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ABSTRACT

Sensing platforms for the rapid and efficient detection of metal ions would have applications in
disease diagnosis and study, as well as environmental sensing. Here we report the first

microstructured optical fiber-based biosensor for the reversible and nanoliter-scale measurement



of metal ions. Specifically, a photoswitchable spiropyran Zn?" sensor is incorporated within the
microenvironment of a liposome attached to microstructured optical fibers (exposed-core and
suspended-core microstructured optical fibers). Both fiber-based platforms retains high
selectivity of ion binding associated with a small molecule sensor, while also allowing nanoliter
volume sampling and on/off switching. We have demonstrated that multiple measurements can
be made on a single sample without the need to change the sensor. The ability of the new sensing
platform to sense Zn*" in pleural lavage and nasopharynx of mice was compared to that of
established ion sensing methodologies such as inductively coupled plasma mass spectrometry
(ICP-MS) and a commercially available fluorophore (Fluozin-3), where the optical fiber based
sensor provides a significant advantage in that it allows the use of nL sampling when compared
to ICP-MS (mL) and FluoZin-3 (uL). This work paves the way to a generic approach for
developing surface-based ion sensors using a range of sensor molecules, which can be attached
to a surface without the need for its chemical modification and presents an opportunity for the

development of new and highly specific ion sensors for real time sensing applications.

KEY WORDS: Biosensor, Microstructured Optical fiber, Photoswitch, Liposome, Zinc,

Nanoscale

INTRODUCTION

The ability to detect the on/off binding of a metal ion to a complementary surface-bound
receptor provides a basis for real-time sensing applications in fields such as environmental
monitoring and in clinical diagnostics. Small-molecule ‘on/off” sensors for metal ions, such as

those based on rhodamine'- or other fluorophores,*> can exhibit high selectivity for a given ion



and as a result have found wide use in this context. However, chemically modifying these small
molecules to allow surface attachment, while retaining efficient sensing capability, can be
problematic from both a synthesis and an operational viewpoint as the immobilized molecule
may lose functionality.® Sensing can also be achieved using a larger biological receptor such as
a protein or nucleic acid capable of binding an ion of interest.” While these systems allow for
better surface attachment through standard coupling with a component amino acid or another
biomolecule within, these biological receptors are typically only weakly selective for a given ion.
Although this can be improved somewhat by genetic modification, this approach is time
consuming and lacks broad generality.”® A generic and biocompatible approach to attach highly
selective small molecule sensors to surfaces, without the need for chemical modification, would

offer significant advantages over these methods.

Here we report such an approach where the phospholipids and a photochromic sensor molecule
are assembled to form a novel liposome-based sensing material and attached this to the surfaces
of microstructured optical fibers. This new sensing platform retains high selectivity of ion
binding associated with a small molecule sensor, while also allowing sampling of small volumes
and an opportunity for on/off switching. Liposomes were chosen because they can be readily
made from a range of natural lipids and are nontoxic and biodegradable.” Detection of Zn** was
incorporated into the design of this new sensing platform because of the essential role of Zn** in
a range of cellular processes'’ such as antioxidant enzyme activity,!! DNA structural integrity,
oocytes maturation and fertilization'> while disruption of its homeostasis is associated with

numerous disease states including Alzheimer’s,'? diabetes'* and cancer.

A photoswitchable spiropyran-based ion chelator (SP2) was chosen for embedding within the

surface of the microstructured optical fiber-bound liposome as shown in Figure 1. SP2 contains



an aryl carboxylate group for improved aqueous solubility and the bis(2-pyridylmethyl)amine
functionality was chosen as the ionophore in this work as it is known to selectively form a
complex with Zn*" over other biologically relevant ions in solutions (Supporting information
Figure S1).!°> The photoswitching of spiropyran on surfaces'® and semi-condensed phase!”!” are
well-characterized and in this context, exposure of this compound to Zn>" (by sampling through
the optical fiber) gives rise to a ring-opened and fluorescent merocyanine isomer that is
stabilized by specific binding through the appended phenoxide and bis-pyridyl functionalities. '
This switching can also be induced on illumination with UV through the fiber. Irradiation with
white light regenerates the ring closed spiropyran isomer with release of Zn?*, resulting in a
switchable sensing platform. In all cases fluorescence is both induced and measured through the
microstructured optical fibers, which is exposed to the 532 nm excitation light for 10 ms 10
times. The long interaction length between the evanescent tails of the guided light and the
material attached to the surface of the optical fiber maximizes the fluorescence signal to give
improved sensitivity of detection relative to more traditional spectroscopic and fluorescence-
based fiber sensors.?’ Two different types of microstructured optical fibers were used in these
experiments. The first is an exposed-core microstructured optical fibers (ECF) that has a
suspended micron-scale core partially exposed to the external environment?!"?? (Figure 2, left),
which allows consistent washing, drying and refilling of the biosensor during its use. The second
type of fiber has air holes within its cross section and is known as a suspended-core
microstructured optical fibers (SCF),>® see Figure 2 right. These air holes confine light to the
solid core and allow it to be guided along the length of the fiber. The holes also act as micro

sample chamber to allow nanoscale sampling®’, a real advance in biological sensing.
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Figure 1. Schematic of the optical fiber-based sensing architecture, where a photoswitchable
spiropyran (SP2) (red) is embedded within a liposome (grey). This structure (SP2-liposome) is
covalently attached to the surface of an ECF or SCF (blue). The insert shows the isomeric
structures of spiropyran SP2 (closed, non-fluorescent spiropyran isomer), and the metal-induced
ring-opened Zn** complex (opened, fluorescent merocyanine isomer). The spiropyran-Zn?*

1?* on a similar analog

sensing mechanism depicted here was modeled by Rivera-Fuentes et a
using density functional theory calculations.>* The ring-opened isomer is induced by binding to

Zn** or by exposure to UV light (Aem = 320 — 350 nm), while the ring-closed isomer is induced

by exposure to white light (broad spectrum).
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Figure 2. Scanning electron microscopy images of the microstructured optical fibers used in
this work. (Left) the silica ECF and (Right) the silica SCF, with effective core diameters of 7.5

um and 1.5 pm respectively. The green box highlights the core of each fiber.

RESULTS AND DISCUSSION

Optimum conditions for the generation of a functional and stable integrated spiropyran-
liposome system (SP2-liposome) were initially investigated, where liposome-based materials are
known to be unstable when dehydrated. Liposomal stability is especially important for reusable
sensors of the type developed here since measurement would require cycles of washing and air-
drying between readings. Dehydration of the liposome could also occur during long-term
storage of the sensor. Such factors have limited the development of liposome-based sensors to
date.® 2 With this in mind, a solution of SP2 in DMSO was mixed with a solution of total
Escherichia coli lipids extracts in buffer containing various amounts of maltose or trehalose (0%,
5%, 10% or 20%, weight/vol) and 20 mM 3-(N-morpholino)propanesulfonic acid (MOPS) at pH
7.2. The formation of hydrogen bonds between the sugar and surrounding polar residues of
liposomes was expected to help prevent collapse and loss of function under the dehydrating

conditions.



Figure 3. Initial studies were carried out on readily available silicate glass slides as a simple
model for the microstructured optical fibers (F300 silica glass), where both are silicate glasses
with wettable (hydrophilic) surfaces. Images were taken using a Typhoon Imager (Aex = 532 nm,
AEx ~ 640 nm). On each slide: 5 pL. droplets constituted with (a) 10 % maltose (b) 20 % trehalose
(c) 5 % trehalose (d) 10 % trehalose (e) 5 % maltose (f) 20 % maltose (g) 0 % disaccharide. The
glass slide on the left and right represent the droplets before and after the addition of 100 uM Zn

respectively.

Samples of the above solutions were then placed on a glass microscope slide, initial
fluorescence was measured by irradiating with the 532 nm laser using a Typhoon imager, and
aqueous zinc chloride (100 uM) was added to each, the droplets were again irradiated (532 nm),
and the resulting fluorescence of the complexed ring opened merocynine isomer measured, see
Figure 3 and supporting information for detail. Each droplet was then irradiated with white light
to expel Zn>" ions and regenerate the passive spiropyran (non-fluorescent) isomer. The samples
were then left to air dry for 18 h, rehydrated with further aqueous zinc chloride, and a subsequent

off/on cycle was performed as above.



Samples prepared with 20 % of maltose and 10 % and 20 % of trehalose precipitated upon
addition of Zn*" and as such these conditions were deemed unsuitable for subsequent
experiments. Importantly, the results shown in Figure 4 demonstrate that SP2-liposomes
constituted with maltose 5% and 10% remained functional and underwent a second round of
photoswitching after air-drying for 18 h and rehydration. In contrast, fluorescence emission of
SP2-liposome prepared with 5 % trehalose did not return to intensity levels reflective of the
ring-closed spiropyran when exposed to white light. The SP2-liposome samples lacking
disaccharide were unable to photoswitch and functionality was not restored after rehydration, i.e.
no modulation of fluorescence emission was observed (Figure 4a and b, red). Based on these
results samples for subsequent experiments were prepared using the minimum amount of maltose

(5%) that provided protection against drying (SP2-maltose-liposome).
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Figure 4. Photoswitching of the SP2-liposome on glass slide reconstituted with (®) 0 %, (W) 5

% and (X) 10 % maltose (Figure 4a) and (®) 0 %, (M) 5 % trehalose (Figure 4b) respectively.
The experiments were performed on glass slides and resultant fluorescence was recorded using

the Typhoon Imager (Aex= 532 nm). Each ‘off-cycle’ represents the fluorescence emission (Aem



approximately = 640 nm) of the ring-closed spiropyran without Zn*" chelated and after the
droplets were irradiated with white light for 10 min. Each ‘on-cycle’ represents the resultant
fluorescence emission (Aem approximately = 640 nm) of ring-opened merocyanine isomer in the
presence of 100 uM Zn?* (SP2-Zn?"). The fluorescence emission of the second ‘off/on cycle’

was obtained after the droplets had been air-dried for 18 h.

SP2-maltose-liposomes were next prepared with added succinyl PE lipid (as detailed in
supporting information), where the component carboxylic acid would be expected to be exposed
in the liposome structure to allow attachment to both exposed and suspended core
microstructured fibers. Each fiber was precleaned and hydroxylated by immersion in nitric acid
followed by piranha solution and then functionalized with alternating layers of poly(allylamine
hydrochloride) (PAH), poly(acrylic acid) (PAA) and further PAH?® for the exposed core fiber
and APTES for the suspended core fiber.?’” The SP2-maltose-liposomes were then coupled onto
to the surface-bound free amines using standard coupling conditions?’’ (HATU/DIPEA, see

supporting information) to give the functionalized exposed core and suspended core sensors.
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Figure 5. Setup used for fluorescence measurements using (top) suspended-core fiber and

(bottom) exposed-core fibers.

The ability of the exposed core fiber-based sensor to bind and detect Zn** was studied using
the optical set up depicted in Figure 5. A 5 mW laser excitation light source with a wavelength of
532 nm was coupled into the core of the functionalized fibers lengths using a 60X objective via a
diachroic mirror to excite the sensing molecules and induce fluorescence at the surface of the
core. The sensor was placed in a flow-cell filled with acetonitrile (Figure 5, exposed-core fiber,
bottom) and then excited using a 532 nm laser (10 x 10ms pulses) and the resulting fluorescence
measured. Figure 6a shows that the functionalized fiber (Fig. 6a, black) possessed significant
background fluorescence (Aem = 640 nm) relative to the unfunctionalized fiber (Figure 6a, green),
as would be expected for spiropyran immobilized within the fiber’s internal surface. Next, the
flow cell was drained of acetonitrile; air-dried and refilled with a solution of Zn*' in acetonitrile
(10 uM). The fluorescence was again measured by excitation with the 532nm laser (10x10ms)
and the resulting fluorescence emission intensity increased 2.5 fold (Figure 6a, red), which is

consistent with formation of the highly fluorescent SP2-Zn?" complex (Figure 1).!> Next, the

10



sensor was irradiation with white light in order to release the bound Zn** and reform the ring-
closed spiropyran isomer.!> As expected, subsequent excitation of the sensor with the 532 nm
laser showed the intensity of resultant fluorescence emission (Figure 6a, blue) returned to that of
the sensor before Zn>" was added (Figure 6a, black). After washing with acetonitrile to remove
all Zn*" the flow cell was again filled with solution of Zn*' in acetonitrile (10 uM) and
fluorescence measured as before in order to determine the reusability of the sensor. Again,
fluorescence emission increased approximately 2.5 fold in the presence of Zn?". Irradiating the
sensor with white-light and subsequently excitation with the 532 nm laser once again returned
the fluorescence emission of the sensor to the level similar to that before the addition of Zn**
(Figure 6a, black). The procedure was repeated for a third time and the results are summarized in
Figure 6b. Importantly, attempted photoswitching of the microstructured optical fibers
functionalized with SP2-liposomes, lacking disaccharide, failed to regenerate once the fibers had

been drained of solution and left to air-dry.
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Figure 6. (a) Fluorescence emission spectra of exposed-core fiber functionalized with SP2-
maltose-liposome after excitation with 532 nm laser; (green) Empty fiber, unfunctionalized,
(black) exposed core based sensor in flow cell filled only with acetonitrile and no Zn?", (red)
sensor filled 10 uM Zn?>" in acetonitrile and exposed to UV for 1 h, (blue) sensor, exposed to
white light and rinsed with acetonitrile, to release Zn*" from the sensor. (b) Photoswitching of
functionalized exposed core-based sensor. ‘Each cycle consist of filling the sensor with Zn?* in
acetonitrile (10 uM, ‘On’) followed by irradiating the sensor with white light for 30 min (‘Off’).

Fluorescence emission for each cycle was obtained by irradiation with the 532 nm laser.

Finally, the ability of the new sensing platform to sense Zn?' in pleural lavage and
nasopharynx of mice was compared to that of established ion sensing methodologies such as
inductively coupled plasma mass spectrometry (ICP-MS) and solution fluorescence based
(Fluozin-3) in order to validate its use in a biological setting. These two biological systems
contain low endogenous Zn** concentrations, which results in poor signal-to-background ratios
and a necessity to use of large sample volumes when using traditional ion-sensing techniques.
Here we assessed the Zn?* abundance in 8 separate murine samples using ICP-MS, Fluozin-32®
and SCF sensor. Again the micron-sized air holes within the cross-section of the SCF allow
control of the interactions between light guided within the fiber core and sensor located within
the holes, while simultaneously acting as micro sample chambers. The experiments for [CP-MS
and Fluozin-3 used established techniques®® and are described in detail the supporting
information. The functionalised suspended core based-sensor experiments were performed as
follows; one end of the SCF was dipped into the biological sample and this mixture (20 nL) was

drawn into the fiber air holes by capillary action (Figure 5, suspended core fiber, top). The
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fluorescence was measured by excitation with a 532nm laser (10x10ms pulses) in each case and
the resultant emission was recorded and shown in Figure 7. An approximate 3.5 and 4 fold
increase in fluorescence intensities was observed for the nasopharyngeal (Figure 7, red) and
pleural lavages (Figure 7, blue) samples, respectively. The sensing experiment was repeated
using water in place of the biological samples as a negative control. No significant change in
fluorescence was apparent in this case (Figure 7, black), which confirms that the earlier changes
in fluorescence were due to the formation of the highly fluorescent SP2-Zn** species. An
analysis of the pleural lavage across 8 murine samples showed that the optical fiber method was
capable of detecting Zn** ions (uM levels, Figure 8a). Zn*" concentrations were also quantified
by Fluozin-3 (0.8-1.3 uM; Figure 8b) and ICP-MS (1.8-2.1 uM; Figure 8c). The results show
that the narrow range of variation across the samples observed for the fiber-based approach (1.5-
3.5 RFUs) correlates closely with the results for Fluozin-3. Minor differences in the absolute
concentrations determined between ICP-MS and the fluorophore-based methods (Fluozin-3 and
SCF-based sensor) were not unexpected as ICP-MS is based on a denaturing approach that
releases ions from the biological material, while Fluozin-3 and the fiber-based approach use non-
denaturing fluorophores that interact with the labile Zn®>" content in the biological samples.
Importantly, the optical fiber based sensor provides a significant advantage in that it allows the

use of nL sampling, which compares to ICP-MS (mL) and FluoZin-3 (pL).
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Figure 7. Representative fluorescence emission results from SCF sensor with biological
samples. The emission data in the graph were obtained from (black) water only (blue) filled with
solution from the pleural lavages (red) filled with solution from the nasopharyngeal wash.

Emission data for all samples can be found in the supporting information section Figure S2.
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Figure 8. Analysis of Zn*>" in the pleural lavage samples obtained across 8 mice (numbered 1
to 8). (a) SCF direct detection of Zn?" using nanolitre volumes (~20 nL) of sample. (b) Fluozin-3
detection of Zn?" in biological sample using microliter volumes with added fluorophore (~20

uL). (¢) ICP-MS determination of Zn>" using 2 ml of processed sample
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CONCLUSION

Metal ions are ubiquitous in the environment and biology and as such there is a real need to
develop new sensing platforms for their rapid and efficient detection. Such sensors would have
applications in disease diagnosis and study, as well as environmental sensing. Here we report the
first instance where phospholipids and a photochromic sensor molecule are assembled to form a
novel liposome-based sensing material. This was then coupled to microstructured optical fibers
to create nanoscale biosensors that are capable of sensing Zn>" ions in biological samples. These
new sensing platforms retain high selectivity of ion binding associated with a small molecule
sensor, while also allowing sampling of small volumes and on/off switching. We have
demonstrated that multiple measurements can be made on a single sample without the need to
change the sensor. This is particularly attractive for biological experiments, where sample
availability and volumes often limit the number of experiments that can be performed. More
significantly, this work paves the way to a generic approach for developing surface-based ion
sensors using a range of sensor molecules, which can be attached to a surface without the need
for its chemical modification. This presents an opportunity for the development of new and

highly specific ion sensors for real time sensing applications.

Supporting Information

The Supporting Information is available free of charge on the ACS Publication Website.

SP2-liposome generation

Preparation of SP2-maltose-liposomes

Attachment of biosensor material to surface of suspended-core fiber

Biological assays

15



AUTHOR INFORMATION
Corresponding Author Sabrina.heng@adelaide.edu.au

Author Contributions

The manuscript was written through contributions of all authors. All authors have given approval

to the final version of the manuscript.

Funding Sources

The authors would like to acknowledge funding support from the Centre for Nanoscale
Biophotonics, through Australian Research Council (ARC) CE140100 003, Sabrina Heng
acknowledges the ARC Super Science Fellowship, Christopher McDevitt for ARC Discovery
Project DP150101856, and Tanya Monro acknowledges the support of an ARC Georgina Sweet
Laureate Fellowship. This work was performed in part at the OptoFab node of the Australian
National Fabrication Facility utilizing Commonwealth and South Australian State Government

funding.

ACKNOWLEDGMENT

The authors acknowledge Peter Henry and Stephen Warren-Smith for their contribution to the
fiber drawing, and the Australian Defense Science and Technology Organization (under the
Signatures, Materials and Energy Corporate Enabling Research Program) for support of the

suspended and exposed core silica fiber development at The University of Adelaide.

16



REFERENCES

1. Kaewtong, C.; Wanno, B.; Uppa, Y.; Morakot, N.; Pulpoka, B.; Tuntulani, T., Facile
Synthesis of Rhodamine-Based Highly Sensitive and Fast Responsive Colorimetric and Off-on
Fluorescent Reversible Chemosensors for Hg2+: Preparation of a Fluorescent Thin Film Sensor.
Dalton Trans 2011, 40, 12578-12583.

2. Goswami, S.; Sen, D.; Das, N. K.; Fun, H. K.; Quah, C. K., A New Rhodamine Based
Colorimetric 'Off-on' Fluorescence Sensor Selective for Pd2+ Along with the First Bound X-Ray
Crystal Structure. Chem Commun (Camb) 2011, 47, 9101-9103.

3. Zhou, Y.; Wang, F.; Kim, Y.; Kim, S. J.; Yoon, J., Cu2+-Selective Ratiometric and "Off-
on" Sensor Based on the Rhodamine Derivative Bearing Pyrene Group. Org Lett 2009, 11, 4442-
4445,

4, de Silva, A. P.; Gunaratne, H. Q.; Gunnlaugsson, T.; Huxley, A. J.; McCoy, C. P
Rademacher, J. T.; Rice, T. E., Signaling Recognition Events with Fluorescent Sensors and
Switches. Chem Rev 1997, 97, 1515-1566.

5. Heng, S.; Mak, A. M.; Stubing, D. B.; Monro, T. M.; Abell, A. D., Dual Sensor for Cd(I1)
and Ca(Ii): Selective Nanoliter-Scale Sensing of Metal lons. Anal Chem 2014, 86, 3268-3272.

6. Byrne, R. J.; Stitzel, S. E.; Diamond, D., Photo-Regenerable Surface with Potential for
Optical Sensing. J Mater Chem 2006, 16, 1332-1337.

7. Aragay, G.; Pons, J.; Merkoci, A., Recent Trends in Macro-, Micro-, and Nanomaterial-
Based Tools and Strategies for Heavy-Metal Detection. Chem Rev 2011, 111, 3433-3458.

8. Kirsch, J.; Siltanen, C.; Zhou, Q.; Revzin, A.; Simonian, A., Biosensor Technology:
Recent Advances in Threat Agent Detection and Medicine. Chem Soc Rev 2013, 42, 8733-8768.
9. Liu, Q.; Boyd, B. J., Liposomes in Biosensors. Analyst 2013, 138, 391-409.

10. Tomat, E.; Lippard, S. J., Imaging Mobile Zinc in Biology. Curr Opin Chem Biol 2010,
14,225-230.

11. Orlova, M. A.; Orlov, A. P., Role of Zinc in an Organism and Its Influence on Processes
Leading to Apoptosis. British Journal of Medicine & Medical Research 2011, 1, 239-305.

12. Picco, S. J.; Anchordoquy, J. M.; de Matos, D. G.; Anchordoquy, J. P.; Seoane, A.;
Mattioli, G. A.; Errecalde, A. L.; Furnus, C. C., Effect of Increasing Zinc Sulphate Concentration
During in Vitro Maturation of Bovine Oocytes. Theriogenology 2010, 74, 1141-1148.

17



13. Bjorklund, N. L.; Sadagoparamanujam, V. M.; Taglialatela, G., Selective, Quantitative
Measurement of Releasable Synaptic Zinc in Human Autopsy Hippocampal Brain Tissue from
Alzheimer's Disease Patients. J Neurosci Methods 2012, 203, 146-151.

14. Miao, X.; Sun, W.; Fu, Y.; Miao, L.; Cai, L., Zinc Homeostasis in the Metabolic
Syndrome and Diabetes. Front Med 2013, 7, 31-52.

15. Heng, S.; McDevitt, C. A.; Stubing, D. B.; Whittall, J. J.; Thompson, J. G.; Engler, T. K.;
Abell, A. D.; Monro, T. M., Microstructured Optical Fibers and Live Cells: A Water-Soluble,
Photochromic Zinc Sensor. Biomacromolecules 2013, 14, 3376-3379.

16. Del Canto, E.; Natali, M.; Movia, D.; Giordani, S., Photo-Controlled Release of Zinc
Metal Ions by Spiropyran Receptors Anchored to Single-Walled Carbon Nanotubes. Phys Chem
Chem Phys 2012, 14, 6034-6043.

17. Miskolczy, Z.; Biczok, L., Photochromism in Cucurbit[8]Uril Cavity: Inhibition of
Hydrolysis and Modification of the Rate of Merocyanine-Spiropyran Transformations. J Phys
Chem B 2011, 115, 12577-12583.

18. Nilsson, J. R.; Parente Carvalho, C.; Li, S.; Da Silva, J. P.; Andreasson, J.; Pischel, U.,
Switching Properties of a Spiropyran-Cucurbit[7]Uril Supramolecular Assembly: Usefulness of
the Anchor Approach. Chemphyschem 2012, 13, 3691-3699.

19. Kundu, P. K.; Olsen, G. L.; Kiss, V.; Klajn, R., Nanoporous Frameworks Exhibiting
Multiple Stimuli Responsiveness. Nat Commun 2014, 5, 3588.

20. Monro, T. M.; Warren-Smith, S.; Schartner, E. P.; Francois, A.; Heng, S.; Ebendorff-
Heidepriem, H.; Afshar, S., Sensing with Suspended-Core Optical Fibers. Opt Fiber Technol
2010, /6, 343-356.

21. Kostecki, R.; Ebendorff-Heidepriem, H.; Davis, C.; McAdam, G.; Warren-Smith, S. C.;
Monro, T. M., Silica Exposed-Core Microstructured Optical Fibers. Opt Mater Express 2012, 2,
1538-1547.

22. Warren-Smith, S. C.; Sinchenko, E.; Stoddart, P. R.; Monro, T. M., Distributed
Fluorescence Sensing Using Exposed Core Microstructured Optical Fiber. leee Photonic Tech L
2010, 22, 1385-1387.

23. Monro, T. M.; Belardi, W.; Furusawa, K.; Baggett, J. C.; Broderick, N. G. R;
Richardson, D. J., Sensing with Microstructured Optical Fibres. Measurement Science &

Technology 2001, 12, 854-858.

18



24. Rivera-Fuentes, P.; Lippard, S. J., Spirozinl: A Reversible and Ph-Insensitive, Reaction-
Based, Red-Fluorescent Probe for Imaging Biological Mobile Zinc. ChemMedChem 2014, 9,
1238-1243.

25. Reimhult, E.; Kumar, K., Membrane Biosensor Platforms Using Nano- and Microporous
Supports. Trends Biotechnol 2008, 26, 82-89.

26. Warren-Smith, S. C.; Kostecki, R.; Nguyen, L. V.; Monro, T. M., Fabrication, Splicing,
Bragg Grating Writing, and Polyelectrolyte Functionalization of Exposed-Core Microstructured
Optical Fibers. Opt Express 2014, 22, 29493-29504.

217. Heng, S.; Nguyen, M.; Kostecki, R.; Monro, T. M.; Abell, A. D., Nanoliter-Scale,
Regenerable Ion Sensor: Sensing with a Surface Functionalized Microstructured Optical Fiber.
RSC Advances 2013, 3, 8308-8317.

28. Gee, K. R.; Zhou, Z. L.; Ton-That, D.; Sensi, S. L.; Weiss, J. H., Measuring Zinc in
Living Cells. A New Generation of Sensitive and Selective Fluorescent Probes. Cell Calcium
2002, 31, 245-251.

29. Begg, S. L.; Eijjkelkamp, B. A.; Luo, Z.; Counago, R. M.; Morey, J. R.; Maher, M. J;
Ong, C. L.; McEwan, A. G.; Kobe, B.; O'Mara, M. L.; Paton, J. C.; McDevitt, C. A.,
Dysregulation of Transition Metal lon Homeostasis Is the Molecular Basis for Cadmium

Toxicity in Streptococcus Pneumoniae. Nat Commun 2015, 6, 6418.

Table of Content

19



