is produced by the PSS and PDDA layered slide.

In contrast, the Ru(bpy)–PSS and PDDA layered slide shows

strong adsorption at the excitation wavelength of 460 nm.

The strong optical absorption measurements demonstrate

not only that the layers are assembled as expected, but also

indicate that the assembly process does not adversely impact

the fluorescent functions of the ruthenium dye.

The results from the self-quenching absorbance–fluores-

cence tests are shown in Fig. 7. Absorbance of the coated

slide (not shown) increased in a linear fashion with increas-

ing number of dye layers, and this trend was maintained with

increasing fluorescence intensity. The constant relationship

between the dye’s absorbance and fluorescence, indicative

of unchanging quantum yield, conclusively illustrates that

despite the high concentration of dye molecules in the

assembled bilayers self-quenching of the dye at a concen-

tration of 0.57 mg/ml was not observed. This result demon-

strates that operation of an oxygen sensor within the tested

range of dye concentration is feasible, but determination of

the self-quenching limit of the dye in the bilayers requires

further testing is required with increased Ru(bpy) concen-

trations.

3.3. Direct-assembly Ru(bpy) dye layering fluorescence

As exhibited in Fig. 8, despite repeated applications of

polyion–dye bilayers, no change occurred in the spectra at

610 nm, the wavelength at which the ruthenium dye fluor-

escence shows peak emission. Additionally, the remaining

PSS dipping solution from this direct-assembled slide shows

a large fluorescent emission peak at 610 nm, demonstrating

that the ruthenium dye was desorbing from the surface into

the PSS dipping solution.

3.4. Admixed dye–polyion layer fluorescence

Despite increased neutralization of the PSS polyions by

the Ru(bpy) dye molecules, surface adhesion and subse-

quent layer formation is uninhibited. Furthermore, as shown

in Fig. 9, a uniform increase in intensity was observed for the

1:20 concentration dye–polyion mixture. In support, com-

parative study of the effects of varying Ru(bpy)–PSS ratios

on fluorescence emission intensity (Fig. 10) demonstrates

expected trends in fluorescence with increasing dye con-

centration.

Supported by the QCM data, all admixed dye layers show

definitive increases with increasing numbers of layers, while

the direct-assembly process fails to produce any substantial

fluorescent response. Since the emission intensity continues

to climb as the ratio of ruthenium molecules to polyion mer

units falls, there may be an even lower ratio that would

Table 2

QCM summary

Layer applied Normalized average thickness (nm)

Admixed PDDA 1.4848

Admixed dye–PSS 6.3264

Direct-assembled dye 0.0845

Direct-assembled PSS 0.8256

Fig. 6. Absorbance spectra of polyion-coated glass substrates.

Fig. 7. Plot of normalized dye absorbance against normalized fluorescence

emission for increasing dye layers.
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provide the maximum level of emission intensity and cor-

responding dye concentration. We are currently exploring

these lower ratio combinations to see if the emission inten-

sity might be further enhanced, while remaining below the

self-quenching concentration limit.

3.5. SEM imaging

Using the SEM images in Fig. 11b, the final thickness of

the dye–polyion layers is estimated to be 1 mm, correspond-

ing to an average monolayer thickness of 22 nm. The SEM

image also reveals very uniform surface coverage by the

dye–polyion layers, even over trapped dust particles (center,

Fig. 11a). Despite the apparent thinness of these layers, the

dye is densely concentrated in the polyion layers, and is

readily visible on the glass substrate without magnification

using transmitted light. As explained earlier, this total

average layer thickness of 22 nm did not directly correlate

with the QCM results, but can be possibly explained by the

increased true density by the interpolyelectrolyte complex

and PEI preparatory layer.

3.6. Oxygen sensitivity

Oxygen sensitivity of the immobilized dye was observed

over the tested range, and a calibration plot for the test

apparatus was thus obtained (Fig. 12). Within the dissolved

oxygen range chosen, the plotted values show a standard

error of only 15.036 counts. According to previously pub-

lished work [15,16], calibration plots have only been pro-

duced for minimum changes in oxygen concentration of

10%; in comparison, the calibration plot corresponds to

changes of less than 3%. Considering that changes in oxygen

concentration in cell cultures are typically less than 10%,

this increased resolution offers a much more accurate

method of testing dissolved oxygen concentrations within

biological environments. Additionally, linear regression of

the data displays a Stern–Volmer-type trend, demonstrated

by the strong linearity of the plot. Currently, mathematical

modeling of the Stern–Volmer relationship against the data

plot is being carried out, to determine if the oxygen sensi-

tivity characteristics are affected by the immobility of the

dye. In terms of stability of the films, the oxygen sensitivity

testing was carried out over a period of several hours per full

range test, with fully repeatable sensitivity being displayed

by the film, despite the high fluid shear applied on the film by

Fig. 8. Direct-assembly dye fluorescence spectra.

Fig. 9. The 1:20 admixed dye–polyion fluorescence intensity trend with

increasing number of adsorbed layers.

Fig. 10. Comparative fluorescence plots of varying admixed polyion

concentrations.
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the water. Additionally, due to the extended time required to

carry out the oxygen sensitivity testing, on the order of 5–

6 h, several days were required to complete all sensitivity

tests. Over that period, no noticeable degradation in oxygen

responsivity was observed, and the films showed similar

fluorescent emission spectra even after repeated disassembly

and reassembly of the flow cell. Testing for photobleaching

and chemical and pH stability is planned in future work, and

possibly interference of foreign media, such as organics and

corrosive materials.

4. Conclusions

Using the process of layer-by-layer self-assembly, the

oxygen-sensitive dye tris(2,20-bipyridyl dichlororuthenium)

hexahydrate, complexed with various polyions was success-

fully adsorbed onto glass substrates, in the form of ultrathin

dye–polyion layers. The layering process was shown to be

highly controllable, with average dye–polyion layer thick-

ness increases of 22 nm per layer, according to SEM mea-

surements. The completed dye–polyion layers displayed

characteristic low surface roughness and very good surface

coverage of the test substrates. Oxygen sensitivity of the

immobilized dye was maintained, and a calibration plot was

produced. The direct-assembly of the oxygen-sensitive dye

with poly(sodium styrenesulfonate) was not successful,

highlighting the usefulness of the admixing process. Under

the conditions used, efficient ruthenium dye assembly was

not observed for indirect interactions between ruthenium

and adsorbed polyanions. In contrast, pre-mixing of the

ruthenium dye with the polyanion PSS allowed the forma-

tion of interpolyelectrolyte complexes, which were then

successfully deposited in alternation with the polycation

PDDA to achieve functional fluorescent layers.

The method demonstrated here for immobilizing the

ruthenium dye could potentially be used for a large num-

ber of other dyes with sensitivity to other species. Accord-

ingly, 1 nm thick layers could potentially contain dyes

sensitive to an array of analytes, and accordingly, techniques

in lithographic pattering are currently being investigated to

assess the capabilities of this oxygen sensing system to

integrated arrays. Such sensing arrays could be invalu-

able in developing multi-analyte, high-resolution sensors

with applications in medicine, biology, chemistry, and engi-

neering.
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Fig. 11. SEM images of the cleaved glass substrates, showing the dye–
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Fig. 12. Calibration plot of fluorescence emission intensity vs. dissolved

oxygen concentration showing standard error of emission intensity.
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