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Electrophoretic deposition as a nhew approach to
produce optical sensing films adaptable to
microdevicest

Marta Marin-Suarez,*? Santiago Medina-Rodriguez,®® Olgac Ergeneman,*©
Salvador Pané,© Jorge F. Fernandez-Sanchez,® Bradley J. Nelson®
and Alberto Fernandez-Gutiérrez®

We report the fabrication of optical oxygen sensor films using electrophoretic deposition (EPD) of
poly(styrene-co-maleic anhydride) nanoparticles containing the oxygen-sensitive dye platinum(i) meso-
tetra(pentafluorophenyl)porphine. Compared to other deposition methods, the EPD is simple and allows
easy control over deposition, which is crucial for the implementation of optical sensing films in
microdevices. By optimizing the synthesis of the functional nanoparticles, anodic EPD can be performed.
The amount of deposited particles can be tuned by varying either the electrical potential or the
deposition time. The sensing phases were characterized using a phase-modulation technique showing a
Stern—Volmer constant (ksy1) between 45 and 52 bar~* for gas and of 20.72 bar™! in the aqueous phase
without leaching of the particles from the surface. The small thickness of the layers lead to short
response times (<0.4 s). This is the first time that polymeric optical sensing films have been obtained by
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1. Introduction

Molecular oxygen influences cell metabolism and viability. The
determination of molecular oxygen in vascular systems and
tissues is crucial to understand the diagnosis and the evolution
of certain diseases. For example, several ocular pathologies
such as diabetic retinopathy, glaucoma, age-related macular
degeneration and retinal vein occlusions*™ are connected with
insufficient supply of oxygen to the eye (hypoxia).

Recent advances in micro- and nanofabrication have
enabled the development of miniaturized sensing instruments
employed in domains such as medicine and biotechnology. Due
to their small sizes, these devices can be operated in vitro and in
vivo as monitoring and diagnosis tools.>” Among the sensing
strategies, optical methods offer certain advantages over others
in the biomedical arena such as no analyte consumption, no
interference with electromagnetic fields, and wireless signal
transduction.®** Recently, the use of untethered magnetic
microrobots has shown high potential in ophthalmic
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EPD from dispersions of oxygen sensing nanoparticles.

applications,”* including minimally invasive detection of
oxygen inside the eye."**'* In order to confer sensing func-
tionalities to the microrobot, methods to integrate sensing
blocks are urgently required. The functionalization of three-
dimensional structures such as the one presented by Ergene-
man et al.' is challenging. The integration of the sensing
material should be uniform in thickness and conformal. The
available optical sensing films such as membranes, nano-
particles, paints, and fibers cannot be easily incorporated into
microstructures without compromising the uniformity of the
layer thickness.

This paper proposes a method based on electrophoretic
deposition (EPD) to integrate oxygen-sensitive nanoparticles in
arbitrary shapes. This technique enables the integration of
films in a conformal manner.'>*® In EPD, charged nanoparticles
dispersed in a liquid move towards a conductive substrate of
opposite charge on which they are deposited.'” Consequently,
deposition can be performed over a wide range of micro-
architectures. Moreover, the film thickness can be controlled by
simply adjusting the deposition time and the applied potential.

EPD is of considerable interest for a wide range of applica-
tions due to its simplicity and low cost, and it has been
successfully applied to deposit a variety of materials,*>”'®
including different types of nanoparticles and composites for
optical sensors.”> In this area, Yarimaga et al. used EPD to
create micropatterns of polydiacetylene, which show heat-
induced non-fluorescence to fluorescence switching. The
authors investigate the in situ polymerization and its suitability
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to monitor temperature in microheaters.' Sun et al. have also
used EPD to produce films with selective detection of mercury
by fluorescence quenching. This film is based on a mercury
sensitive fluorophore 1-amino-8-naphthol-3,6-disulfonic acid
sodium and layered double hydroxides (LDHs).”* The same
authors developed an optical pH sensor based on LDHs and
fluorescein.”

On the other hand, we perform EPD from dispersions of
polymeric nanoparticles (defined here as solid colloidal parti-
cles with a diameter below 300 nm) that act as carriers of
oxygen-sensitive dyes, namely, platinum(II) meso-tetra(penta-
fluorophenyl)porphine (PtTFPP). The excited triplet states of
this metalloporphyrin are quenched effectively with dynamic
quenchers, such as oxygen, nitrogen oxides, etc.?*** The
permeability of the polymer nanoparticles to molecular oxygen
enables a selective interaction of O, with the luminescent
PtTFPP and the quenching can be used to determine the oxygen
concentration. The amount of polymer used in the synthesis of
the particles was optimized in order to obtain appropriate
particle size with a narrow size distribution for EPD. Potentials
and deposition times were also investigated. In addition, the
optical characterization of the resulting sensing films has been
fully investigated using a phase-resolved method. The films
showed both good sensitivity to oxygen and shorter response
times than currently reported polymeric membranes.

2. Experimental

2.1. Reagents

Poly(styrene-co-maleic anhydride) polymer (PSMA, 7% maleic
anhydride, M,, = 224 000 ¢ mol '), tetrahydrofuran (THF),
acetone, isopropanol, sodium hydroxide (NaOH), and hydro-
chloric acid (HCl, 37%) were purchased from Sigma Aldrich.
Oxygen indicator Pt(u) meso-tetra(pentafluorophenyl)porphine
(PtTFPP) was purchased from Frontier Scientific (http://
www.frontiersci.com/). Piranha solution consisted of a 3:1
mixture of concentrated sulfuric acid and 30% hydrogen
peroxide (both from Sigma Aldrich).

2.2. Preparation and characterization of the nanoparticles

The nanoparticles were prepared following the procedure
described elsewhere.** Briefly, 100 mg of PSMA (0.1% w/v) and
1.5 mg of PtTFPP (1.5% w/w respect to the polymer) were dis-
solved in 100 mL of THF. 6 mL of the cocktail were subsequently
dropped over 10 mL of deionized water under agitation. The
mixture was exposed to blown air for at least 20 minutes until
THF was evaporated. The resulting polymeric particles with the
embedded dye formed stable dispersions. NaOH or HCI was
used to adjust the pH of the dispersion of particles.

Particle mean diameter (d, in nm), size distribution (PdI),
zeta potential (¢, in mV), and conductivity (C, in mS cm ™) of the
particle dispersion were measured with a Zetananosizer (Mal-
Instrument, model Zetasizer Nano ZS, http://
www.malvern.com), which is equipped with a laser and a
dynamic light scattering (DLS) detector.

vern
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2.3. Electrophoretic deposition

A homemade electrophoretic cell was built by placing an
acrylglass compartment (polymethylmethacrylate) on a plati-
nized titanium plate sheet (purchased from http://www.ti-
shop.com) that acted as the cathode. The anode consisted of a
1 cm? silicon chip coated with a 25 nm titanium adhesion layer
and a 50 nm gold seed layer both obtained by means of e-beam
evaporation. The chips were cleaned using acetone, iso-
propanol, and piranha, respectively, in order to remove organic
contamination. The chips were placed facing the platinized
plate keeping a constant distance of 5 mm. A schematic drawing
is presented in Fig. 1.

The platinum cathode and the gold chip anode were con-
nected to a programmable DC power supply (Promax, model FA-
665, http://www.promaxelectronics.com) in order to perform
EPD. After the deposition, the chips were rinsed with deionized
water and dried with nitrogen to remove all non-attached
particles.

2.4. Measurements

Excitation and emission spectra were obtained with a Varian
Cary-Eclipse luminescence spectrometer (Varian Inc.-Agilent
Technologies, http://www.agilent.com, CA, USA) equipped
with a Xe flash lamp (peak power equivalent to 75 kW), Czerny-
Turner monochromators, and a red-sensitive photomultiplier
tube (PMT) R-928 from Hamamatsu Photonics (http://
www.sales.hamamatsu.com, Japan) with a manual or auto-
matic voltage regulator. In addition, a customized version of the
optical fiber measurement system previously described*
(see Fig. ESI-1f) was used to characterize the sensitivity to
oxygen of the sensing layers. For this purpose, the phase-
resolved method described in the ESI} was applied using a
commercial dual lock-in amplifier as the phase-sensitive
detector. The phase shift (®) measurements at different
oxygen concentrations were used to calculate the lifetime and
characterize the oxygen sensitivity of the materials, while the

Anode
(gold-coated silicon chip)

PSMA
nanoparticle

PLTFPP dye

Cathode
(Platinized titanium)

Fig. 1 Schematic drawing of the electrophoretic cell containing a
dispersion of oxygen-sensitive polymeric nanoparticles. The magnified
picture shows a single nanoparticle with PtTFPP molecules entrapped
in the PSMA particle. The carboxylate groups confer the nanoparticle a
negative charge.

This journal is © The Royal Society of Chemistry 2014
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magnitude or amplitude (R) measurements (proportional to the
emission intensity) of the modulated emission signal were
employed to extract information about the amount of particles
deposited and their adhesion to the gold surface. The selection
of the modulation frequency for these measurements is also
described in Fig. ESI-2.T

For the gas characterization, the sensing phase was placed
inside a homemade flow-through cell and different mixtures of
nitrogen and oxygen gases (supplied by 50 L gas bottles at 200
bars with nitrogen 60 and oxygen 55, Air Liquide) were passed
through the cell. The flow cell was made of black polytetra-
fluoroethylene to prevent stray reflections and to assure the
chemical inertness. Both the flow cell and the PMT were housed
in a dark room (Thorlabs GmbH, model XE25C1) to prevent
interference from stray light and temperature was monitored
during all the experiments. For gas mixing, two mass-flow
controllers (MFCs) (Bronkhorst High-Tech, model EL-FLOW
Select F-201CV, http://www.bronkhorst.com) were used. After
the MFCs, copper and stainless steel tubing was used to connect
the MFCs with the flow-through cell. The system was fully
controlled from a PC using a self-made program written in
Matlab 7.10 (http://www.mathworks.com) and LabView 8.5
(http://www.ni.com).

For the determination of dissolved oxygen, the same cell was
filled with water at a constant flow rate of 1 mL min~* using a
peristaltic pump (Gilson Inc., model Minipuls 3, http:/
www.gilson.com). The dissolved oxygen present in the water
was adjusted by blowing different ratios of oxygen and nitrogen
with the aforementioned gas setup. A commercial Clark elec-
trode (Eutech Instruments, model CyberScan PCD-650, http://
www.eutechinst.com) was used to monitor the oxygen concen-
tration in the aqueous phase.

3. Results and discussion

3.1. Synthesis optimization of the O, sensing nanoparticles

The oxygen sensing nanoparticles contain the dye PtTFPP,
whose luminescence is quenched in the presence of oxygen,
immobilized in the PSMA polymer. PtTFPP is one of the most
widely used dyes for the preparation of optical oxygen sensing
films due to its good photostability,*® long lifetime of emission,
wide excitation range, and large Stokes shift, which simplifies
the measurement system.>**” On the other side, polymeric
materials have demonstrated good properties in terms of
solubility of the dye and permeability to oxygen.® Here, the role
of the maleic anhydride in PSMA is also significant: when it
reacts with water, the produced carboxyl groups provide nega-
tive charges to the particles’ surface.”**® This charge is respon-
sible not only for the stability of the particle dispersion but also
for the attraction of the particles to the anode to perform EPD.
In addition, the presence of carboxyl groups may be interesting
for further modification of the films, functionalization or
covalent binding, e.g. with enzymes or antibodies for the
development of biosensing phases.>*?***

Polymeric nanoparticles with an embedded oxygen indicator
can be produced by several methods, such as covalent attach-
ment to the polymer, swelling, or physical entrapment of the

This journal is © The Royal Society of Chemistry 2014
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dye.>*2%3%31 precipitation-evaporation (or solvent displacement
method)* is an easy way to produce nanoparticles with a good
control over their physical properties, and thus, it was selected
to produce the oxygen-sensitive particles. This method requires
a water-miscible solvent able to dissolve both the dye and the
polymer, such as THF. In this way, when the solvent reaches
water, nanoparticles are formed due to the hydrophobicity of
the polymer and the lipophilic oxygen indicator gets entrapped
inside them. In all the experiments the concentration of the dye
was kept at 1.5% w/w with respect to the polymer in order not to
exceed the solubility of the dye in the polymer, which produces
aggregation and self-quenching.®* In addition, the concentra-
tion of the polymer (Cp,) was also kept at 0.1% w/v in order to
ensure a good size distribution of the particles because aggre-
gates appeared for higher PSMA concentrations.

The amount of polymer used in precipitation-evaporation
can influence the size and the polydispersity of the obtained
particles.>* To evaluate this effect, the volume of the polymer
solution (0) was varied, keeping C,, and volume of water (w)
constant. Fig. 2a shows the size (d) and size distribution (PdI)
obtained for different o/w ratios. When the o/w ratio increased
the particles became greater in size. However, the polydispersity
of the particles is hardly influenced by the o/w ratio due to the
low initial polymer concentration in the discontinuous phase
(0.1% w/v) and in all cases the PdI is below 0.1, indicating a
good homogeneity for all of them.*® A good homogeneity usually
improves the performance of EPD because the particles move
approximately at the same speed and a higher ordered packed
area is expected than for those particles with a wider size
distribution."” Therefore, as all the obtained particles show
good homogeneity, only size was considered to select the o/w
ratio. It was set at 0.6 in order to obtain particles with an
appropriate amount of oxygen-sensing dye. It provides particles
of 280 nm and PdI of 0.06.

3.2. Optimization of the electrophoretic deposition

To perform EPD, the zeta potential and conductivity of the
particle dispersion are important factors."”** The zeta potential,
which is proportional to the electrophoretic mobility, indicates

500 1 r 0.4
400 A
r 0.3
— 300 A 5
£ L 02 £
T 200
- 0.1
100 1 w
0 T T T 0.0
0.1 0.3 0.5 0.7
o/w
Fig. 2 (M) Size (d, nm), and (@) size distribution (Pdl) of the PSMA

nanoparticles obtained by the precipitation—evaporation method with
different o/w ratios and an initial polymer loading of 0.1% w/v.
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Table 1 Influence of pH over the zeta potential and conductivity of
the dispersion of nanoparticles produced with an o/w = 0.6

pH ¢ (mv) C (mS cem™)
2.0 —1.87 10.7

6.5 —33.0 0.125

11 —39.1 16.0

6.5 (diluted 1 : 4)° ~33.5 0.028

“ Dilution obtained with 1 mL of the dispersion of particles and 3 mL of
deionized water.

the degree of repulsion between adjacent particles. Therefore, a
high zeta potential ({ in mV), in absolute value, is desirable as it
improves the mobility while avoiding the sedimentation of the
particles during EPD." In all the cases the absolute value of { is
higher than 30 mV, which is considered inside the range for
dispersion stability.**

In addition, pH has a strong influence over zeta potential
and its adjustment improves the stability of nanoparticles and
electrophoretic mobility.'”** Table 1 shows { and conductivity
(C in mS em ™) of the dispersion of nanoparticles (o/w = 0.6)

a)10Vcm™t-1 min

200/nm

-

e)20Vcm?

g)30Vcem?t-1min

b) 10V cm™? -5 min

-5 min

View Article Online
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when changing the pH. { of the dispersion is improved from
—33 to —39 mV when a base is added. Since the particles are
negatively charged, the addition of acid neutralizes the negative
charge, while adding base increases ¢, thus increasing the
stability. The negative effect of ionic strength on { can be
neglected compared to the increase due to pH.

These results can be better understood bearing in mind that
the PSMA copolymer has two different classes of carboxyl
groups.***® Primary carboxyl groups have a pK,; around 4-5
while secondary ones possess a pK,, of around 9-10.%**% At pH 2
both types of carboxylic groups are protonated and the charge is
almost neutral, leading to a { close to 0. At pH 11 almost all
carboxylic groups are deprotonated, resulting in strongly
negative charge with a { close to —40 mV.

It should be highlighted that the delimitation of deposition
time () and potential (E) is crucial because when EPD is per-
formed over an aqueous solution, electrolysis of water is a
common concern, even at low potential.'” Water electrolysis
may cause pH changes in the electrodes as well as gas evolution
which may disturb the deposition process. In addition, aqueous
EPD produces high current densities that lead to Joule heating
and etching of the electrodes."” For nanoparticles stabilized

c)10V cm! - 10 min
200 nm

-

4 um

f)20 Vecmt - 10 min
200 nm "4 e

[

Fig. 3 Scanning electron microscopy images for the chips undergoing (a) 10 V. cm~%/1 min; (b) 10 V cm™%/5 min; (c) 10 V. cm~1/10 min; (d) 20 V
cm™/1 min; (€) 20 V.cm~*/5 min; (f) 20 V cm~%/10 min; (g) 30 V cm~/1 min; (h) 30 V cm™%/5 min; (i) 30 V cm~%/10 min; (j) 40 V. cm™/1 min; (k) 40

V cm™Y/5 min; and () 40 V cm~%/10 min.
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with a base ({ = —39.1 mV), the increase of conductivity (C =
16.0 mS cm~ ' compared to 0.125 mS cm™ ' for the base-free
dispersion) leads to the darkening of the polymer when depo-
sition takes place, even at low potentials and deposition times.

For the base-free dispersion ({ = —-33.0 mV, C =
0.125 mS cm™ %), a high level of bubble formation within a non-
homogeneous deposition was observed, which suggests that a
high current transport still exists. To minimize these effects, the
base-free dispersion was diluted several times and different
potentials and deposition times were screened until suitable
working conditions were found for a successful EPD. For a
dilution 1 : 4 (with 1 mL of the dispersion of particles and 3 mL
of deionized water) successful EPD was reached for an applied
potential between 10 and 40 V cm™ ' and deposition times
between 1 and 10 minutes. Higher potentials or deposition
times led to the darkening of the deposit, probably because of
Joule heating of the polymer and the electrochemical etching of
the deposit."” In addition, below 10 V cm ™" or deposition times
shorter than 1 min, no homogeneous deposition over the whole
surface was obtained. Therefore, the influence over the
morphology and oxygen sensing properties of the films was
studied within these ranges, applying potentials of 10, 20, 30
and 40 V em ™! and deposition times of 1, 5 and 10 min.

The morphology of the deposits obtained for each of these
conditions was investigated using scanning electron micros-
copy (SEM). Fig. 3 shows the SEM images of the chips under-
going 10, 20, 30, and 40 V cm ™" for the different deposition
times. It can be noticed that for the same deposition time, the
amount of particles increases with potential. For the chips
undergoing 10 V cm™ ", the amount of particles is hardly influ-
enced when time is increased compared to the rest of the
potentials (see Fig. 3(a)—(c)). However, for the rest of the sensing
films (20 V.em ™", 30 V.em ™' and 40 V em ™) the amount of
particles increases for higher deposition times (Fig. 3(d)-(f)).
Fig. 3 also confirms that the nanoparticles produced by the
precipitation-evaporation method are spherical and their d and
PdI are in agreement with the DLS measurements. In addition,
it can be observed that the EPD produces a homogeneous
distribution of the particles over the surfaces, with a monolayer

50 4

40

R (mV)

5 10
Time (min)

Fig. 4 Magnitude (R, mV) of the emission collected at the different
deposition times for an applied potential of 10 V. cm™* (X), 20 V. cm™?
(A),30Vcm™! (M) and 40 Vcm ™! (@) in the absence of oxygen.
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of particles. The thickness can be therefore considered as the
diameter of the nanoparticles, i.e. = 250 nm.

The luminescence emission of the films in the absence of
oxygen (given by the magnitude of the modulated emission
signal, R) can be related to the amount of luminescent particles
deposited. Following the equation proposed by Hamaker* for
electrophoretic cells with planar geometry, a theoretical
deposited mass per unit area (m, mg cm™>) was calculated (see
Fig. 4, ESIT). ESIT also shows the relationship between R and its
theoretical value of deposited mass for each condition of
potential and time, confirming their relationship. Thus, R was
used as a guide to study the influence of deposition potential
and time on the amount of particles deposited by EPD, which is
increased when increasing either the time or the applied
potential (Fig. 4). The deposition rate is similar for all poten-
tials. These results are in good agreement with the micrographs
shown in Fig. 3. As expected, the higher value of R was found at
40 V.em ™' and 10 min.

3.3. Spectroscopic properties and oxygen sensitivity

The luminescence spectra were recorded in order to evaluate
the possible changes in the spectroscopic behavior of the
oxygen-sensitive films once the nanoparticles had undergone
an applied potential. ESI-31 shows the excitation and emission
spectra of the chip obtained at the highest potential and time
(40 V em™" and 10 min), showing no change in the spectro-
scopic properties compared to the dye in solution or in a clas-
sical polystyrene (PS) membrane.>*® It shows three excitation
peaks, at ~390, 508 and 540 nm, corresponding to the Soret and
Q bands of platinum porphyrins. In addition, the emission peak
at 650 nm was completely quenched in the presence of oxygen.

In order to evaluate the oxygen sensitive properties of the
films, the phase shift was recorded using the phase-modulation
method (see ESIt) and the setup is described in Fig. ESI-1.T
Assuming that the luminescence decay is monoexponential, the
relationship between the emission lifetime t (in seconds) and
the phase shift @ (in radians) is given by expression (1), where f
is the modulation frequency (in Hz).**

tan®
=

=

Fig. ESI-21 describes the procedure for the selection of the
optimal f necessary for the phase-shift measurements. The
modulation frequency was set at 5145 Hz as a compromise
between the maximum phase-shift for each range of O,
concentrations and the signal-to-noise ratio (SNR) for the
signal reaching the photodetector, which decreases with
frequency.

Table 2 shows the lifetime of all the sensing films in the
absence and in the presence of 20% of oxygen, confirming that
the lifetime is not influenced by the amount of particles. In
addition, no change in the lifetime was observed when
comparing the lifetime of the chips with a classical liquid
membrane based on the same polymer deposited in a glass
support (in both cases 7, is around 65 ps). Although gold is
known to quench the luminescence of some molecules,* this

(1)
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Table 2 Lifetime and Demas parameters obtained for each potential and time of deposition
Demas model”
E(Vem™) ¢ (min) 70" (us) T20™° (us) f ksyy (bar™) b ksys (bar™) r
10 1 63.03 £ 2.24 12.91 + 3.28 0.82 £+ 0.00 45.53 £ 0.52 0.19 £+ 0.00 2.03 + 0.21 0.9999
63.53 £ 2.35 13.48 £+ 0.54 0.82 + 0.00 46.37 £ 0.55 0.19 + 0.00 2.12 + 0.13 0.9999
10 61.83 £ 2.03 13.44 + 0.58 0.82 £+ 0.00 46.28 £ 1.17 0.19 £+ 0.01 1.96 £ 0.36 0.9999
20 1 64.55 £+ 4.25 13.38 £ 1.21 0.82 + 0.00 51.68 + 2.38 0.19 + 0.00 2.09 + 0.22 0.9999
64.35 £ 5.71 13.33 £ 1.42 0.83 £+ 0.00 48.06 £ 0.42 0.18 £+ 0.00 2.11 4+ 0.28 0.9999
10 59.71 £ 3.31 12.77 £ 1.89 0.82 + 0.01 49.53 £+ 5.38 0.19 + 0.01 2.17 + 0.06 0.9999
30 1 65.28 £ 1.50 13.53 £+ 0.97 0.82 £+ 0.00 50.51 + 0.31 0.18 £+ 0.00 2.17 £ 0.07 0.9999
5 62.66 £ 3.02 13.60 + 0.80 0.81 &+ 0.00 50.66 + 4.01 0.20 + 0.01 1.93 £+ 0.06 0.9999
10 60.53 £ 1.09 13.37 £ 2.12 0.80 £+ 0.01 51.70 £ 2.75 0.22 4+ 0.01 1.79 £ 0.26 0.9999
40 1 64.46 + 3.18 13.66 + 0.54 0.82 + 0.02 48.72 £+ 7.06 0.18 + 0.03 1.67 £+ 0.09 0.9999
61.61 £ 2.72 13.55 + 0.34 0.82 £+ 0.01 47.32 £ 2.05 0.19 4+ 0.02 1.56 £ 0.05 0.9999
10 60.09 + 4.97 13.57 £ 0.62 0.86 + 0.02 37.11 £ 1.75 0.12 + 0.03 0.00 &+ 0.00 0.9994
PSMA 65.03 £ 3.57 13.27 £+ 0.22 0.85 + 0.22 49.25 £ 1.55 0.17 £+ 0.02 2.10 £+ 0.03 0.9999
membrane?

“ The experimental results have been expressed as the average of 3 replicas £st/n (n = 3, t = 4.30 (2P = 0.05)). ” Lifetime in the absence of oxygen.

¢ Lifetime in the presence of 20% of oxygen. ¢

effect was not observed in this case, probably due to the
protection that the polymer provides to the oxygen-sensitive
dye.

The oxygen sensing properties were evaluated by the reduc-
tion in the lifetime of emission (obtained with eqn (1)) when
different oxygen concentrations are present. ESI-51 shows the
phase shift measurement and decay plot obtained for the chip
undergoing 40 V em ™ '/1 min. Similar behaviors were found for
the rest of the sensing phases obtained by EPD. In all of
them the phase shift was practically quenched by 30%
oxygen, showing no differences in the lifetime between 30% and
100% O,.

The response to oxygen is usually explained according to the
Stern-Volmer equation.” However, in this case the response
between 0 and 30% does not follow the lineal behavior and the
results have to be explained using a multi-site model, in which
different types of oxygen quenching sites are present in the
matrix. This behavior is typical in polymeric films due to the
heterogeneity of the matrix where the dye is dispersed.*>*
The most simple is the two-site model (with each site having a
linear behavior), proposed by Demas and co-workers.*

(see eqn (2))

w_ [ A . S ]
T 1+ ksyipO; 1+ ksy2pOs

(2)

where 7 is the luminescence lifetime, the subscript “0” refers to
the value in the absence of oxygen, f; and f, denotes the fraction
of sites possessing a sensitivity to oxygen given by the Stern-
Volmer constant ksy; and ksy, respectively, and pO, is the
partial pressure of oxygen.

Fig. 5a shows the calibration curve obtained using the
Demas equation for the chip produced at 30 V. em™* for 10
min. Similar behaviors were found for the rest of the chip
obtained by EPD (see Fig. ESI-6 and 77). For each sensing film
the value of the Stern-Volmer constants was determined, and
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Reference membrane prepared as in ref. 42.

it was used to evaluate the oxygen sensitivity of the films.
Table 2 shows the parameters obtained for the Demas model,
which are practically the same for all the range of selected
potentials and deposition times, except for the sensing film
deposited at 40 V cm™' for 10 min. Its kgy; decreases
compared to the rest (37 bar™" vs. ~50 bar™ ") probably due to
the high conditions of potential and deposition time, both in

To/T

0 T T

0.1 0.2 0.3
pO, (bar

o

0.0 0.1 0.2 0.3
pO2 (bar)

Fig. 5 Stern-Volmer plot for the sensing film obtained with 30 V
cm~1/10 min: (a) gas calibration; and (b) dissolved oxygen calibration.
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the upper border of the studied range. The correlation coef-
ficients of the fittings (r) shown in Table 2 confirm that eqn
(2) is appropriate to adjust the data. According to the Demas
model, the response to oxygen for all the chips suggests the
existence of two sites within the matrix: a first fraction of
sites (f;) possessing a high kgy4, and a second fraction of sites
(f2), whose contribution is very small compared to f;, pre-
senting less sensitivity. The values for ksy; found for the
sensing films are in agreement with the results found for a
classical PS membrane (ksy; = 40.31 + 3.90 bar ')*® and a
PSMA membrane deposited over a glass support (ksy; = 49.25
+ 1.55 bar™'; see Table 2), which were also the same than
those obtained for a gold chip drop-coated with PSMA
particles and dried under vacuum. The same oxygen
behavior, regardless of the amount of particles deposited,
hints that even at 250 nm thickness the sensitivity to oxygen
is still restricted by the polymer permeability to oxygen as
well as the distribution of the dye inside the polymeric
material.

Since the physicochemical quenching reaction is a
reversible process, the complete reversibility of the lumi-
nescence emission of the films allows us to continuously
monitor the increasing and decreasing amounts of O,. Fig. 6
shows the operational stability for one of the replicas at 30 V
cm '/10 min, which was conducted by measuring the phase
shift under alternating nitrogen and oxygen saturated
atmospheres.

The response (to5) of optical sensors can be defined as the
time at which the signal reaches the 95% of the total response
and it is an important feature in all chemical sensors, espe-
cially in medical monitoring where fast responses are
desired. The t95 was measured using a luminescence spec-
trophotometer by exposing the sensing films to alternating
N, and O, atmospheres. All ¢45 were shorter than 0.4 s when
changing either from 0% O, to 100% O, or from 100% O, to
0% O,. The response times are shorter than those reported in
the literature for the same types of material.**** The nano-
particulated nature of the sensing layer and its thickness
seem to be responsible for the improvement in ¢95, which are
in good agreement with other sensing layers of similar
thickness.*>*¢

The limit of detection (LOD), calculated as the concentration
of oxygen which produced an analytical signal three times the

"""" ﬁ 'r——‘"(——"r 0%0,
55 4
™
Q
)
e 35 1
__________ U _______L______ 100% O,
15 T T T T T 1
0 100 200 300 400 500 600
Time (s)

Fig. 6 Stability of chip 30 V cm™/10 min when changing from
nitrogen to oxygen consecutively.
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Fig. 7 Magnitude of the emission signal (R, in mV) of the chip 30 V

cm~1/5 min when undergoing a continuous flow rate of 1 mL min™?,

switching from 10% to 30% of oxygen every 60 minutes. Measurement
at each concentration: 100 seconds taking 1 measurement per
second.

standard deviation of ten injections of a blank (0% oxygen), was
0.02 mbar.

3.4. Dissolved oxygen measurements

The sensitivity to oxygen in the aqueous phase was also
analyzed between 0 and 30% of oxygen bubbled into the water
(a commercial Clark electrode was used to monitor the actual
oxygen concentration in the water, which ranged from 0 and
11.28 ppm). Fig. 5b shows the Stern-Volmer plot which shows
the following adjustment according to eqn (2): f; = 0.66; ksyq =
20.72 bar ', f, = 0.34, ksy, = 0.00 bar™; this decrease in
sensitivity compared to the gas measurements is common in
aqueous systems and it can be explained by the smaller number
density of oxygen molecules in water and the relative hydro-
philicity of the polymer.”” The lifetime of the nanoparticle
dispersion in the absence of oxygen (62 us) did not agree well
with the lifetime of the film produced by EPD in water (~50 ps),
suggesting that the small layer produced by EPD is more
affected by the aqueous environment than the bulk suspension.
Nevertheless, the sensitivity of 20.72 bar™* and a LOD of
0.3 mbar confirm the suitability of the films to measure O, in
the physiological range.

Furthermore, in order to evaluate the attachment of the
nanoparticles over the gold surface, the chips underwent a
continuous water flow of 1 mL min~ ' for 10 hours. The O,
concentration in the water flow was changed from 10% to 30% O,
consecutively, and the R value of the modulated emission signal
was recorded for 100 seconds every 60 minutes. If the sensing
nanoparticles leach out of the chip, the intensity emission (i.e. R
value of the emission signal) will decrease for any of the oxygen
concentration. Fig. 7 shows the average value of the measurements
at each oxygen concentration for chip 30 V em™*/5 min with
its error (calculated using Student’s t-test with n = 100 and
a = 0.025). The same level of R with a small error is reached for
each concentration, confirming that the measurement is stable
and there is no removal of the nanoparticles from the gold surface.

The same procedure was followed to analyze the stability of
the chip towards buffer solutions at the physiological range and
different ionic strengths. The results showed no lixiviation of
the particles from the surface. It would be interesting to know
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how the ionic strength and pH could affect the sensitivity of the
EPD sensing chips for specific applications and should be taken
into account for future research.

4. Conclusions

Optical oxygen sensing films have been developed by electro-
phoretic deposition of polymeric nanoparticles based on the
poly(styrene-co-maleic anhydride) polymer and the luminescent
oxygen sensitive dye PtTFPP. The carboxylic groups present in
the particles surface are responsible for their high stability in
water and allowed anodic EPD to be performed at different
potential and deposition times.

The amount and morphology of the particles deposited were
evaluated according to the SEM photographs and by analyzing
the magnitude R of the emission collected for the different
times and potentials. The results show that the amount of
polymer deposited is increased when increasing both the
deposition time and potential. SEM confirms a homogeneous
distribution of the particles over the surface, with a single layer
of particles.

Furthermore, full characterization of the chips covered with
the oxygen sensing films was carried out both in gas and
aqueous phases. All the chips showed similar behavior,
regardless of applied potential or time, with ksy; from 45 to
51.70 bar '. Due to the small thicknesses of the films (about
hundreds of nanometers), short response times (less than 0.4 s)
were obtained. In addition, the ability of the sensing films to
measure dissolved oxygen was also evaluated showing a kgy; of
20.72 bar . The nanoparticles were well attached to the gold
surface as they did not leach when undergoing a continuous
water flow for 10 hours.

We can conclude that EPD of polymeric oxygen-sensitive
nanoparticles is a suitable method for the development of
optical sensing films. This technique can be applied to different
kinds of conductive substrates. Advantageously, these films
could be integrated in complex microdevice geometries such as
microrobots and MEMS. The use of polymers with carboxylic
groups allows further covalent crosslinking of biomolecules. In
addition, multi-deposition of different optical indicators could
be also feasible in order to develop multiparametric sensing
phases for a variety of applications.
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