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Development of organically modified silica
nanoparticles for monitoring intracellular level of
oxygen using frequency-domain FLIM platform

Barbara Korzeniowska**, Marcel Raspe”, Dorota Wencel®, Robert Woolley”,
Kees Jalink” and Colette McDonagh*

Abstract Monitoring cellular homeostasis is one of the crucial elements in understanding the
real causes of the pathological state and in designing more efficient treatments. Fluorescent
nanometer sized particles have great potential in the quantitative real — time analysis of
important cellular analytes. In this paper we focus on the development of optical chemical
nanosensors for probing dissolved oxygen inside living cells. The nanosensor is composed of
organically modified silica nanoparticles, doped with the luminescent oxygen — sensitive
[Ru(II)-tris(4,7-diphenyl-1,10-phenanthroline)] ([Ru(dpp);]*") complex. A monodisperse
population of nanoparticles with average size of 70 nm was obtained based on a modified sol-
gel-based Stober method. The nanoparticles were initially calibrated in water using a phase
fluorometry setup. Very good repeatability from cycle to cycle and reversibility in oxygen
response was obtained for nanoparticles. The excellent performance of the nanosensors is
reflected in their very low limit of detection (LOD) (0.007 ppm). Transmission electron
microscopy images obtained from in vitro studies reveals that the final intracellular location of
the nanoparticles is in the lysosomes. The performance of the nanoparticles was tested inside
cells using Fluorescence Lifetime Imaging Microscopy (FLIM) instrumentation. Despite a
decrease in the oxygen sensitivity of nanoparticles located in the intracellular milieu (LOD =
0.226 ppm), a significant change in lifetime (~1.3 ps) is detected within the physiological
oxygen concentration range. Moreover, nanoparticles show no cytotoxic effect when incubated
with cells for up to 72 h. These results demonstrate therefore the great potential of
([Ru(dpp);1*) doped organically modified silica nanoparticles
intracellular oxygen concentration.

for monitoring the

measurements. A technique which overcomes these limitations
is based on the optical detection of the luminescence signal,
using a dye which is gradually quenched with increasing

Real-time, non-invasive monitoring of events occurring at the
cellular level is of great importance for early diagnosis,
effectiveness of therapy and for design of new therapeutic
agents. Among different parameters, oxygen is one of the most
important analyte of interest, due to its participation in crucial
cellular metabolism processes including production of ATP in
oxidative phosphorylation route as well as synthesis of reactive
oxygen species (ROS),! nitric oxide (NO),? ionic gradients® and
transcription factors.* Information about the oxygen levels and
cellular respiration kinetics could then be used to detect any
abnormalities occurring within the intracellular milieu, which
could contribute a better understanding of many 21st century
diseases including cancer, diabetes as well as Alzheimer’s,
Parkinson’s and cardiovascular disorders.’

The level of oxygen can be measured by several different
techniques. The traditional detection methods such as Winkler
titration® and Clarke electrode’ are, due to their time and
analyte consuming nature, inappropriate for intracellular
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amount of oxygen?® Obtaining quantitative data from
intracellular studies is very challenging, especially for fast
diffusion of dissolved oxygen through the cellular membrane.
To date, at least two different optical sensing approaches have
been used to quantify the concentration of oxygen inside the
cells. The first technique, applicable to standard fluorescence
microscopes, is based on the measurement of intensity ratio
(excitation or emission peaks), where one is dependent and
another one is independent of the analyte concentration. Some
examples of this approach with different luminophore pairs co-
encapsulated in various oxygen-sensitive nanoparticle matrices
(i.e. ruthenium (II) complex with Oregon Green 488 — dextran
in silica nanoparticles,” platinum (II) complex with
octaethylporphine in the organically modified silicates
(ORMOSILs) nanoparticles'® and in polymer nanoparticles'' as
well as conjugate of palladium (II) complex with dendrimer
(G2) and Alexa 647 — dextran in polymer nanoparticles'?) have
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been reported in the literature. The second technique, which can
be applied to intracellular oxygen studies, employs the
luminophore lifetime and it requires more advanced
Fluorescence  Lifetime Imaging Microscopy (FLIM)
instrumentation. Two different optical detection techniques,
Time Correlated Single Photon Counting (TCSPC) and phase-
fluorometry implemented in time-domain and frequency-
domain (FD) mode, respectively, are currently widely used for
fluorescence lifetime measurements. In the time-domain mode,
the sample is excited with a pulsed excitation source and then
the luminescence lifetime decay is reconstructed in time. The
frequency-domain mode uses a modulated light source to excite
the sample. The luminescence lifetime is then calculated from
the phase delay and modulation ratio of the emission relative to
the excitation. The lifetime-based measurements are insensitive
to many interfering factors such as dye concentration,
photobleaching, as well as variation in excitation source
intensity, gain of the detector, signal loss within the optical path
or specimen, and microscope focusing. Therefore FLIM is
considered to be more reliable in the field of intracellular
imaging and sensing, where equal distribution of dye across the
biological specimen is very challenging if not impossible to
achieve. Luminescent ruthenium (II) and phosphorescent
platinum (II), palladium (II) and iridium (III) complexes due to
their long-lifetimes in the range, from a few microseconds up to
hundreds of milliseconds, are very suitable for the quantitative
measurements of oxygen. The very long acquisition times
required for the collection of photons emitted from these long-
lifetime oxygen-sensitive luminophores exclude the application
of time-domain FLIM for quantitative oxygen studies. In
contrast, FD FLIM has been shown to be a very efficient tool
for monitoring cellular respiration processes.'’ Different types
of oxygen-sensitive probes have been developed including dyes
conjugated with cell penetrating peptides,'* PEGylated
dendrimers'® as well as nanoparticles containing one or more
luminophores.'®!'” Nanoparticles, in particular, have great
potential for monitoring of the intracellular environment due to
their flexibility in the design, which facilitates multianalyte'®"
and/or multimodal detection.’®*! By embedding the
luminophores within the nanoparticle matrix, the possibility of
non-specific binding between proteins and molecules of the
indicator dye as well as potentially toxic interactions between
the cellular components and the organic compound are
minimised. Due to their small dimension (20-600 nm), the
spherical nanosensors occupy from 1 ppm to 1 ppb of the
mammalian cell volume, which make them relatively non-
invasive and can help them evade the immune system. Other
important features of nanoparticles include the high loading
efficiency of dye resulting in signal amplification and capability
of targeting of the nanoparticle to the location of interest by
coating their surface with proteins and peptides.”> The
nanoparticle sensing concept, introduced to the literature by the
Kopelman group over 10 year ago as probes encapsulated by
biologically localized embedding (PEBBLEs),”  was
successfully applied for the detection of many intracellular
analytes such as 0,,%1° pH,2+26 Ca2* 2729 CI" 30 Zp2",193132 2+
3335 and H,0,°**" as well as for a cell labeling.*®* Among
different types of available approaches including polymer*’ and
magnetic*' nanoparticles, quantum dots*? and carbon
nanotubes,** silica nanoparticles are very attractive candidates
for cellular sensing. The versatile chemistry of silica and the
negative charge on the nanoparticle surface allow for tailoring
of the nanoparticle properties such as porosity, hydrophobicity
and colloidal stability. In addition, the silica nanoparticles can
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be easily conjugated with different bio-recognition agents (i.e.
antibodies,** protein complexes,* nucleic acids*®) for more
efficient cell loading and cell staining. Other beneficial
properties of silica nanoparticles include their optical
transparency, enhanced dye photostability’”*® and relative
biocompatibility.**-*°

Here we present a new oxygen-sensitive probe composed of
organically modified silica nanoparticles, an organic-inorganic
hybrid material, in which the organic component derived from
methyltriethoxysilane (MTEOS) was chemically bonded to the
silica matrix which was doped with the luminescent
([Ru(dpp);]*") complex. Nanoparticles with a size compatible
for the intracellular studies (around 70 nm in diameter) are
synthesised using a modified Stober method. The nanosensor
performance is tested first in water using phase fluorometry and
then inside Human Osteosarcoma Epithelial (U,OS) cells with
wide-field FD FLIM. In addition, results from the detailed
studies on the nanoparticle intracellular localisation are
presented. Finally, the biocompatibility of these nanoparticles
was tested using a standard colorimetric cytotoxicity assay.

Results and discussion

Nanoparticle synthesis

Nanoparticles were synthesised using a modified Stober
method. As reported in the literature, the introduction of
organic groups into the silica network, improves significantly
its oxygen sensitivity.”! Nanoparticle synthesis was therefore
initiated by hydrolysis and condensation of TEOS under basic
conditions, which then was followed by the addition of pre-
hydrolysed MTEOS after 6 h of the reaction. This preliminary
hydrolysis and condensation of the ORMOSIL was carried out
outside of the reaction vial in an acidic environment. The
luminescent [Ru(dpp);]Cl, complex was added as well at this
stage to the forming nanoparticles. Due to its positive charge,
[Ru(dpp);]Cl, can be easily entrapped within the negatively
charged nanoparticle silica matrix using electrostatic
interactions. In addition, the lack of solubility of [Ru(dpp);]Cl,
in water eliminates the risk of dye leaching out of the
nanoparticle structure, which results in a good compatibility of
[Ru(dpp);]Cl, - doped nanoparticles for the intracellular
studies. A general scheme of this modified Stéber synthesis is
presented in Figure 1.

Fig. 1 Schematic of the modified Stober-based nanoparticle synthesis. The
synthesis initiates with hydrolysis and condensation of TEOS, which is then
followed by addition of prehydrolysed MTEOS (mixed with [Ru(dpp);]b stock
solution) after 6 h of the reaction. After 24 h of the synthesis, nanoparticles are
centrifuged and washed in EtOH. The sample after purification (see photo) is
transferred into water and kept at 4°c protected from light.

TEM images, shown in Figure 2, revealed a spherical,
monodispersed population of nanoparticles with an average
diameter of 65 nm + 7.8 nm.

Fig. 2 TEM results. The average size of nanoparticles is 65 nm + 7.8 nm (dried
sample).

The average hydrodynamic diameter of nanoparticles and a
Polydispersity Index (PDI) obtained from Dynamic Light
Scattering (DLS) measurements were equal to 90.6 nm + 17.8
nm and 0.035, respectively (see Figure S1). The zeta potential
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of nanoparticles is equal to -40 mV. A small PDI value and
high zeta potential of nanoparticles indicates their good
monodispersity and excellent colloidal stability in aqueous
solution, respectively. However, when nanoparticles are
transferred into the phosphate buffered saline (PBS) or into the
serum-containing cell culture media at the same concentration
as then used in the experiments with cells, significant
aggregation of nanoparticles and drop in the zeta potential
occurs within first 48h (see Table S1).

Optical properties and calibration of nanoparticles

Spectrofluorometric characterisation of the nanoparticles was
performed prior to the nanosensor calibration. The excitation
and emission spectra of nanoparticles were compared to the
spectra of pure Ru(dpps;)*" complex. As can be observed in
Figure 3, there was a small shift (~10 nm) toward the longer
wavelengths observed in the emission spectrum of
nanoparticles dispersed in water (the emission peak at 610 nm)
with respect to the one obtained for the free [Ru(dpp);]Cl,
dissolved in EtOH. This small spectral variation very likely
derives  from the difference in the fluorophore
microenvironments (EtOH versus organically modified silica
nanoparticles in water), which has been reported in the
litereslgure as a factor influencing the optical properties of the
dye.

Fig. 3 Normalised excitation and emission spectra of [Ru(dpp);]p (Aexc = 450 nm,
Aem = 610 nm) (in black) and of the complex entrapped in sol-gel nanoparticles
(in red). The dash dot and the solid lines correspond to the excitation and the
emission spectra of the fluorophore, respectively.

Then, nanosensors were calibrated in water using the phase
fluorometry setup. Changes in the phase angle ¢, a parameter
related to the luminophore lifetime 7t and the modulation
frequency f (see Eq. 1), were recorded in time under different
oxygen concentrations (from 0 % to 100 %) and are presented
in Figure 4a.

_ tang

T= (1

2nf’

Due to the dynamic quenching process, where excited dye
molecules collide with oxygen and return to their ground state
without photon emission, under increased oxygen
concentrations a decrease in the overall luminescence intensity
and lifetime as well as the phase angle occurs. The
nanoparticles show excellent repeatability from cycle to cycle
and reversibility.

The overall quenching response of the nanosensor to dissolved
oxygen (Qpo) can be calculated based on the Eq. 2:

PN, —P
Qpo = 0.
N2

100%, 2)

where ¢y, and ¢, are phase angles in fully deoxygenated and
oxygenated water, respectively. The measured value of Qp, for the
[Ru(dpp);]Cl, - doped organically modified silica nanoparticles is
75%, which is in the range of values reported in the literature for
ORMOSIL films.”' The quenching process can be described by
different models. In a homogeneous environment, the dependence of
Io/I or 79/t versus pO, is represented as a straight line with a
vertical intercept at 1 and slope equal to Stern Volmer constant
(Ksy), which is used then as a value describing sensor sensitivity. In
a lot of cases, microenvironment variations leads to different local
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quenching profiles, for which other non-linear models have been
established.™

Fig. 4 a) Phase fluorometry response of nanoparticles doped with [Ru(dpp)3]2+
monitored within full (from 0 ppm to 42.5 ppm) dissolved oxygen concentration
range. Number of cycles is equal to 3. b) best fit to the Stern-Volmer and Demas
model for the data corresponding to the physiological dissolved oxygen
concentration range (from 0 ppm to 9 ppm).

In general terms, when two different microenvironments with Stern-
Volmer constants Kgy;q and Ky, are present in the luminophore-
doped sensing matrix, the two-site Demas model can be applied to
describe the quenching processes. It is to be noted that this model
also fits well to a broad heterogeneous distribution of slightly
different microenvironments. In this work, the data obtained on the
phase fluorometry setup was fitted to the linear Stern-Volmer (see
Eq. 3) and non-linear Demas (see Eq. 4) models in order to obtain
the calibration plots (Figure 4b). The dissolved oxygen
concentrations, expressed in ppm, were calculated based on the
solubility constant of oxygen in water at 21°C (0.004252 g of O, in
100 g of H,0).” The fitting was performed only for the data
contained within the physiological dissolved oxygen concentration
range (0 ppm — 9 ppm).

Iy _ ¢o _ To _ .
TO—EO—?O—l'i'quO pOZ (3)
Iy _¢o _To _ A i 1t
I ¢ Tt [1+K5V1~p02 1+K5V2-p02] @

where:

Iy, I - the luminescence intensity of the luminophore in the absence
and presence of O,

Tg, T - the luminescence lifetime of the luminophore in the absence
and presence of O,

Ky - Stern-Volmer constant

pO, - partial pressure of O,

kg - bi-molecular quenching constant

fi - fractional contribution to the total emission from site i
Kgy; - discrete Stern-Volmer constant associated with site i

Table 1. Stern-Volmer and Demas fitting parameters for the [Ru(dpps)]**-
doped organically modified silica nanoparticles calibrated in water

Stern Volmer model
Ksv e
0.1171 £ 0.0037 0.987

Demas model
f Ksvi
0.61 +0.06 0.2281 £ 0.0178

Ksva IS
0.0331 +0.0079 0.999

Ksy - Stern-Volmer constant, Ksy;i- discrete Stern-Volmer constant associated
with site 1, f; - fractional contribution to the total emission from site i, r*-
regression

The Demas model gave an excellent correlation with the data
(r’=0.999) (see data in Table 1) which, as noted above, can be
interpreted as the presence of a heterogenous microenvironment
around the [Ru(dpp);]*") molecules. Further inspection of the data
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from Table 1 reveals that a larger fraction (~61%) of ([Ru(dpp)s]*")
molecules are located in the microenvironment permeable to the
oxygen. A good fit was also obtained for the Stern-Volmer model
(r*=0.987). In addition, small error bars presented for the calibration
curves (n = 3) indicate excellent nanoparticle batch to batch
reproducibility. The sensing performance of nanoparticles in water
was evaluated by calculating the limit of detection (LOD, calculated
as three times the standard deviation (30)) of the nanosensor (in the
range 0-9 ppm) which is equal to 0.007 ppm. The response time of
the nanosensor was in the range from 150 s (for 0 ppm) up to 130 s
(for 9 ppm).

Nanoparticle intracellular trafficking

Due to the limitation of optical microscopy in resolving the
objects smaller than a few hundred nm, an investigation on the
intracellular localisation of nanoparticles was performed using
the Transmission Electron Microscopy (TEM) technique. The
images obtained from this analysis, presented in Figure 5,
indicate that the nanoparticles are transported inside the cell
through the endosomal lysosomal pathway.

An increase in the average amount of the nanoparticles per
lysosome N, can be observed in time (3 and 10 for 12 h and 24
h incubation sample, respectively). In addition, comparison of
TEM images of the pure nanoparticles dried on the grids
(Figure 2a) and the ones uptaken by cells (Figure 5b, c)
revealed no difference in the nanoparticle structure. This
suggests that the nanoparticles do not undergo the enzymatic
processes occurring under low lysosomal pH (~4-5) within a
first 48 h of the incubation.

Fig. 5 TEM of cells with nanoparticles a) negative control, b) 24 h nanoparticle
incubation, ¢) 48 h nanoparticle incubation samples. Nanoparticles (dark
rounded spots) are located in the lysosomes (oval dark grey structures). An
increase in the amount of nanoparticles per lysosome is observed with longer
incubation time. Scale bar: 1 pm.

Nanoparticle intracellular calibration

Intracellular calibration of nanoparticles was performed using a
FD FLIM setup. Adherent U,OS cell line derived from the
osteosarcoma disease was reported in the literature as a good
tumor model®® and was used in this study. As presented in
Figure 6a, upon introducing oxygen into the media, the long
lifetime of [Ru(dpp);]Cl, - doped nanoparticles (indicated in
orange) drops down from around 4.4 ps to 3.3 us, what is
associated with quenching of the luminescence signal derived
from the luminophore (indicated in blue). Based on these
results, the calibration plot was then drawn and fitted to a linear
Stern-Volmer and a non — linear Demas two — site model (see
Eq. 4) within the physiological dissolved oxygen concentration
range as presented in Figure 6b.

Fig 6 FD FLIM—based calibration of [Ru(dppg)]b—doped organically modified silica
nanoparticles performed inside respiring U,0S cells a) Lifetime images and time
course data and b) corresponding calibration curve (n=3). Color scale
corresponds to the lifetime of [Ru(dppg)]b.

A poor fit to the linear model (1*=0.892) was obtained for
nanoparticles uptaken by cells very likely caused by the more
heterogeneous environment present in the cell. In comparison,
the Demas model gave an excellent correlation with the data (1
= 0.999) (see data in Table 2) indicating the presence of two
microenvironments with different oxygen accessibility within
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nanoparticle matrix. The fitting parameters obtained for the
Demas model demonstrate a decrease (~44%) in a population of
[Ru(dpp);]Cl, molecules located in the domain with higher
oxygen accessibility when nanoparticles are calibrated inside
the cells (f;=0.34, Table 2) instead of in water (f;=0.61, Table
1). This decreased availability of dye molecules to oxygen
quenching may be caused by a physical adsorption of proteins
present in the cellular media to the nanoparticle surface as
previously reported in the literature.”’

Table 2. Stern-Volmer and Demas fitting parameters for the [Ru(dpps)]**-
doped organically modified silica nanoparticles calibrated inside U,OS cells

Stern Volmer model

Ksv r
0.0504 £+ 0.0037 0.892
Demas model
fl I<SV1 KSVZ 1'2
0.34+0.07 0.3165 +0.0762 0.0046 + 0.0061 0.999

Ksgv - Stern-Volmer constant, Kgy;- discrete Stern-Volmer constant associated
with site 1, f; - fractional contribution to the total emission from site i, r*-
regression

The intracellular dissolved oxygen value obtained from the
calibration curve for respiring cells at normoxic condition (8.5
ppm) was equal to be 7.8 ppm what is in agreement with
previously published data.'® Despite the higher limit of
detection (LOD = 0.226 ppm) in comparison to that obtained
for nanosensors dispersed in water, the results demonstrate that
quantitative intracellular measurements can be performed using
this FD technique.

Cytotoxicity studies

Nanoparticle cytotoxicity was evaluated based on a cell
proliferation assay. This colorimetric method is based on the
reduction of 5-[3-(carboxymethoxy)phenyl]-3-(4,5-dimethyl-2-
thiazolyl)-2-(4-sulfophenyl)-2H-tetrazolium inner salt (MTS) to
a formazan (A,ps = 490 nm) by cellular enzymes. Cell viability
can be therefore estimated by a simple absorbance
measurement. To verify whether [Ru(dpp);]Cl, - doped
organically modified silica nanoparticles are cytotoxic, U,OS
cells were exposed to different concentrations of nanoparticles
for 72 h and the absorbance values at 490 nm were then
recorded and plotted (see Figure 7).

Fig. 7 Cytotoxicity data obtained for U,0S cells incubated for 72 h with different
amounts of [Ru(dppg)]B—doped organically modified silica nanoparticles.

Differences between samples were assessed using one — way
ANOVA statistical analysis which revealed no cytotoxic effect
even for higher nanoparticle concentrations. A very crucial
feature of the intracellular nanosensor, very good
biocompatibility, was confirmed for these newly developed
oxygen-sensitive nanoparticles.

Experimental

Chemicals and materials

Absolute ethanol (EtOH), 28% (v/v) ammonium hydroxide
solution (NH4OH), 0.1 M hydrochloric acid (HCI),
tetracthoxysilane (TEOS), methyltriethoxysilane (MTEOS),
ruthenium-tris(4,7-diphenyl-1,10-phenanthroline) dichloride
([Ru(dpp)3]Cl,), sodium chloride (NaCl), potassium chloride

This journal is © The Royal Society of Chemistry xxxx
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(KCl), magnesium chloride (MgCl,), calcium chloride (CaCl,),
glucose, Dulbecco’s Modified Eagles Medium (DMEM) and 4-
(2-Hydroxyethyl)piperazine-1-ethanesulfonic acid (HEPES)
were obtained from Sigma Aldrich, Ireland. 200 and 300 mesh
copper grid with formvar/carbon film, uranyl acetate, lead
citrate were purchased from Agar Scientific, UK.
Glutaraldehyde was acquired from BDH Laboratory Supplies,
UK. Monobasic and dibasic sodium phosphate (NaH,PO, and
Na,HPO,) were supplied by Riedel-deHaén AG, Seelze,
Germany. Osmium tetroxide (OsO4) was purchased from
Oxkem Limited, UK. EtOH:epoxy resin was obtained from
Epon, UK. 50 ml plastic centrifuge tubes and sodium hydroxide
(NaOH) were obtained from VWR, Ireland. Plastic tubing and a
silicone stopper were purchased from Tygon, USA and Cole-
Parmer Instruments, Japan, respectively. CellTiter 96®
Aqueous One Solution Reagent was acquired from Promega,
Ireland. 6-, 12- and 96-well plates were purchased from Nunc
™ USA. 35 mm plastic petri dishes were supplied from
SARSTEDT, USA. T-75 flasks were obtained from Fisher
Scientific, UK. Penicillin-Streptomycin, phosphate buffered
saline (PBS) and fetal bovine serum (FBS) were purchased
from GIBCO, Ireland. Glass coverslips were acquired from
Deckgldser, Germany. Sterile deionised (DI) water was used for
the preparation of an aqueous nanoparticle solution. All
chemicals were of analytical grade and were used without
further purification.

Fabrication of the nanoparticles

The nanoparticles were fabricated based on an optimised
modified Stober synthesis.”® The nanoparticle formation was
initiated in a basic environment in the following way: 0.5 ml of
TEOS was mixed on the stirrer with 12.2 ml of EtOH for 15
minutes and then a reaction catalyst, NH,OH, was added
dropwise to the reaction mixture in the amount of 0.75 ml. In
the second step of the synthesis, implemented with 6 h time
delay with respect to the beginning of TEOS hydrolysis, the pH
of the reaction mixture was decreased upon addition of HCI. In
parallel, a second prehydrolysed silica precursor, MTEOS, was
introduced into the reaction mixture. Initial hydrolysis and
condensation of MTEOS occurred outside of the main reaction
vial according to following protocol: 2.86 ml of MTEOS was
mixed with 3.24 ml of [Ru(dpp);]** stock solution (2 mg/ml in
EtOH) and 2.02 ml of EtOH. After 15 minutes, 1.037 ml of HCl
was added dropwise to initiate the hydrolysis of MTEOS. In
another 15 minutes time interval, 0.5 ml of the mixture
containing prehydrolysed MTEOS was pipetted into the
reaction vial. The reaction mixture was left on the stirrer for
another 20 hours at room temperature. The nanoparticles were
collected by centrifugation (8320 rcf, 30 min) and resuspended
in EtOH using ultrasonication, which was followed by three
washing steps in EtOH (7 ml). The sample after washing was
re-suspended in water and kept in the dark under ambient
conditions. Just before performing the intracellular uptake and
sensing experiments, the nanoparticles were sterilised by one
wash in EtOH and then re-suspended in sterile DI water.

Nanoparticle characterisation

DLS

The measurements of nanoparticle size and zeta potential were
done using a Delta™NanoC Particle Analyzer (Beckman
Coulter, USA) equipped with two 30 mW 658 nm laser diodes
as light sources, designed for separate size and zeta potential
measurements. Aqueous solutions of the nanoparticles at the

This journal is © The Royal Society of Chemistry xxxx
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concentration of 4 mg/ml were prepared for the analysis.
Polydispersity Index (PDI) values were calculated from size
distribution data of each nanoparticle population. Each value
reported was an average of five measurements.

TEM

Ethanol solutions of the nanoparticles at a concentration of 1
mg/ml were dried on a 300 mesh copper grid with
formvar/carbon film. Images were acquired using a Tecnai G2
20 Twin microscope (FEI, USA).

Spectrofluorometry

The luminescence excitation and emission spectra of the
nanoparticles were recorded using a  FluoroMax-2
spectrofluorometer (Horiba Jobin Yvon, USA) equipped with a
continuous wave 150 W xenon lamp as a light source. The
stock solution of the nanoparticles in DI water were diluted
(10x) and transferred into a quartz cuvette for standard
excitation and emission spectra measurements. The excitation
and emission spectra were collected at 610 nm and 450 nm (3
nm bandwidth), which corresponds to ([Ru(dpp);]*") emission
and excitation peaks, respectively.

Nanosensor calibration

The oxygen-sensitivity of the nanoparticles was tested using a
phase fluorometry-based oxygen reader (DELTA, Denmark)
which consisted of an optical fibre, a 450 nm blue LED
modulated at an optimal frequency of 20 kHz for ([Ru(dpp);]*")
, a red filter (DELTA, Denmark) and a photodiode detector.
Oxygen (O,) and nitrogen (N,) gases (BOC, Ireland) were
mixed using mass flow controllers (Celerity, Ireland) and a
control unit (National Instruments, Ireland) in order to obtain
the gases for the calibration containing different amount of O,
(0%, 2%, 5%, 8%, 10%, 20%, 50%, 100%). Both the mass flow
controller and the oxygen reader were operated through the data
acquisition and control software developed in Lab VIEW™
(National Instruments, USA). An air-tight chamber was
composed of a 50 ml plastic centrifuge tube, plastic tubing and
a silicone stopper with two needles providing an inlet and an
outlet for bubbling the gases through the sample. Both the
chamber with an aqueous solution of the nanoparticles at the
concentration of 7 mg/ml and an optical fibre (attached to the
bottom of the plastic tube) were placed in a holder with a clamp
for the measurements. Degassing steps lasted 5 min, except the
first one (0% O,), which duration was set for 10 min in order to
ensure complete removal of oxygen from the nanoparticle
solution. The measurement was done every 3s.

Cellular experiments

Cell Culture

Human Osteosarcoma Epithelial (U,OS) cells were cultured in
DMEM supplemented with 10% v/v FBS and 1% v/v
Penicillin-Streptomycin. Cells were maintained between 80%
and 90% confluence, at low passage number (below 40) in T-75
flasks at 37 °C, 5% CO..

Intracellular trafficking

Intracellular location of nanoparticles was investigated using
the TEM technique. Cells were plated at a density of 1x10°
cells/well in a 12-well plate. After 24 h and 48 h, nanoparticles
were added to the wells for 48 h and 24 h incubation time,
respectively, at a concentration of 50 pg/ml. As a negative
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control, cells grown in the media without nanoparticles were
prepared. Cells were washed 3 times in PBS and fixed in 2.5%
glutaraldehyde in 0.1 M Serensen’s phosphate buffer (40.5 ml
of 0.1M Na,HPOy, 9.5 ml of 0.1M NaH,PO,) for a minimum of
2 h at room temperature. Further sample processing steps
included: post fixing in 1% of OsO, in DI water for 1 h at room
temperature and dehydration in increasing concentrations of
EtOH (30%, 50%, 70%, 90%, 100%). The samples were then
immersed in an EtOH:epoxy resin (1 : 1 v/ v) mixture for 1 h
and transferred in pure epoxy resin for embedding, initiated at
37 °C (2 h) and finalised at 60°C (24 h). Ultrathin (80 nm)
sections were prepared using a Leica EM UC6 ultramicrotome
(Leica Microsystems, Germany), mounted on a 200 mesh thin
bar copper grids and stained with 2% uranyl acetate in DI water
and 0.4% lead citrate prepared with 10% of 1M NaOH and DI
water. The grids were examined in a Tecnai G2 12 BioTWIN
TEM (FEI, USA) using an accelerating voltage of 120 kV.
Cells were approximately 70% confluent when experiments
were performed.

Intracellular sensing

Cells were grown on ultraviolet sterilized 24 mm round glass
coverslips placed in a 6-well plate at a density of 1.5x10°
cells/well. Nanoparticles were applied into the media above the
cells, after 24 h incubation time, at the concentration of 50
pg/ml. Cells were incubated for another 48 h before performing
the intracellular oxygen-sensing experiments. The coverslips
were washed 3 times in PBS and transferred into a coverslip
holder, Attofluor® Cell Chamber (Invitrogen, The Netherlands)
containing 500 pl of preheated (37 °C) HEPES buffered saline
(140 mM NaCl, 5 mM KCl, 1 mM MgCl,, 1 mM CaCl,, 10
mM glucose and 10 mM HEPES) pH 7.4. Calibration gas
mixtures with different amounts of O, (0%, 4%, 8%, 12%,
16%, 20%) were generated using mass flow controllers
(Bronkhorst Hi-Tec, The Netherlands) and delivered through
plastic tubing to a chamber composed of a 35 mm plastic petri
dish, placed on the top of the coverslip holder, and end of a 2-
200 pl standard plastic tip, punched into the petri dish wall,
acting as tubing inlet for the gases. The FD FLIM images were
acquired using Lambert Instruments hard- and software and a
DMIRE2 widefield microscope (Leica, Germany) equipped
with a 1W 473 nm LED modulated at 100 kHz, I3 filter cube
(450-490 nm band pass excitation filter, 510 nm dichroic
mirror, 515 nm long pass emission filter) and a 63x glycerine
immersion objective (Leica HCX PL APO 370C, na =1.3).
Excitation light was collected with a frequency-modulated
image intensifier, II18MD (Lambert Instruments, The
Netherlands) coupled to a charge-coupled device camera, CCD-
1300D (VDS Vosskuhler, Germany). CCD camera (Vosskuhler
CCD - 1300D) was used. In order to reach an equilibrium
between intra- and extra-cellular oxygen concentrations
degassing steps duration was set at 3 min. The measurement
was done every 15 s and the cells were kept at 37°C during
image acquisition.

Cytotoxicity studies

Toxicity of nanoparticles was investigated using a colorimetric
cell proliferation assay, CellTiter 96® Aqueous One Solution
Reagent, in accordance with the manufacturer’s instructions.
Briefly, 2.5x10° cells/well were plated in a 96-well plate. After
4 hours, nanoparticles were added to final concentrations of 50-
250 pg/ml and cells were incubated for another 72 h. Medium
was replaced by 100 pl of a fresh DMEM and 20 pl of the cell
proliferation reagent. The absorbance at 490 nm was measured
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after 1 h for each well using a Safire II microplate reader
(Tecan System Inc., Austria). The cell viability was calculated
based on a comparison between absorbance values obtained for
non-treated cells (a positive control) and cells incubated with
nanoparticles using a standard one-way analysis of variance
(ANOVA, mean (n=3), +SD, three independent experiments).

Conclusions

Many different factors have to be considered while designing
the nanosensor for intracellular imaging and sensing, including
the size and charge of the nanoparticles, the method of
delivering the nanoparticles to the specific cell line as well as
the influence of the nanomaterial on the cellular environment.''
Silica nanoparticles doped with oxygen-sensitive [Ru(dpp);]**
complex described in this paper demonstrate a considerable
potential in this area. A very monodispersed population of
spherical nanoparticles with a size compatible with the
intracellular application can be obtained relatively easily using
our new modified Stober method. Excellent reproducibility
both from cycle to cycle and from batch to batch within the full
dissolved oxygen concentration range is demonstrated for the
extracellular calibration of nanoparticles in water. TEM
analysis performed on U,OS incubated with nanoparticles for
24 h and 48 h revealed the endosomal lysosomal trafficking of
nanoparticles. Quantitative results from the intracellular
measurements were obtained on the FD FLIM. The intracellular
dissolved oxygen concentration obtained for respiring cells is
equal to 7.8 ppm, value which is in an agreement with the
literature. An overall decrease in the nanosensor performance
was detected when nanoparticles were incubated with cells
compared to that obtained for nanoparticles dispersed in water
which is likely due to the coating of the nanoparticle surface
with proteins present in the biological environment. A decrease
in the lifetime from ~ 4.4 ps to ~ 3.3 ps was observed within
the dissolved oxygen concentration range. This change in
lifetime is smaller in comparison to what was detected on the
phase fluorometry setup for the nanoparticles dispersed in
water. It was also established using standard colorimetric
method that the nanoparticles showed no cytotoxic effect on the
cell line used in this study. The results obtained from this work
are very promising, however to fully evaluate the real potential
of the nanoparticles for their in vivo application, further
investigations need to be performed where the time the
nanoparticles remain in the cell and how cells might respond to
these nanoparticles over the longer incubation period should be
determined.
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