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Abstract. The alveolar space forms the distal end of the respiratory tract where chemoreceptor
driven gas exchange processes occur. In healthy humans, the physiological state within the
alveoli is tightly regulated by normal homeostatic mechanisms. However, pulmonary
abnormalities such as chronic obstructive pulmonary disease may induce significant perturbation
of the homeostatic baselines of physiology as well as cause host tissue damage. Therefore,
physiological parameters (pH, glucose, oxygen tension) within the alveolar space provide a key
biomarker of innate defence. Here, we discuss an endoscope-deployable fibre-optic optrode for
sensing pH in the alveolar space. In order to circumvent the unwanted Raman signal generated
within the fibre, the optrode consists of a custom asymmetric dual-core optical fibre designed
for spatially separated optical pump delivery and SERS signal collection. pH sensing is achieved
using the surface enhanced Raman spectroscopy (SERS) signal generated from functionalised
gold nanoshell sensors. We show a ~ 100-fold increase in SERS signal-to-fibre background ratio
and demonstrate multiple site pH sensing in the alveoli of an ex vivo ovine lung model with a
measurement accuracy of + 0.07 pH unit.

1. Introduction

The complex synergism between the homeostatic mechanisms in the human body rigorously maintains
a physiologically optimal acid-base balance by regulating the ratio of the dissolved carbon dioxide and
bicarbonate ions in the extra-cellular fluid (ECF). Inflammatory lung diseases such as pneumonia can
drastically perturb the homeostatic baseline of physiology in the alveoli. Furthermore, in pulmonary
disease conditions such as chronic obstructive pulmonary disorder, the homeostatic baselines of
physiology may be significantly off-set. Existing patient monitoring technology does not incorporate in
situ sensing in the distal lung ECF. There are established aspiration procedures such as bronchoalveolar
lavage (BAL) and bronchoscopic transbronchial lung biopsy that allow pre-instilled saline fluid and
tissue samples to be retrieved from the diseased anatomic subsegments in the lung. However, such
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Figure 1. Schematic illustration of the fibre-optic sensing system and the
miniaturized optrode for measuring alveolar pH (First published in [1]).

procedures are not suitable for bedside monitoring and aspirate samples are ordinarily examined in vitro
using cytologic and histochemical methods. Moreover, the pH of post-aspirated BAL fluid is not
representative of the pH of the endogenous and epithelial lining fluids within the alveolar environment
due to the intrusive nature of the aspiration process and uncertainties associated with the aspirate
volume, its dilution and temperature. Therefore, the prospect for a bedside instrument that permits the
minimally invasive, bedside monitoring of pH in the distal lung of critically ill ventilated patients in
vivo is an unmet clinical need.

Here, we discuss the development of a bronchoscope-deployable SERS based fibre-optic pH sensing
probe that features a custom design to circumvent the strong Raman background generated within the
fibre. We further discuss the experimental validation of the probe in an ex vivo ovine lung model.

2. Probe design and experimental methodology

The benefit of using SERS as an analytical technique is underpinned by the ability to detect
plasmonically enhanced spectral signatures from Raman-active analytes with exceptional sensitivity and
specificity. The SERS nanosensors must be incorporated at the distal end of a fibre-optic device to allow
in vivo application. This has been the subject of extensive research and several reports are available
demonstrating fibre-optic sensing schemes and distal tip-engineered surfaces activated with SERS
nanosensors [2-4]. The most common design incorporates a single fibre to deliver the coherent excitation
light to the nanosensors as well as collect the incoherent Raman-shifted light for spectral analysis. The
fundamental problem with this approach is that the SERS signals of interest are swamped by the
presence of strong, broadband Raman light in the low wavenumber region (< 2000 cm™') [5] that
originates within the fibre itself. Several probe designs to circumvent this drawback have been
investigated [6-13], which typically involve the use of additional fibres positioned appropriately to
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ensure adequate collection efficiency while reducing the fibre background. However, the large lateral
dimensions of such instruments preclude their use in the distal lung (alveoli) and other anatomical sites
where miniaturisation is essential for access and safety [3, 14].
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Figure 2. Schematic diagram showing the custom asymmetric dual-
core fibre (First published in [1]). Scale bar is 20 pm

Here we used a single multicore fibre optrode that features an asymmetric core geometry to allow
the fibre Raman background to be suppressed during data acquisition. We fabricated a custom-drawn 3
m long dual-core optical fibre with graded-index Ge:doped cores of size 4.4 um and 28 um. The fibre
was fabricated in two stages using a modification to the stack-and-draw method developed to make
photonic crystal fibres [15]. The 4.4 pm core was designed to support a single-mode (SM) at the
excitation wavelength (785 nm) while the 28 pm core is highly multi-mode (MM) at the excitation as
well as the Raman-shifted signal wavelengths. The effective diameter encompassing the excitation and
collection cores is 47 um and the outer diameter of the fibre itself is 125 um. The asymmetric dual core
arrangement was used to spatially separate the collection path from the excitation path where the intense
Raman background is generated. A commercial step-index multimode (MM) fibre with a 50 pm
Ge:doped core and an outer diameter of 125 um was subsequently spliced to the dual-core fibre. The
loss across the splice in the proximal to distal direction was found to be < 0.5 dB, when 785 nm coherent
light was injected into the 28 pm core. The measured loss in the reverse direction was consistent with
that expected due to the geometric difference between the core dimensions. The length of the spliced
MM fibre which formed the optrode was ~ 0.5 mm, measured from the splice plane making it ~0.01 %
of the total length of the dual-core fibre. The short length was essential in order to minimise the Raman
background generated within its core. However, its length was adequate to ensure optimal spatial overlap
between the modes exiting the end-facet for both SM and MM injection of 785 nm light at the proximal
end. The spliced MM section was packaged in a custom fused silica end-cap, which was fabricated using
ultrafast laser inscription and selective wet etching [16]. This ensured mechanical robustness of the
optrode during transbronchial passes performed in practical clinical application. A 20 um® recess was
machined (using 120fs pulses of 800 nm light at 5 kHz) at the facet of the 50 um MM core to prevent
nanoshell loss during transbronchial passes. Finally, the entire fibre was packaged inside a 2.5 m long
biocompatible polymer tube (PEEK) with an outer diameter of 1.5 mm, which is well below the inner
diameter of the working channel of most standard bronchoscopes. A 1.5 pL suspension of para-
mercaptobenzoic acid (p-MBA) [17] functionalised 150 nm Au nanoshells (Nanospectra Biosciences)
was pipetted on the end-prepared facet of the optrode, which was pre-treated with poly-L lysine (0.1
mg/mL) to enhance the adherence of nanoshells to the machined silica surface. The large surface area
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of'the silica distal end-cap allowed the pipetted droplet to evaporate at ambient temperature within a few
minutes. The end-facet was further encapsulated using a permeable sol-gel layer to minimise contact-
induced nanoshell loss.
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Figure 3. Schematic showing the proximal end optical
instrument (First published in [1]).

At the proximal end of the device, a free-space optical instrument was used to input couple the
excitation light into the SM core of the dual-core fibre and output couple the Raman-shifted signal light
to the spectrometer. The mode at 785 nm from a SM fibre (Thorlabs, 780-HP) was imaged at unit
magnification using aspheric lenses (L1 & L2) onto the SM excitation core. The signal light from the
MM collection core was output coupled using lens L2 and imaged at unit magnification using the lens
L3 and a kinematic adjuster (FM 2) onto the step-index 25 um core of a MM patch-cable, after passing
through a dichroic (DM) enabling fibre-Raman background suppressed operation of the sensing probe.
A short-pass filter (SP) was placed in the input beam path to filter any long wavelength amplified
spontaneous emission from the laser source. A long-pass filter (LP) was placed in the output beam path
to prevent 785 nm light from being acquired by the spectrometer. The output of the patch-cable was
directly coupled to the spectrometer (Ocean Optics, QE Pro) through a 25 pum slit.

3. On-bench probe characterisation

We used a distal-end power output of ~ 0.4 mW for both the calibration and EVLP experiments.
Spectra obtained using the probe under normal and background-suppressed modes of operation showed
an ~100-fold fibre-Raman background suppression using the instrument. The characteristic spectral
features of p-MBA were almost completely identical to that recorded using gold-coated slides [18]. The
pH-dependent variation in the p-MBA SERS spectrum obtained using the packaged miniaturised fibre-
optic probe was assessed using buffers with pH ranging from 4.0 to 9.0. A total of 21 buffer solutions
were prepared within the physiologically relevant range of pH 6.0 to 8.0. 165 SERS spectra were
acquired and averaged in 5 non-sequential replicate measurements. The order of measurement was
randomised within each replicate in order to avoid systematic error. The raw data were computationally
processed using algorithms developed to adaptively “learn” and eliminate contributions from any
residual background from pH driven changes in the spectrum. The post-processed spectra were
subsequently assessed for variations in the ratio between the area under the curve (AUC) within a 50
cm-1 (£25 cm-1) window centred at Raman shifts of 1380 cm™ and 1700 cm™, the spectral features most



Newton Researcher Links Workshop: 2018 Bio-Photonics For Medical Technologies

10P Publishing

IOP Conf. Series: Journal of Physics: Conf. Series 1151 (2019) 012009  doi:10.1088/1742-6596/1151/1/012009

a b c
o 10" - et 410 R 1y
| —Normal mode | -] — Background suppressed mode pMEA specirum through fibre
b 10%¢ | L 3w
710% 7o't
3 & 10 ; o0 é 2 10
- “ ! I3 d
5 10 1 2 5 10 1 2 210
< 410"} E-l'lﬂil < 210
310 £ 2ty g
5 | 8 5 957
o310 \ & 2 10° g 1- 10 | |
|
1- 1044 M A L’} Bl \JL“\A.AJ
o — P P T oy
_______ ] o
800 1000 1200 1400 1600 1800 2000 800 1000 1200 1400 1600 1B0D 2000 800 1000 1200 1400 1600 1800 2000
Raman shift fom 1) Rarnan shift fcm ) Raman shift crm '}
2.4 10" 2.2
—pH40 §
2.0 I
2.0 10’
—_ 18
3 r e
] L ]
8 16 10 1.8 S QL EF
w g 1.4 . i
3 ; > Computational > T It T
I Pl
21210 data processing v 12 B
£ — - = Cocl
2 : < 10 e
€ 8.0 10° R T
2 0.8 &
o 3 ¥l
4.0-10° 061 ;8432
0.4
0. li -
300 1400 1500 1600 1700 1800 4 5 L] 7 -] 9

Raman shift (em 1)

Figure 4. Background suppressed p-MBA SERS spectrum and its characteristics with
respect to change in pH, observed using the packaged fibre-optic optrode. (a)Spectrum
acquired when the MM core was used for both excitation and collection (normal
mode). (b) Spectrum acquired when the SM and MM cores were used for excitation
and collection respectively (background suppressed mode). (c) Characteristic p-MBA
SERS spectrum acquired using the fibre-optic optrode. (d) Spectrum from 1300 cm’
to 1800 cm™' showing pH sensitive response in the vicinity of 1380 cm™ and 1700 cm®
!, (e) Variation of the area under the curve (AUC) ratio with respect to pH in the range
4.0 —9.0. (First published in [1]).

sensitive to pH variation [19]. A well-defined and consistent variation within the physiologically
relevant pH range was observed. The intrinsic measurement accuracy of the probe between pH 6.4 and
pH 7.4 was found to be 0.07 pH unit.
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Figure 5. The measurement accuracy of the fibre-optic probe in the case of
background-suppressed (a) and normal (b) mode of operation. Measurements were
acquired using buffer solutions of pH 6.4 and pH 7.4 (First published in [1]).
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Figure 6. Alveolar space pH measured using the fibre-optic optrode in an ex
vivo ovine lung model. (a) Photograph of the ex vivo ovine lung perfusion and
ventilation set-up used for the experiment. al: Incubator a2: Physiology monitor
a3: Bronchoscopy screen a4: Ventilator and closed breathing circuit a5:
Ventilated ovine lung a6: Water bath and perfusate circuit a7: Roller pump. (b)
Arrangement of anatomically distinct pulmonary lobes and segments of the
ovine lung. The numbers represent the six subsegments interrogated using the
fibre-optic probe (c) Illustration showing the perfusion and ventilation circuits
used in the experiment. 1: Ventilator, 2: Breathing circuit, 3: Incubator and
humidifier, 4: Left atrial cannula, 5: Pulmonary artery cannula, 6: Roller pump,
7: Reservoir (d) p-MBA spectrum between 1300 cm™ and 1800 cm™, obtained
from the sequential interrogation of the six distal subsegments shown in (b). (e)
The alveolar pH measured using the fibre-optic optrode for the six subsegments
(y-axis). The x-axis represents the pH measured using the commercial pH
monitor at the incised locations for each subsegment. The numbers indicate the
order in which the instilled subsegments were interrogated using the fibre-optic
optrode. (f) Alveolar pH variation as a function of time in an ex vivo ovine lung
model with ceased ventilation (t = 0) measured using the fibre-optic optrode.
The variation of perfusate pH with time measured using a commercial pH probe
is also shown. (First published in [1]).

4. Experimental validation in an ex vivo lung model

We used an ex vivo perfused and ventilated ovine lung model to test and validate the probe’s
performance. The validation was performed using two distinct experiments as discussed in the sections
below.

4.1. Multi-site interrogation

Serial alveolar pH measurements were performed in a human-size lung model in distinct
bronchopulmonary segments. Six distal sub-segments in the lung were instilled with 10 mL of buffer
solutions within the pH range of 2.0 to 12.0. As the instilled solutions could access the perfused
vasculature and affect other sub-segments, the lung was not perfused for the duration of this experi ment.
Thus 6 independent pH measurements to be acquired without the risk of cross-contamination. After a
30-minute interval to allow for self-buffering, the sub-segments were sequentially interrogated using the
packaged fibre-optic probe and the spectra were recorded with an integration time of 60 s using 0.2 mW
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of 785 nm coherent excitation light. The probe was inserted through the working channel of a standard
flexible bronchoscope (Olympus) and navigated through the bronchial tree prior to performing a
transbronchial pass into the alveolar space of each sub-segment. The location of the probe at the distal
end was marked on the exterior of the lung and spectral measurements were performed in three
sequential repetitions. At the end of the experiment, three incisions were made within the vicinity (~ 5
mm) of each marked location and a commercial wide-bore tissue pH monitor (Mettler Toledo) was used
to measure the pH in the respective sub-segments. The optical measurements were objectively validated
at multiple closely-spaced incisions due to the large difference in bore diameter between the two probes,
which led to the inability to accurately determine the exact location in the alveoli where the fibre-optic
interrogation was performed through the respiratory tract. The alveolar pH evaluated from the spectral
AUC ratio were found to be in good agreement with the pH measured using the commercial probe. Each
sub-segment showed the expected disparity in measured pH from that of the pre-instilled fluid due to
self-buffering. In the case of 3 sub-segments (1, 2 and 4), the pH measured using the commercial probe
revealed notable variations (>0.8 pH unit) across a short spatial measurement range (<1 cm), which
caused an apparent lowering in correlation between the respective validation measurements. This can
be attributed to the fact that for these sub-segments, the tip of the wide-bore commercial probe could
not be precisely co-located with the miniature fibre-optic probe.

4.2. Temporal interrogation of a single site under ventilation arrest

Using the model, we further conducted an experiment to demonstrate the sensitivity of the fibre-optic
probe to temporal variations in the distal lung pH. The probe was positioned at the distal end of a single
sub-segment in the distal lung. The lung was not ventilated but perfusion was maintained throughout
the duration of the experiment. Over 60 minutes, samples of perfused blood were extracted at 10-minute
intervals and the pH measured with a commercial pH probe. SERS spectra from the alveolar space were
concomitantly acquired using the fibre-optic probe. The temporal variation in alveolar pH were found
to be consistent with that of the perfused blood, with both measurements showing the expected
correlated reduction in pH when ventilation was stopped.

5. Conclusion

The miniaturised fibre-optic pH sensing probe discussed here offers a platform technology that can
potentially be multiplexed with other SERS reporters. This will enable the concurrent iz vivo and in situ
monitoring of additional physiological parameters in the alveolar space such as oxygen tension and
glucose levels. The factor of ~100-fold improvement in signal to fibre background means that in such
measurement schemes, the measurement is no longer limited by the Raman contribution from the fibre
itself. Importantly, this technological advance will be significant in the case of SERS molecular reporters
with signal features at lower Raman shift, where the silica background is orders of magnitude larger.
We envisage that with ongoing improvements in SERS sensitivity and instrument performance, this
technology has the potential to complement existing endoscopic procedures and generate new
physiological markers of lung disease.
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