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Abstract

pH sensing at the single-cell level without negatively affecting living cells is very important but
still a remaining issue in the biomedical studies. A 70 um reflection-mode fiber-optic micro-pH
sensor was designed and fabricated by dip-coating thin layer of organically modified aerogel onto
a tapered spherical probe head. A pH sensitive fluorescent dye 2, 7/-Bis (2-carbonylethyl)-5(6)-
carboxyfluorescein (BCECF) was employed and covalently bonded within the aerogel networks.
By tuning the alkoxide mixing ratio and adjusting hexamethyldisilazane (HMDS) priming
procedure, the sensor can be optimized to have high stability and pH sensing ability. The in vitro
real-time sensing capability was then demonstrated in a simple spectroscopic way, and showed
linear measurement responses with a pH resolution up to an average of 0.049 pH unit within a
narrow, but biological meaningful pH range of 6.12—7.81. Its novel characterizations of high
spatial resolution, reflection mode operation, fast response and high stability, great linear response
within biological meaningful pH range and high pH resolutions, make this novel pH probe a very
cost-effective tool for chemical/biological sensing, especially within the single cell level research
field.
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1. Introduction

Localized, real-time sensing of extra- or intra-cellular pH remains a pressing issue for the
optical sensing research field [1-5]. Intracellular pH indictors have been developed in recent
years [6, 7] with higher signal-to-noise ratio (S/N), long term stability and specific capability
of subcellular localization [8]. However, all these dye based pH sensing products can be
degraded by cells once applied, which makes it almost impossible to be used as a long-term
pH probe for cells undergoing different treatment conditions. Moreover, the necessity of
equipment with high quality inverted microscopic device such as confocal system would
further prevent such labelling techniques from being readily used for real-time and/or
remote monitoring of the cellular pH variations, and thus highly limited their potential
applications in biomedical fields.

Sol-gel derived materials have been widely used in optical sensing areas [9-11]. The
relatively fast and easy steps in either acidic or basic catalysis of alkoxides under room
temperature, combined with multiple choices of lately introduced [12, 13] ORganically
MOdified SlLicates (ORMOSILS) in sol-gel formula provide very good optical
transparency, stability, adjustable hydrophobicity and porosity [14-19], which make it
feasible to impart desired chemicals or properties in sensor fabrication. However, the
introduction and entrapment of a specific sensing material into it would then be the key issue
[20]. Majorities of sol-gel based pH sensors are derived from tetraethoxysilane (TEOS)
based aerogel but mostly suffer from long response time and limited long-term stability [21—
23]. Later development focused on covalent immobilization of the indicator molecules [24—
26] and surface hydrophobicity modification with organic end-groups, such as
trimethylchlorosilane (TMCS), methyltriethoxysilane (MTES) or hexamethyldisiloxane
(HMDSO), lead to appropriate replacement of -OH with —CHs3 [27, 28], and thus a better
performance was achieved with improved reproducibility, shorter response time and
enhanced chemical stability. Surfactants such as Sodium dodecyl sulfate (SDS) and
hexadecyltrimethylammonium bromide (CTAB) have also been introduced in recent years
to form mesoporous structure of silica matrix to obtain efficient host of the sensing
molecules [29, 30]. Together, initiation of these ORMOSILs-based sol-gel thin films
appeared to be a promising structure in developing compact micro- or nano-scale sensing
probes, which can well be integrated with many types of lab-on-chip-based devices [20, 31,
32].

The ORMOSILs based aerogel thin layer coating can be combined with fiber optic devices
for small or remote sample pH sensing. Ultra-thin layer sol-gel can be directly dip-coated
onto the end face of either as-synthesized or surface modified optical fiber probes. Sub-
micron thickness pH sensing films have been developed on platforms like microfluidic
device [33-35] as well as fiber-optics based pH sensor [36—38]. However, most of the
reported devices were operated in relatively large scale (hundred micrometers to centimeter
level), and cannot provide sufficient detection sensitivity, pH resolution, and/or real-time
monitoring ability. In addition, some weaknesses of these pH sensors, such as fabrication
difficulties, high cost and relatively poor repeatability and reproducibility, were also
observed in previous fiber-optic based pH sensors.
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In this study, a 70 um reflection mode fiber-optic micro-pH sensor was fabricated by carbon
dioxide (CO») laser stretching system combined with fusion splicer device, and was
functionalized by amide covalent bonding of a pH specific dye BCECF within a sol-gel dip-
coated ultra-thin layer on a spherical probing head. The surface hydrophobicity was
specifically modified and evaluated. The newly fabricated probes were tested in vitro for
real-time pH measurement. The sensitivity, the pH resolution, the stability and
reproducibility were investigated. The developed pH sensor provide a promising technique
for real-time pH monitoring in many chemical/biological systems, especially in cases of
both invitro and in vivo single-cell level non-invasive detections.

2. Experiments

The spherical-headed tapered fiber-optic pH probe was fabricated from a single mode
optical fiber (Corning SMF-28, USA) by using a homemade CO, laser fiber-stretching
system combined with optical fiber fusion splicer (Fujikura, Japan). A sol-gel dip-coating
method was employed in this study to form an ultra-thin aerogel layer onto the probe head
surface, covalently bond with molecules of a specific pH-sensitive fluorescent dye 2/, 7-Bis
(2-carbonylethyl)-5(6)-carboxyfluorescein (BCECF) (Life technologies, New York) through
amide bonds (as shown in Figure 1 and Figure 2).

A homemade CO,, laser fiber-stretching system was used to programmably control the taper
length and waist diameter. Normally a length of 1.3 + 0.2 cm “V” shape tapered optical fiber
tip was firstly obtained with a waist diameter of around 50 + 8 pm and tip size around 2-5
um. A spherical head was specifically designed for maximizing the contacting surface as
well as signal reflection. It was fabricated using a distance-melting method on a fusion
splicer device with a final diameter of around 70 + 10 pum.

For ultrathin aerogel coating and BCECF dye covalent bonding, the silanol groups on the
surface of the spherical probing head were activated through treatments with a) concentrated
nitric acid for 12 hours and b) copious amounts of distilled water and ethanol, followed by
drying at 100°C for 3 hours. Fluorescent dye BCECF (1 mg/mL) in Dimethyl sulfoxide
(DMSO) was added with excess molar amount of 2-succinimido-1, 1, 3, 3
tetramethyluronium tetrafluoroborate (TSTU) that pre-dissolved in ethanol and small
amount of N-ethyldiisopropylamine (Huinigs base), and stir for 10 minutes. Let the reaction
proceed for one hour at room temperature. Then the amino-functionalized n-(3-
(trimethoxysilyl) propyl)-ethylenediamine (DIAMO) in ethanol was added into the
succinimidyl-ester activated dye solution (BCECF: DIAMO = 1:10). Stir it for 10 min to
generate amide bonds between dye and DIAMO. Then a mixture of alkoxides, which
include tetraethoxysilane (TEOS), DIAMO and methyltrimethoxysilane (MTES) dissolved
in methanol (TEOS:DIAMO:MTES = 4:1:1, v/v) and hydrochloric acid (0.1M), were
combined with the BCECF - DIAMO - ethanol solution at a v/v ratio of 5:3 and
magnetically stirred for 30 minutes, followed by stewing at room temperature in closed vial
for 12 hours. Pre-heated tapered probe head were then cooled and dip-coated with the sol-
gel solution with a drawing rate of 1 mm/s. Curing process was divided into two steps for
gradual heating. Dip-coated probes were set in 50°C for 6 hours and then in 80°C for 24
hours. A surface hydrophobicity modification was finally carried out with a homemade
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hexamethyldisilazane (HMDS) priming chamber. A 100°C priming temperature was
acquired in vacuum and an optimized 3 hours priming time was employed in this study. All
BCECF dye related procedure was done in dark condition. Chemicals were purchased from
Sigma-Aldrich (St. Louis, Missouri) unless otherwise specified.

The whole probe head area that coated with dye doped aerogel was observed under inverted
fluorescent microscope (Figure 1). Both in-general and zoom-in view of the aerogel coated
surface (Figure 1a and Figure 1b) show a uniform mesoporous network with protrude nano-
scale sensing tails. Correspondingly, the energy-dispersive X-ray spectroscopy (EDS)
scanning shows typical peaks of carbon, oxygen and silica within the aerogel surface, which
represented successful fabrication of the dye-doped ORMOSILSs thin layer onto the probe tip
with uniform distribution (Figure 1c, 1d)). Further investigation of the aerogel layer
thickness was also done through cross-section cutting by using a focused ion beam system
(SEM/FIBs) (FEI, Hillsboro, Oregon) of the coated probe head as shown in Figure 1e
acquired an averaged coating layer thickness of ~ 400 nm.

A sol-gel thin layer coating as well as BCECF dye covalent bonding principle is shown in
Figure 2a. Brief schematic diagrams of the optical setup combined with probe head image
are also shown in Figure 2b — d. The pH probe was excited using a solid-state 488 nm laser
source to obtain the best excitation wavelength of the BCECF dye molecules. Laser intensity
has been adjusted to acquire an optimized fluorescent signal while minimizing photo
bleaching of the dye molecules. A colorimetric method was employed to acquire a
normalized fluorescent signal ratio between the peak intensity (560 + 5 nm) and a constant
irrelevant background at 640 nm. A USB2000 spectrometer (Ocean optics, Dunedin,
Florida) was used to collect reflected fluorescent signals. In order to acquire a remote
sensing capability as well as label free detection under real circumstance, a reflection based
sensing method was used in this study as the configuration shown in Figure 2d. During
spectrum measurement, fabricated probe was backward fuse-connected with the sensor
branch SMF optical fiber cleaved end, so that the using and changing of different probes did
not influence the connector and detector interfaces during measurement.

and discussions

An aerogel based pH sensing ultra-thin film has been fabricated and the fluorescent spectra
at different pHs are shown in Figure 3. A bathochromic shift of the fluorescent peak up to
560 nm was observed when compared with the original 535 nm emission peak of BCECF
dye in solution. This may due to an increased dielectric constant compared to a solution
environment, and thus a changed polarity of the microenvironment of the dye molecules
after covalent bonding with the aerogel macromolecule network [25]. A series of 0.1M
phosphate buffered saline (PBS) buffer solutions were freshly prepared and were calibrated
by a pH meter. The fluorescent responses of the fabricated pH probe to these solutions as
changes of pHs while maintaining a relatively constant peak wavelength. This intensity
change closely correlates with the probing sensitivity and resolution, and it can theoretically
be influenced by testing time and surface property, due to the kinetic saturation rate of the
aerogel thin film.
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The pH sensing capability of the dye doped aerogel thin film is closely correlated with dye
concentration and surface properties. Higher dye concentrations are assumed to boost
increased signal intensity, however, a large excess of the dye would enhance self-quenching
as well as possible leaching of unbound dye molecules. Aerogel surface hydrophobicity is
another key factor affecting the pH sensing capability of the probe. Because of the abundant
—OH and —-NH> groups on the surface, TEOS/DIAMO derived aerogel thin layer without
further hydrophobic modification is vulnerable to water based solution, even at pH values
around neutral conditions. An appropriate mixing of MTES and an extra HMDS priming
process would highly reduce the risk due to the compensation of sufficient methylsilyl or
trimethylsilyl groups.

A thermal gravimetric analysis (TGA) (Q50, TA instruments, New Castle, Delaware) was
carried out for the ORMOSILs thin layer under nitrogen atmosphere with different surface
modifications and the results are shown in Figure 4a. First main weight loss (0.2% in blue,
0.38% in red and 0.46% in green) around 70-160°C is attributed to evaporation of residual
solvent and water molecules adsorbed by exposed OH groups. With BCECF dye doped in
the sol-gel formula, about 0.25% more weight loss downfall was observed through
comparison between the blue and green lines, indicating a successful immobilization of the
dye molecules. It was noticed that there was no significant weight loss at temperature less
than 200°C, indicating a high degree of silanol poly-condensation in the sensor material [39,
40]. The second weight loss (1.62% in blue, 1.37% in red and 1.64%) at 300-600°C was
believed to be attributed to the combustion of organic species, and the wide range of
degradation line was due to the pore size distribution [41]. Furthermore, these enhanced
mesoporous silica networks was highly due to the introduction of SDS for its ability to host
sensing molecules more efficiently [42].

The FT-IR spectrum of optimized representative sample is shown in Figure 4b. A
characteristic feature of the spectrum is the presence of -CH, related aliphatic chains of
TEOS, MTES and DIAMO, indicated by a broad band in the region of 2882—-2937 cm™1,
which is attributed to stretching modes of -CH, and partially -CHsz groups. A wide band
covers the region from 3100 to 3600 cm™1 arises from the stretching -OH mode of the
physically adsorbed water and/or residual silanol groups [43]. The representative primary
amino groups that exist in DIAMO to form amide bond also showed characteristic peaks
between 3500-3300 cm™1 as well as 16501550 cm™1 [25]. Despite peaks are mostly
overlapped by other peaks, a peak at 1592 cm~1 explicitly shows the presence of primary
amino groups [25]. Moreover, the containing of carboxylates or amino acid zwitterion was
also proved as a C=0 stretching at 1550-1610 cm™1 region.

In addition, ionic strength can influence the protonation/deprotonation processes of pH
sensors. Excessive ionic strength can also impact the osmotic pressure applied on a porous
sensing network [44, 45]. Negative effect of ionic strength in pH measuring has been
reported with a sensing material shrunken accompanied by marginal sensitivity [46].
Biosensors for both in vitro and in vivo environment detections will be confronted to lots of
variation of ionic strength change and thus the influences have to be evaluated carefully.
Figure 5(a) shows a drastic impact of pH variation in pH sensing capability. The extra- and
intra-cellular ionic strength range normally from 0.08 to 0.2 M [47] which is shown in the
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labelled box. Below or above this range, it is not recommended to measure pH with
currently proposed probe, otherwise poor sensitivity and large error would be expected. The
proper storage of unused probe is also important prior immersion into solutions of high ionic
strength because it can induce/form complexes that would hardly be dissolved and thus may
irreversibly damage the probe [46].

The pH sensing capability of the probe can also be influenced by temperature. The
temperature impact on pH sensing was observed within a relatively wider temperature range
from 10 to 50°C, which is shown in Figure 5(b). The results show that the measured pH
signals change significantly at five different temperature conditions. Temperature variation
was found exponentially correlated with pH values, and an averaged 21.5% pH decrease was
observed with every 10°C temperature increasing. This result is in accordance with
previously claimed similar phenomenon [48]. However, since our ultimate goal was to
monitor the pH in a single cell where a drastic change of temperature would not be
appeared, such thermal influence will not be a significant factor in practical use, e.g., within
the range of 37 £ 0.5°C, which is the upper limitation of our incubating system, a pH
measurement variation would be expected around 0.047 (with buffer pH of 7.82, green
region) to 0.012 (with buffer pH of 6.07, blue region) in normalized fluorescent (FL) ratio of
560nm / 640nm. This variation is way smaller than the standard deviation of each pH
measurement and thus would have much less impact on the final pH measurement
resolution.

A series of pH measurement with gradient buffer solutions are shown in Figure 6(a). An
average equilibrating time was about 40-60 seconds. Measurements in each pH buffer
solution were kept still until a plateau of signal had been achieved. A period of 100 seconds
was sufficient to reach to such a plateau status at all tested conditions.

Figure 6(b) plots the fluorescent signal ratio of 560 nm / 640 nm as a function of buffer pH
values, where a linear correlation within the pH ranges from 6.12 to 7.81 (R? = 0.9874). The
linearity fitting of the experimental data indicates a pH sensing resolution of ~ 1.13
fluorescent ratio value (560 nm/640 nm) per pH unit. For each pH buffer solution, the
standard deviations were between 0.038 and 0.084 in fluorescence ratio of 560 nm/640 nm
based on triplicate measurements. Thus, any two measured signals that have a higher
intervals will be well differentiated. Therefore, a pH resolution can theoretically have a
range of 0.031 to 0.068 pH unit based on the resolution of fluorescence signals. This good
linearity within such a focused pH working range can not only allow wide applications of a
simple two-point calibration method [49], but also provide a sensitive and practical
measurement capability of monitoring subtle pH change of ~0.049 (on average) pH units.

The fabricated 70-um pH probe was then evaluated for its reproducibility in measurement
under real circumstance. Cell culture grade 0.1 M PBS buffer solutions were prepared in
three pH condition ranging from pH 6 to pH 8. The pH probe was continually inserted into
three buffer solutions in the order of pH 7 — pH8 — pH7 — pH6 — pH7 (and so on) with
100 seconds interval between two pH buffers to acquire equilibration. Figure 7 shows a
partial record of the pH measurements that lasts for about half an hour to demonstrate the
repeatability and signal stability of the fabricated pH probe. The signal intensity variations
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are less than 2% during the measurements which is comparable to the traditional pH
measurements. In addition, the probes that were similarly fabricated showed good
reproducibility as well (with less than 5 % variations). The effect of long term storage (three
months) on the probes in a sealed desiccator has been tested and the results showed that it
did not change the sensing capability of the fabricated probes. However, after each
measurement, the fiber probe needs to be rinsed with ethanol, followed by heat-drying right
after rinsing. Fully removal of attached ions and vapor molecules from the surface aerogel
networks is highly recommended to maintain its sensing ability and reproducibility.

In summary, the sensitivity of the newly developed fiber-optic based pH sensor is
comparable with other developed or commercialized pH sensors but with a much smaller
size (~70 um) and simplified sensing principle, operation procedure, and low cost. The high
spatial resolution and high sensitivity (~0.049 pH unit) that focused only on bio-sample
related pH region (pH 6 to pH 8) can potentially measure the pH variations at a surface of a
single cell while cells are exposed to different environment such as nanomaerials. The fast
sensing rate (within 40-60 seconds) and continuous sensing ability, the reflection-based
remote-sensing capability (several meters) combining with significantly simplified
calibration process (due to the linear correlation of fluorescence ratio and pH), provide
promising application potentials of this novel pH probes in many biological and biomedical
fields.

4. Conclusions

A fiber-optic reflection-mode probe based on dye-doped ultra-thin aerogel dip-coating
technique has been developed for pH sensing. The fabrication of tapered optical fiber with
spherical head was assisted by carbon dioxide laser stretching system and optical fiber
fusion splicer device. The aerogel ultra-thin layer coating was implemented by sol-gel dip-
coating technique combined with pH sensitive dye covalent-bonding through introduction of
ORMOSILs. The pH sensing capability can be modified through adjusting the sol-gel
formula with different ratio of alkoxides as well as surface hydrophobicity through HMDS
priming. In this study, an optimized fabricating procedure was developed, and the fabricated
pH probe was evaluated and demonstrated to have in vitro pH sensing capability in a real-
time manner. A good linear response to pH variations was observed with a resolution down
to ~0.049 pH unit, within a biological meaningful pH range of 6.12-7.81. The sensing
signals were influenced by extreme changes in ionic strengths and temperatures, but no
significant interference was observed within normal biological environment. To conclude,
its micron-scale size with high spatial resolution, reflection mode operation, fast and
repeatable recording, specific linear response within pH 6 to 8 region and a high pH
resolution, make this novel pH probe a very cost-effective tool for chemical/biological
sensing, especially within the single cell level research field.
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Abbreviations

BCECF 2/, 7’-Bis (2-carbonylethyl)-5(6)-carboxyfluorescein
CTAB hexadecyltrimethylammonium bromide
DIAMO n-(3-(trimethoxysilyl) propyl)-ethylenediamine
DMSO Dimethyl sulfoxide

EDS energy-dispersive X-ray spectroscopy

FL fluorescent

FT-IR fourier transform infrared spectroscopy
FWHM full width at half maximum

HMDS hexamethyldisilazane

HMDS hexamethyldisilazane

HMDSO hexamethyldisiloxane

Huinigs base N-ethyldiisopropylamine

MTES methyltriethoxysilane

ORMOSILs ORganically MOdified SlLicates

PBS phosphate buffer solution
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signal-to-noise ratio

Sodium dodecyl sulfate

SEM/FIBs scanning electronic microscope/focused ion beams

TEOS tetraethoxysilane

TGA thermal gravimetric analysis

TMCS trimethylchlorosilane

TSTU 2-succinimido-1, 1, 3, 3 tetramethyluronium tetrafluoroborate
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SEM images and EDS characterization of fabricated spherical head fiber-optic pH probe.
Overview of the pH sensor probe structure was shown in low (a) and high (b) magnification.
Probe surface elemental characterization of carbon, oxygen, silica and chlorine was done by
EDS scanning and showed both in chart (c) and energy distribution plot (d). Scale bar
showed in SEM images are 30 um (a) 500 nm (b).
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Figure 2.
Configuration and microscopic images of BCECF dye covalent-bonded aerogel thin-layer

on probing head with schematic diagram of whole system setup. (a) Brief configuration of
BCECF dye molecules covalently bond onto the ultrathin ORMOSILSs network thin-layer,
followed by HMDS priming for hydrophobicity modification; Tapered spherical head pH
probe images under inverted fluorescent microscope with (b) white light and (c) 488 nm
(FITC channel) illumination; and (d) Schematic diagram of the optical spectrum
measurement setup.
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Figure 3.

Reflection spectrum (fluorescent emission) from a pH sensitive thin film covered by BCECF
dye doped ORMOSILs ultrathin layer.
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Chemical characterization of optimized fabrication procedure of the ultrathin BCECF dye
doped ORMOSILs layer by (a) TGA and (b) FT-IR.
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The effect of ionic strengths and temperature on pH measurement of the fabricated pH
sensor. Other experimental conditions were the same as those described in the text.
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Figure 6.
Fluorescent ratio (560/640 nm) vs. pH changes of the fabricated fiber-optic pH sensor.

Measured pH range: pH 5.0 to pH 9.0. (a) fluorescence intensity change with time (seconds)
in each buffer solution. (b) pH sensitive region of the sensor and linearity of fluorescent
ratio changes as a function of buffer pHs.
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Figure 7.

Repeatability and signal stability of the fabricated pH probe in cycling measurements of pH
6 (bottom), pH 7 (middle) and pH 8 (upper) buffer solutions for 35 minutes.
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