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A B S T R A C T

The limitations of electrochemical pH sensors have stimulated the development of optical pH sensing methods.
In the method reported here, swellable pH-sensitive polymer particles are deposited on the interior surface of a
silica hollow bottle resonator. As the pH of the buffer solution in contact with the particles increases, the re-
fractive index of the particles decreases. As a result, whispering gallery modes with internal evanescent com-
ponents shift in frequency as a function of pH. This shift is monitored by the throughput of tunable diode laser
light coupled into the whispering gallery modes using a tapered fiber. Plots of selected mode frequencies vs. pH
yielded sigmoid shaped titration curves similar to those obtained using turbidity to monitor refractive index
changes of the particles as a function of pH. The response time of 10–15 s and best resolution of 0.06 pH unit
represent improvements over previous optical pH sensing methods.

1. Introduction

Optical pH sensors have attracted considerable attention, particu-
larly in clinical, biomedical, and biotechnological analyses, as alter-
natives to well-established electrochemical methods, the use of which
has proven to be problematic in many of these applications. Although
electrochemical sensors (i.e., glass electrodes) are routinely used in
laboratory settings, they are susceptible to changes in temperature and
have a complicated readout scheme that is dependent on a reference
electrode [1–3]. This, along with drift of the pH electrode and inter-
ference by other components, necessitates their continued recalibra-
tion. Furthermore, electrochemical sensors respond rather slowly and
do not lend themselves well to miniaturization; all of these features
limit their application to analysis problems in biological and environ-
mental matrices. For these reasons, optical sensors are attractive. Two
examples of optical methods of pH sensing include observing changes in
near-infrared reflectance with varying pH [4,5] and measuring the pH-
dependent modification of the absorption or fluorescence of an in-
dicator dye in the visible or near-infrared region [6–10].

Herein, the focus will be on optical transduction methods that make
use of swellable pH-sensitive polymers, which change their size as a
function of the pH of the medium in contact with the polymer [11–15].
Along with structural modifications that occur within the polymer,
optical constants such as its index of refraction also change, and sensing

via the index change is a particularly attractive methodology because of
the ease of refractive index measurement; it can be monitored in a
variety of ways. Some of these refractive-index-change pH sensing
methods involve absorbance measurements that are affected by the
turbidity of a solution or membrane [12,13,16,17], surface plasmon
resonance spectroscopy [18], observed frequency shifts in the trans-
mission of a leaky coated fiber [10,19,20], and measurements of fre-
quency shifts of the modes of a coated microresonator [21,22].

In this study, an optical pH sensor has been developed using
swellable pH-sensitive hydrogel-embedded N–isopropylacrylamide
(polyNIPA) particles [13,17] to functionalize the interior surface of a
hollow bottle resonator (HBR) [23–27]. The focus of this work is pH
sensing through frequency shift due to the change in the effective index
of refraction measured by specific whispering gallery modes (WGMs) of
the internally coated HBR. The WGMs whose frequencies shift are those
with internal evanescent fields. Whispering gallery resonators have
enabled numerous different sensing modalities [28–31], and hollow-
core resonators such as the HBR permit internal sensing [28–30], as
used here. The objective of this study is to demonstrate the utility and
advantages of internal pH sensing using this scheme.

Previously published optical frequency-shift pH sensing, featuring
the pH-sensitive polymers poly(allylamine hydrochloride) and poly
(acrylic acid), was performed by recording either the throughput power
loss due to the pH-dependent refractive index variation effects sensed
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by the external evanescent fields of a polymer-coated tapered fiber
[10,19,20], or the shift of modes of a coated microresonator [21,22].
pH sensing was the focus in two cases [19,20], but was only tangential
in the other three [10,21,22]. Compared to all of these frequency-shift
sensing methods, our approach has several advantages with the po-
tential to advance optical pH sensing, including simpler polymer de-
position, smaller sample volume, faster response time, and better re-
solution owing to the use of high-quality-factor resonant WGMs.

2. Materials and methods

2.1. pH-sensitive polymer particles

pH-sensitive polyNIPA particles were prepared by photoinitiated
dispersion polymerization using 14 mmoles of N-isopropylacrylamide
(NIPA, transduction monomer), 2 mmoles of methacrylic acid (MAA,
functional co-monomer), 2 mmoles of N-tertbutylacrylamide (NTBA),
2 mmoles of methylene bisacrylamide (MBA, crosslinker), and 100mL
of acetonitrile in a 500-mL three-neck round bottom Pyrex flask. The
free radical photoreaction was performed at room temperature using 2,
2 dimethoxy-2-phenyl-acetophenone as the radical initiator in a
Rayonet photoreactor (Southern New England Ultraviolet Company)
equipped with G4T5 type mercury lamps (Atlanta Lightbulbs) and a
cooling fan. Since the UV cutoff of the Pyrex flask is less than 260 nm,
the monomer solution was radiated in the UV-A (315–400 nm) region.
All chemicals were purchased from Aldrich (Milwaukee, WI) with the
exception of NIPA and acetonitrile which were obtained from Acros
(New Jersey, USA).

The polymer particles swell in response to an increase in the pH of
the aqueous solution in contact with the polymer. At low pH, the
polymer particles are in a shrunken state. When the pH of the aqueous
solution is increased, a decrease occurs in the refractive index of the
particles. This can be attributed to an increase in the water content of
the particles due to swelling triggered by deprotonation of the pH-
sensitive co-monomer. The particles go from a shrunken state to a
swollen state in which their refractive index approaches that of the
buffer solution in contact with the polymer. For polymer particles in
solution, this leads to a decrease in the amount of light reflected by the
particles. Thus the solution goes from turbid to clear in response to
increasing pH (see Fig. 1) [17]. Fig. 1 also shows that swelling of the
polyNIPA pH-sensitive polymer particles is affected by changes in the
temperature of the buffer solution. In the work reported herein, the
change in refractive index of a swellable polymer film is detected di-
rectly, complementing the turbidity measurement. The pH sensitive
swellable NIPA polymer particles used in this study were selected

because of their unique properties which include large changes in the
refractive index of the polymer particles in response to changes in the
pH of the solution in contact with them, larger response over a nar-
rower pH range than predicted by the Henderson-Hasselbach equation,
swelling is both reversible and independent of the ionic strength of the
solution as their ascending and descending pH profiles are super-
imposable, and the polymer can undergo multiple swelling and
shrinking cycles without any loss of functionality [17].

The swelling of polymers containing ionizable functional groups has
been described previously by Flory [32] via the expression
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where qm is the swelling ratio, V0 is the volume of the unswollen
polymer, ve is the effective number of unit segments in the polymer
network, i/Vu is the charge per network segment, S* is the ionic
strength, χ1 is the polymer-solvent interaction parameter, and V1 is the
molar volume of the solvent in contact with the polymer. If the charge
per polymer unit segment (i/Vu) is low, the effective charge density of
the bulk polymer, which is (V0/ve)(i/Vu), is also low, and the term (1/2
– χ1)/ V1 predominates. Under these circumstances, swelling is in-
dependent of the ionic strength of the solution in contact with the
polymer particles because swelling will be controlled by χ1. The
polymer-solvent interaction parameter of NIPA is larger in less polar
solvents due to an incompatibility between the polymer and the sol-
vent, which reduces the total swelling. χ1 for NIPA will also increase
with increasing temperature in water, leading to a volume phase
transition that NIPA undergoes [33]. For the polyNIPA particles used in
this study, swelling is nonionic because only a small amount of me-
thacrylic acid is present in the formulation used to prepare the pH-
sensitive polymer.

2.2. Experimental setup and procedure for pH sensing

The silica HBR was produced using a commercial silica capillary
(Polymicro TSP700850) as the main building block. The silica capillary
was etched using a solution of equal parts hydrofluoric acid (HF, aqu-
eous, 48%) and methanol until its wall thickness was reduced from
50 ± 5 µm to 5–10 µm. (Care was taken to follow standard precautions
for the safe handling of HF.) The bottle shape of this resonator was
obtained by pressurizing the interior of the capillary and heating a
2–3mm length of the capillary by applying an H2/O2 flame using a
jeweler's torch until the diameter increased from 800 µm to 1000 µm in
a symmetric bulge that provided axial mode confinement. This fabri-
cation method is a simplified variation on earlier work [24–26] in that
no arc discharge or CO2 laser is required. Further details concerning the
making of the HBR can be found elsewhere [27]. The interior surface of
the HBR was coated by exposure to diluted polyNIPA solution (10 μL of
the swellable polymer stock dispersion, 6.67% w/w, was diluted in
20mL of methanol and the mixture was sonicated) for approximately
1.5–2 h.

Once the silica HBR was coated, it was introduced into a setup si-
milar to the one used for chemical sensing with silica microspheres
[34]. The HBR was coupled to a tapered optical fiber for excitation of
WGMs, and buffer solutions of known pH were run into and out of the
HBR. Variations in WGM resonant frequencies were recorded and
processed as described below. The experimental setup is depicted in
Fig. 2.

Light from a tunable diode laser (New Focus TLB-6330, wavelength
~ 1580 nm, linewidth< 300 kHz), frequency scanned by a (Tektronix
CFG253) function generator, is injected into a single mode fiber
(SMF28) tapered down to approximately 2 µm in diameter. Before the
light is coupled to the HBR, the fiber is run through a linear polarization
controller that helps select specific polarizations for the WGMs. The
signal is extracted by the same tapered fiber and fed into a detector

Fig. 1. Absorbance reduction due to swelling of poly NIPA particles in solution.
pH response profile at 23°C and 35°C is shown (Adapted from Ref. [17]).
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(Newport 818-IR), which measures a dip in the throughput power when
the laser scans through each WGM's resonance frequency. The power
meter (Newport 2832-C) attached to the detector is coupled to an os-
cilloscope (Tektronix TDS 420 A) which records the throughput spec-
trum resulting from the laser frequency scan.

Careful attention was given to the positioning of the resonator with
respect to the tapered fiber. To keep the analyte immobile during data
collection, the HBR was oriented horizontally, and so the tapered fiber
was mounted vertically, at 90° to the resonator, as shown in Fig. 3. The
tapered coupling fiber could be placed in the HBR's equatorial plane,
i.e., centered on the bulge in the capillary, or could be offset from
center but kept parallel to the equatorial plane.

The two vertical arrows in Fig. 3 indicate the propagation direction
of light in the tapered coupling fiber and the horizontal arrow indicates
the direction in which the buffer solution flows into the HBR. The in-
troduction of the buffer solution in the system was handled as follows.
The extremities of the capillary with the resonator bulge were epoxied
to a pair of 5-cm-long smaller diameter capillaries. Their ends were
epoxied to two capped plastic vials, one used as the main reservoir for
the buffer solution and the other with a plastic syringe attached to force
the buffer through the capillary. The two plastic vials were tightly
mounted and secured using metallic mounts screwed into the optical
table and, with the speed of buffer replenishment slow enough, vibra-
tion of the apparatus was minimized.

Buffer solutions were prepared using either chloroacetic acid (pH 3-
pH 3.8) or acetic acid (pH 3.9-pH 5.4). To prepare buffer solutions of
fixed ionic strength (0.1M), a known amount of NaCl was added to
each buffer solution. An online buffer calculator (www.liv.ac.uk/
buffers/buffercalc.html) was used to determine the composition of
each buffer for a specific pH and fixed ionic strength. The precision in
the pH values of the buffers is approximately 0.02 pH units. Buffers of
pH which varied in steps of 0.2 were introduced in the capillary as
follows. 200 μL of buffer solution was placed in the first plastic vial.
Using a syringe feed, a small volume of the buffer solution was run

though the capillary. After the data recording using the setup of Fig. 2
was completed, the entire buffer solution was pushed back into the first
container and discarded. A new buffer solution of different pH was then
introduced into the system using this procedure and after the system
stabilized (about 15 s) new waveforms were recorded for further pro-
cessing.

2.3. Sensing

The pH value of a buffer solution in contact with the polymer is
sensed through the variation of the polymer's refractive index (~ 1.32).
This change in index of refraction of the polymer causes a change of the
effective refractive index (neff ~ 1.40) for the WGM whose frequency is
shifted. Assuming that the thickness of the polymer film (~ 1 µm) is
greater than the decay length of the evanescent field (~ 0.44 µm), the
change in the effective refractive index is equal to the internal eva-
nescent fraction, f (~ 3%), times the change in polymer index, and so
the frequency shift ∆νWGM is given by

= f
n
n

WGM polymer

eff (2)

The HBR's throughput power spectrum could be monitored while
the interior surface was being coated with polyNIPA. A decrease by an
order of magnitude of the Q (quality factor, inversely proportional to
the width of the resonance dip in the throughput power spectrum) of
certain WGMs (those of higher radial order, with appreciable internal
evanescent fractions) was a clear indication that a thin film was suc-
cessfully deposited on the inner surface of the resonator. For the results
shown in Fig. 4, a small volume of the diluted polymer dispersion was
introduced into the HBR and left to deposit in the form of a film on the
inner walls of the resonator. The deposition process took approximately
1.75 h to complete. Fig. 4 shows the real-time monitoring of the
polymer deposition by following the frequency redshifts of selected
WGMs as the surface coverage of the deposited film, which has an index
of refraction greater than that of the polymer solution, increased. Note
that the WGM located at approximately 9.5 GHz does not shift, because
it has no internal evanescent fraction owing to its low radial order; such
modes serve as frequency references.

3. Results and discussion

Frequency shift experiments were performed at room temperature
(~ 23 °C) using HBRs coated with polyNIPA-MAA. Results are reported
for internal coating, using two different positions of the coupling fiber,
and also for external coating. In a typical frequency shift experiment,
the wavelength of the frequency-scanned (over an 18 GHz range) diode
laser was set at 1580.6 nm. The time taken for a full-range scan was
20ms, and the throughput power collected at the end of the tapered
fiber was 14 μW. For the results shown in Fig. 5, the tapered-fiber
coupler was centered on the HBR, i.e., in its equatorial plane. The
measuring method for frequency shift as a function of pH involved a
two-step approach. First, a WGM having a negligible internal

Fig. 2. Simplified schematic of the frequency shift experiment.

Fig. 3. The relative position of the fiber with respect to the resonator. Vertical
arrows show direction of light propagation in tapered fiber and horizontal
arrow shows flow direction of buffer solution introduced into HBR.
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evanescent fraction to interact with the polyNIPA-MAA particles was
identified; this WGM's frequency would not shift with increasing pH
and the WGM is indicated by a small arrow in Fig. 5. Hence, this WGM
was used as a measurement reference for the observed frequency shifts
of the WGM boxed in Fig. 5. Once the frequency shifts were recorded,
the normalized frequency shift for each pH was found by measuring the
difference in frequency between the pH-shifted mode (boxed in Fig. 5)
and the reference mode (arrow in Fig. 5), and then subtracting the in-
itial pH-3.4 frequency difference which served as the reference for all
measurements. This assigns an initial normalized frequency shift of 0 at
pH 3.4. Having a reference WGM whose frequency is unaffected by the
change in pH offers an advantage regarding data collection because
frequency drifts such as those due to thermal effects (–1.6 GHz/K) are
common-mode rejected.

Note that the shape of the throughput dip of the shifted WGM
changes as it blueshifts with increasing pH. It becomes shallower,
broader, and asymmetric. These changes result from two different but

simultaneous effects. First, the optical absorption and scattering of
polyNIPA decrease with increasing pH, changing the total WGM loss
and the ratio of output coupling loss to total loss. This will affect the
depth and width of the dip. Second, another lower-Q WGM may be
present, initially at the same frequency as the sensing WGM, but
shifting less. This leads to asymmetry and affects the apparent width of
the dip. Such mode overlap can limit the precision of measurements of
the frequency shift of the sensing WGM. Absorption due to the polymer
coating and the buffer solution could provide another method of sen-
sing changes in pH [27], but it does not affect the frequency shift. In
this work, only the frequency shift with changing pH is studied.

The normalized frequency shifts of the WGM of interest as a func-
tion of pH of the buffer solution in the resonator are shown in Fig. 6.
The hysteresis feature of the data in Fig. 6 indicates that once the
polymer particles are fully swollen, and the pH of the buffer solution is
then decreased, the polymer does not return to its initial state; it ap-
pears to shrink by a larger amount when the pH of the buffer solution is
returned to 3.4. This hysteresis is related to the volume phase transition
mentioned earlier [33]. The hysteresis in one sensing cycle of in-
creasing and decreasing pH can be reduced by repeating for several
cycles [15,17]. For this particular position of the tapered fiber (centered
on the HBR), the strong overlap of the low-Q modes limited the mea-
surement precision of the frequency shift.

Therefore, an additional experiment was performed on the system
with the tapered fiber placed in an offset position relative to the center
of the HBR. This facilitates the selection of an isolated low-Q WGM,
since offsetting the coupling fiber reduces the WGM spectral density. In
this case, overlap of lower-Q (higher radial order) WGMs was notice-
ably reduced. There was still some overlap of the lower-Q sensing WGM
with a narrower higher-Q WGM, but this does not affect the frequency
shift measurement precision as strongly. For this offset position of the
coupling fiber, normalized WGM frequency shifts are shown in Fig. 7.

The results of the two experiments (Figs. 6 and 7) are consistent,
indicating a WGM shift toward higher frequencies or smaller neff with
increasing pH. Moreover, the curve corresponding to decreasing pH in
Fig. 7 shows that when the pH of the buffer solution is brought back to
3.4, the frequency shift is again negative (-0.12 GHz) relative to the
initial measurement, but the overall hysteresis is less. As in the case for
the initial experiment (Fig. 6), there is a slight decrease in the frequency
shift at pH 5.6. This indicates that the polymer becomes saturated in the
vicinity of pH 5.5. The most dramatic frequency shifts happen in both
cases between pH 3.8 and pH 4.2 and are, respectively, 0.44 GHz in
Fig. 6 and 0.62 GHz in Fig. 7.

Only a lower limit for the variation of the refractive index of the
polymer particles could be estimated, because the WGM frequency shift

Fig. 4. Real-time monitoring of the polymer deposition using frequency shifts.
Relative frequency scans of WGM throughput power spectra, beginning 30min
after introducing the polymer solution, are taken at 10-min intervals, and
successively displaced upward in the figure. The arrows emphasize the shifts of
two WGMs that have internal evanescent fractions. The WGM at 9.5 GHz has no
internal evanescent fraction, because it is a mode of low radial order, so it does
not shift during the deposition process.

Fig. 5. WGM frequency shifts due to pH variation. The arrow indicates the
WGM chosen as a reference for frequency shift measurement of the boxed
WGM. The boxed WGM is affected by the swelling of the polyNIPA-MAA par-
ticles. Each successive trace is displaced upward as the pH is increased from 3.4
to 5.6 and then decreased back to 3.4.

Fig. 6. Normalized frequency shifts (from Fig. 5, centered coupling fiber) re-
lative to that at the initial pH of 3.4, showing hysteresis. The error bars reflect
the estimated uncertainty in determining the position of the lower-Q shifted
WGM.

R.-I. Stoian et al. Talanta 194 (2019) 585–590

588



results from two opposing effects, the variation in the refractive index
of the particles and the variation in the refractive index of the buffer
solution. As will be shown in the external-coating experiment to be
described later, the latter always shows an increase in refractive index
with increasing pH. It might contribute because, although the polymer
particles have diameters of approximately 1 µm, more than twice the
evanescent field decay length, the coating may have contained inter-
stices in which the WGM's evanescent field could interact with the
buffer. Using Eq. (2), the maximum shift from Fig. 7, and assuming an
internal evanescent fraction f =0.03, slightly larger than the external
evanescent fraction observed earlier for immersed microspheres [34],
we find that Δnpolymer ≈3×10−4. The smaller frequency shift seen in
Fig. 6 could be due to the polymer coating being sparser, the WGM's
evanescent fraction, f, being smaller, or both.

These WGM shifts, in wavelength, are about 33 nm/RIU (refractive
index unit of the polymer), as seen from the 1.2 GHz shift in Fig. 7 for
the estimated index change of 3×10−4. This wavelength shift, typical
for evanescent sensing, indicates that the estimated value of f is rea-
sonable. In comparison to the coated-fiber results mentioned earlier
[10,19,20], the method described here shows an improved speed of
response and at least equivalent resolution. The response time, which is
at most 10–15 s, is predominantly due to stabilization after introducing
new buffer, and is about five times faster than the response reported in
Ref. 20. The resolution is± ~ 0.06 – 0.20 pH unit, depending on which
portion of Fig. 7 is used for the estimation, the lower limit for the
steepest part of the curve and the upper limit for the average slope; the
error bars in Fig. 7 were conservatively large; hence, the actual re-
solution may be better. The coated-resonator methods [21,22] had even
slower response times and poorer resolution, likely due to their use of
an external coating. As discussed below, internal sensing gives better
results than external sensing.

The experiments described thus far were performed using the in-
ternal sensing method, which ensures that the external surface of the
resonator is not affected by the polymer film or the buffer solution. In
order to emphasize the importance of this method over external sen-
sing, the exterior of the HBR was dipped into the diluted swellable
polymer dispersion (polyNIPA-MAA) for approximately 1 h. Once
coated, the bottle resonator was suspended vertically, brought into
contact with the tapered fiber, and the entire ensemble immersed into a
small container filled with 100mL of pH 3.4 buffer solution. The gra-
dual pH increase of the initial buffer solution was performed by adding
increments of 1mL of NaOH (0.1M) and monitoring the pH in real time
using a pH meter. This method was particularly tedious since diffusion

and pH stabilization times varied widely, from 1 to 3 h. Another
drawback of the external sensing approach was the irreversible con-
tamination of the tapered fiber (resulting in a 90% drop in throughput
power) immediately after the exposure to buffer solution. A third
drawback of external coating was that it was not possible to excite
WGMs that could have been used as unshifted references for the
polymer-mediated-frequency-shifted WGMs. Fig. 8 shows a set of
WGMs collected over the course of several hours, as the pH of the buffer
solution was slowly increased.

As shown in Fig. 8 for the external sensing configuration, the fre-
quency shifts were not indicative of polymer swelling, but rather were
dominated by the increase in the refractive index of the buffer solution
with increasing pH and the varying temperature of the buffer solution.
In order to make the swellable polymer-mediated technique viable for
external sensing, the concentration of polymer particles would have to
be increased by nearly an order of magnitude. However, this would
render the resonator unusable because the resonator-taper coupling
would be adversely affected due to the increased thickness of the
polymer film.

4. Conclusions

In the preliminary work presented in this study, pH sensing is shown
to be another interesting application of silica HBRs. A deposition
method for swellable pH-sensitive polymer particles (polyNIPA-MAA)
on the inner surface of the HBR was successfully developed, and the
frequency shifts of WGMs with internal evanescent fractions were used
to sense the polyNIPA's refractive index change with varying pH. One of
the most important outcomes of this experiment is the demonstration
that internal coating is the only viable sensing approach, since at-
taching the polymer to the resonator's external surface rendered the
HBR unusable as a sensor. Moreover, internal sensing is advantageous
because WGMs with negligible internal evanescent fractions can be
used as frequency references, eliminating the adverse effects of other
causes of frequency shifts such as temperature variation.

An improvement to our method would result from the selection of
WGMs that do not exhibit strong frequency overlapping. As observed
here, modal overlap increases the difficulty of reading the frequency
shifts due to pH variation. The use of an offset of the coupling fiber from
HBR center (by even more than in the second experiment above) and/or
a larger-diameter coupling fiber can help to reduce the mode density
and resulting overlap. Using HBRs with even thinner walls would also
help in this regard.

Fig. 7. Normalized frequency shifts (coupling fiber offset from center) relative
to that at the initial pH of 3.4.

Fig. 8. WGM frequency shift with increasing pH in a polymer-coated bottle
resonator in external sensing configuration. Each step in pH resulted from
adding NaOH and allowing the solution to equilibrate for about 2 h. The arrow
indicates the shift of the boxed WGM, perturbed by temperature fluctuations.
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A drawback of our method compared to pH sensors based on mo-
lecular coatings such as bovine serum albumin (BSA) is the large size of
the polyNIPA particles [21]. Since thin-film-related theoretical models
[21] do not apply in the case of the (larger) polyNIPA particles, it is
difficult to make a good estimate of the absolute variation of the re-
fractive index of the polymer film, as this depends on the value of f.
Therefore, the use of alternative pH-sensing agents that can be in-
corporated into films thin compared to the internal evanescent decay
length is highly recommended. Alternatively, a method [34] for mea-
suring f could be further developed and made more reliable.

A future experiment involving this type of resonator used in con-
junction with this class of polymers would involve coating the interior
walls of the HBR with molecularly-imprinted polyNIPA particles [18].
The main advantage of using these particles is their response to specific
organic analytes. In other words, the HBR can be used as a sensor for
selected organic compounds regardless of their optical absorption
properties above or below 1550 nm. In addition, since the initial ab-
sorption experiments featuring polyNIPA particles were performed at
around 700 nm (as shown in Fig. 1), it is obvious that the WGM-based
experiments described earlier can be easily carried out in the near in-
frared as well as at telecom wavelengths. This would have the ad-
vantage of better resolution, resulting from the higher WGM quality
factors due to decreased absorption in the polymer.

In recent years, measuring pH in the ocean has become important
because of rising acidity levels due to the water becoming enriched in
carbon dioxide (and in turn) reducing the amount of carbonate avail-
able for shell building organisms [35]. The silica hollow bottle re-
sonator described in this study could serve as a sensor platform to
monitor pH in ocean waters provided that a suitable pH sensitive
polymer is incorporated into the platform and visible or near-infrared
light is used to minimize absorption and provide high WGM quality
factors.
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