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ABSTRACT OF THE DISSERTATION

Continuous Sensing of Physiological Biomarkers using Implantable Optical Sensors
by
Dat Nguyen
Doctor of Philosophy in Biomedical Engineering
University of California, Irvine 2021

Professor Elliot Botvinick, Chair

Continuous measurements of physiological biomarkers enables patients to assess their
biomarkers levels in real — time and can help healthcare professionals determine if treatment is
improving patient outcome. To monitor many of these biomarkers, an invasive blood draw is
required. Unfortunately, frequent blood draws for frequent blood analyte measurements increases
the likelihood of anemia, blood infection, and nerve damage, which in many situations, may
worsen the patient’s condition. My thesis works alleviates the need to frequently sample blood to

continuously monitor physiological biomarkers by developing implantable optical sensors.

In collaboration with Dr. Gregory Weiss in the Department of Chemistry at UCI, | have
engineered an implantable Forster Resonance Energy Transfer (FRET)-based calcium (Ca?")
sensor that provides continuous, physiologically relevant Ca?* measurements. The FRET sensor
addresses the foreign body response by incorporating a molecular filter and takes advantage of
the conformational changes observed when calcium binds to Troponin-C (within FRET
complexes) to optically monitor calcium. My findings suggest that FRET-based sensing of target
analytes using an implantable optical fiber sensor is effective and, in conjunction with protein

engineering, is a new option for continuously monitoring physiologically relevant electrolytes.



For my second project, | spectroscopically monitor pH and lactate on an implantable flexible
sensor. Together, pH and lactate values and trends can help healthcare professionals discriminate
between metabolic and respiratory dysfunctions, helping to guide patient therapy. For pH
sensing, a dual excitation, single band fluorescence detection scheme is employed, while for
lactate sensing, an oxygen-sensitive phosphorescent scheme is employed. When implanted in a
rabbit, the pH and lactate multi-analyte sensor shows accurate pathophysiological trends with
respect to a handheld blood analyzer. The findings highlight the potential for implantable optical

sensors to accurately monitor various analytes.

Collectively, these efforts show the feasibility of implantable optical sensors to continuously
monitor physiological biomarkers. With libraries of new and selective luminescence dyes and
FRET probes engineered each year, there is potential for implantable optical sensors to be a

complete alternative to monitor blood analytes.



CHAPTER 1: INTRODUCTION AND BACKGROUND

1.1 Value of Continuous Biosensors

Continuous monitoring of biomarkers, such as calcium (Ca?*), pH, glucose, and sodium (Na*), is
critical when a patient is in a diseased state or in need of critical care. For example, glucose
should be continuously monitored during Type 1 Diabetes (T1D). An individual with T1D has
improper glucose regulation and therefore must regulate their carbohydrate intake and how they
exercise, as well as undergo insulin therapy to keep their glucose levels in a healthy range.* 3 If
improperly regulated, too high and low glucose levels (hyper- and hypoglycemia, respectively)
can lead to both micro- and macrovasculature problems as well as death.! Since the 1990°s,
Continuous Glucose Monitors (CGMs) have helped T1D improve their glucose control (Figure
1.1A).* Because CGMs can provide glucose measurements every 5 min, individuals with T1D
can see whether their glucose levels are approaching hyper and hypoglycemic values and the rate
of which their glucose levels are changing (Figure 1.1B).> Subsequently, T1D can dose insulin
or eat carbohydrates to normalize their glucose levels.* CGMs have enabled T1D patients to be

in the normal range > 70% of the time.*°
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Figure 1.1. Continuous Biosensors. (A) Since the 1990’s, Continuous Glucose Monitors
(CGMs) have helped individuals with T1D improve their glycemic control.® (B) Single
measurements of blood glucose (SMBG) may miss glucose levels out of the target range.
However, CGMs can alert the user of both high and low glucose values, providing the user
opportunities to intervene and administer treatment. (C) Vital monitors measure numerous
biomarkers, such as respiratory rate and temperature, that can help healthcare professions
identify and stratify metabolic or respiratory disturbances.” Graphics adapted from 167,

In clinics, vital monitors continuously measure patient heart rate, respiration rate, saturated
oxygen (Sp0Oy>), end tidal carbon dioxide CO2 (EtCO.), blood pressure, and temperature. (Figure
1.2C).2 Together, these biomarkers are essential to monitor during, for example, surgery as high
heart rates, high temperatures, and abnormal breathing patterns are signs of organ failure.%!
Individually, each biomarker can provide insight on the respiratory and metabolic state of the
patient. If a patient’s heart rate becomes tachycardic, this can be a sign of heart injury in which
case, a ventricular assist device or total artificial heart may be prepared to assist in the workload
of the heart.2 If SpO; values are less than 92% (target range 92-96%), this is often a sign of poor
oxygenation, usually requiring the patient to undergo mechanical ventilation to increase oxygen
intake. Subsequently, EtCO> details how much CO: is being exhaled, a measure of both the
metabolic activity of cells and respiratory status of the lungs.*® If EtCO- falls below 35 mmHg,
interventions associated with tachypnea or metabolic dysfunction should be executed.** For
critical care situations, invasive pressure monitoring is employed. This method requires a
cannula needle (connected to a pressure transducer) to be inserted into an artery. The pulsatile
flow extracted from the needle is digitized with a pressure transducer to yield a pressure
waveform descriptive of the diastolic and systolic pressure.'® Low blood pressure can be a sign
of heart failure or a low heart rate, both of which require immediate intervention.'? Collectively,
the ability of a vital monitor to continuous monitor key biomarkers can help direct healthcare

professionals towards a targeted mode of treatment.
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1.2 Blood Sampling and Analysis to Monitor Blood Biomarkers
1.2.1 Blood Sampling

To evaluate additional biomarkers, such as pH, lactate, Na*, an invasive blood draw is required.
These blood draws (either phlebotomies or arterial blood draws) may require anywhere from 1-
10 mL of blood.*®*” For phlebotomies (to monitor blood chemistries), first, a healthcare care
professional must identify a vein to collect the blood specimen (Figure 1.2A). Typically, the
median cubital vein (located at the ante cubital area) is chosen to draw blood as it is generally
more visible and contains a greater cross-sectional area than both the cephalic and basilic vein.®
The patient’s arm is then placed on a padding, and a tourniquet is applied approximately 4-5
fingers widths above the collection point.*® After, the location of the vein is disinfected with an
alcohol wipe. For blood extraction, either vacuum extraction systems (with a vacutainer) or
piston syringes are used.*® Vacuum extraction system are more commonly employed because (1)
they contain either a plastic/glass tube that protects the healthcare professional from blood spill,
(2) the blood draw is under vacuum, and (3) blood can be directly pooled into test tubes.®® If the
vacuum extraction system technique is employed, a needle is inserted into the chosen vein and
test tubes (with cap colors indicating which test to run) are cycled through the vacutainer to
aliquot blood into each test tube. If a piston syringe is employed, volume for all blood tests is
extracted at once and then aliquoted to the labeled test tubes. Once blood sampling is completed,
the tourniquet must be removed prior to needle withdrawal and the site of needle insertion is
immediately exposed to a cotton swab to prevent bleeding. These samples are then processed
with a blood analyzer machine with results available spanning from 30 min to hours.?° A similar

process is completed for arterial blood draws where blood samples are typically withdrawn from



the radial artery near the wrist, without a tourniquet, to quantify, for example, the amount of

oxygen and carbon dioxide in the blood (Figure 1.2B).%*

Figure 1.2. Phlebotomy and Arterial Blood Gas Sampling. A) To sample blood chemistries
(calcium, glucose, etc.), phlebotomists commonly use the median cubital vein located at the
antecubital fossa region to withdraw blood. B) The radial artery is used to extract blood for blood
gas sampling. Images adapted from 2%,

1.2.2 Blood Analyzers

Benchtop and handheld blood analyzers machines are the standard for quantifying blood
electrolyte, chemistry, and gas levels.?* Examples of such machines are the Abbott i-STAT,
Piccolo Xpress, and Yellow Spring Instruments (YSI) analyzers. The Abbott i-STAT (Figure
1.3A) blood analyzer accompanied with Abbot cartridges (such as CG4+, CG8+, and EG7+,
Figure 1.3B) permit testing of biomarkers such as lactate, pH, partial pressure of oxygen,
ionized Ca?*, and Na*. This handheld analyzer measures biomarkers through electrochemical
modes of operation including: (1) potentiometric, (2) amperometric, and (3) conductometric.?
Potentiometric sensing measures the different in potential between a working and reference
electrode using the Nernst equation.?> Amperometric sensing applies a potential (operation
voltage) to a working electrode and the resulting current produced from an oxidation and

26

reduction reaction (relative to a reference electrode) can be translated to analyte concentration<®.

Conductometric sensing is used for electrolyte sensing where an alternative current is applied
4



between a working and reference electrode. The resulting voltage difference is proportional to
the analyte measured.?® Similar to the Abbott i-STAT, the Piccolo Xpress chemistry analyzer
(Figure 1.3C) is accompanied with cartridges to measure a range of blood biomarkers. These
cartridges contain low hazard lyophilized chemical beads enclosed in a plastic rotor that react
with the analyte of interest.?® Changes in absorbance behavior at one or multiple wavelengths are
quantified to yield analyte concentration.?®?’The last blood analyzer previously mentioned is the
YSI 2300 STAT PLUS Glucose and Lactate Analyzer (Figure 1.3D) which employs enzymes
glucose and lactate oxidase (GLOX and LOX) to react and monitor with glucose and lactate,
respectively. 2 Both oxidases yield hydrogen peroxide as a byproduct. The production of
hydrogen peroxide is oxidized with a platinum wire to yield a current proportional to the analyze

concentration.

Figure 1.3. Blood Analyzers. Portable (A) Abbott i-STAT accompanied with a CG4+ cartridge
(B) can be used to measure blood gasses such as pH and SpO>. (C) Piccolo Xpress quantifies
absorbance changes to measure analytes levels.?® (D) The YSI 2300 STAT PLUS Glucose and
Lactagg énalyzer operates electrochemically to monitor glucose and lactate. Images adapted
from <72,

1.3 Drawbacks with Blood Sampling and Analyzers for Continuous Biomarker Sensing

1.3.1 Issues with Blood Sampling



For those requiring intensive care, frequent measurements of blood biomarkers necessitates
continuous blood sampling. However, there are many drawbacks with continuous blood
sampling (and their subsequent analysis) that must be considered and addressed prior to repeated
sampling. For example, as more blood is withdrawn, the likelihood of both anemia and blood
infections increase (Figure 1.4A,B).3334 In regards to anemia, in a retrospective study, every 100
mL of phlebotomy was associated with a reduction of 7.0 g/L and 19% in hemoglobin and
hematocrit, respectively.®* In intensive care situations, such as after cardiovascular surgery, the
reduction in red blood cells and hematocrit has increased the likelihood of morbidity.® In a
review of 19,617 radial artery cannulations, temporary occlusion (Figure 1.4C) of the artery was
observed in 19.70% of those cases.*® Studies show that arterial occlusions may lead to local
ischemia and stroke, with poorer clinical outcome associated with older aged patients.® Needle
insertion into the subcutaneous space also carries the risk of nerve damage (Figure 1.4D). The
most common nerve damage involves the lateral antebrachial cutaneous nerve which can lead to
complex regional pain syndrome.®” The incidence of nerve injury was found to be between 1 in
21,000 and 1 in 26,000.3 Although chronic ailments associated with venipuncture associated
nerve damage are scarce (1 in 1.5 million phlebotomies), 87% of these patients require treatment
by a pain management specialist.®® Furthermore, though incidences of hematomas are rare after
arterial blood draws and phlebotomy (<3%), ecchymaosis occur more often (15%) with a
noticeable diameter <20 mm occurring in 90% of cases.'%* Interestingly, hematomas were
exhibited at the site of phlebotomy in 12.3% of blood donors, an observed increased likely due to
prolonged blood draws at the venipuncture site (Figure 1.4E).*° A side effect of hematoma is the

compression of surrounding nerves that has been noted to occur in 24% of patients.



A) Red Blood Cell

Figure 1.4. Risks of Continued Blood Sampling. Drawbacks of blood sampling strategies
include (A) anemia, (B) blood infection, (C) blood clots, (D) nerve damage, (E) hematoma, and
(F) poor turnover time. Images created on Biorender.

Additionally, tourniquets, which should only be left on less than 1 min, can result in
hemoconcentration. As a result, analytes such as glucose, potassium, and cholesterol can have
falsely elevated readings.*! Lastly, in a large multicenter study, the average completion time of
phlebotomy took 6 min only 50% of the time, while in 10% of cases, spanned from 21 mins to an
hour.*® The length of blood extraction may hamper patient confidence and compliance that

diminishes the opportunity to provide the patient the best care.
1.3.2 Issues with Blood Analyzers

Blood analyzers also have risks that limit their efficacy during critical care and towards real-time
measurements. One of the obvious flaws of blood analyzers are their contribution to poor
turnover times (results provided > 30 min).?° A college of American Pathologists (CAP) Q-
Probes survey of emergency department turn over time showed low satisfaction to a laboratory’s

sensitivity to urgent testing (39% satisfaction) and towards meeting the physician need (48%



satisfaction).*? Treatments during these critical conditions were delayed more than 50% of the
time (43% of the time) and patient length of stay increased over half the time (61% of the time,
Figure 1.4F).*? Poor turnover time obviates immediate care, wasting precious time to provide a
patient the best care. In general, most blood analyzer require a low volume of sample, generally
< 100 pL.* However, loading samples are not a simple process.*# This is obvious when
loading samples into Abbott i-STAT cartridges as there is an arrow indicating to what level to
load the blood sample. If too little or too much blood is loaded, the i-STAT outputs an error
message requesting another cartridge to be loaded. In this situation, not only has there been time
lost to provide the patient critical information, but the cartridge has been wasted. Unfortunately,
another blood draw may be necessary because the blood sample may have not been stored
correctly. Lastly, if a single key biomarker is to be measured, the blood analyzer will run all tests
noted within the sample cartridge sample or as provided within the system. This not only wastes
resources but consumes time that would be better spent treating the patient. A clear example of
this is exhibited with the YSI 2300 STAT PLUS Glucose and Lactate Analyzer. For an
individual experiencing diabetic ketoacidosis, a rapid measurement of glucose can help a
clinician determine whether their insulin infusion reduced their patient’s glucose levels.
However, as the YSI 2300 STAT PLUS Glucose and Lactate Analyzer measures both lactate and
glucose, extra time and resources are utilized on measuring lactate, which in this situation, that is

not critical towards patient prognosis.

1.4 Luminescent Sensing Alternatives

1.4.1 Fluorescence and Phosphorescence

The Piccolo Xpress blood analyzer and many of the sensing modalities of vital monitors utilize

spectroscopy modalities, specifically absorption properties, to monitor analytes. Additional

8



spectroscopic techniques, namely fluorescence of phosphorescence, have gained traction towards
continuous sensing biomarkers. The mechanisms of fluorescence and phosphorescence are
closely related and are subsequently described (Figure 1.5). In general, in the ground state (So), a
molecule contains electron pairs that have opposite spin orientations (|,1).*¢ When the molecule
absorbs photons, the molecule is promoted to its excited state (S1).*® In the excited state, one of
the electron pairs jumps up one energy level. In fluorescence, the spin orientations are
unchanged. As energy dissipates, photons are emitted in a time span of nanoseconds (ns) to
microseconds (us) with lower energy, and thus at a longer wavelength (relative to the excitation
wavelength). In phosphorescence, after one of the electron pairs jumps one energy level,
instead of immediately dissipating energy, the electron undergoes a process known as
intersystem crossing.*® As a result of intersystem crossing, one of the electron pairs spin
orientation is flipped, causing both electron pairs to have identical spin orientations. This state is
called the Triplet State (T1).. In this state of phosphorescence, even less energy is dissipated (in
comparison to fluorescence), where the wavelengths emitted are even longer and the emission
process is slower, in the millisecond (ms) regime.*® Interestingly, oxygen naturally is present in
its triplet state.*’ Evidence suggest that this phenomenon allows oxygen to play a crucial role in
phosphorescence quenching where higher concentrations of oxygen lead to shorter
phosphorescence lifetimes and lower concentrations of oxygen lead to higher phosphorescence

lifetimes. 48
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Figure 1.5. Mechanism of Fluorescence and Phosphorescence. Compared to fluorescence,
phosphorescent molecules undergo intersystem crossing (ISC) causing an electron orbital to spin.
When energy is dissipated from a phosphorescent molecule, the light emitted is at a longer
wavelength and the emission occurs slower than fluorescence.*® Image adapted from “°.

1.4.2 Forster Resonance Energy Transfer (FRET)

An extension of fluorescence known as Forster Resonance Energy Transfer (FRET) has become
a powerful tool in biological research.>® FRET was first described by Theodore Forster in 1946
and is a collision-free, non-radiative energy transfer by which an excited state donor fluorophore

transfers energy to a ground state acceptor fluorophore.>*°! The result is an fluorescence

10



emission signal with properties of both the donor and acceptor fluorophore.*® There are three

criterion that must be met for FRET to occur (Figure 1.6).

Spectral overlap
No FRET FRET C)
Donor  Acceptor Donor  Acceptor Correct orientation
emission excitation emission excitation
Overl No FRET
vereR 405 nm
B) oi Q| [Venus|
Distance <10 nm | RSy
No FRET FRET
405 nm
405 nm r\ 405 nm FRET
Q g T | 3 P
) )
3 G I |\ & o |2
& & 3 o <3 »
>10 nm <10 nm

Figure 1.6. Dependencies of FRET. (A) The donor emission signal must overlap the acceptor
excitation ratio for the radiationless energy transfer to occur. (B) The donor and acceptor
fluorophores must be as least 10 nm of one another for FRET to occur. (C) Collinear dipoles lead
to optimal FRET while perpendicularly oriented dipoles lead to an absence of FRET. Image
adapted from °2,

The first criteria is that the donor fluorophore’s emission spectrum must overlap the acceptor
fluorophore’s excitation spectrum (Figure 1.6A). This overlapping region is called the spectral

overlap J(4) and is described by the following (eq 1.1):
JA) = [ Fp (Dea(D)A*dA eq 1.1

where A is the wavelength (in nm), and &,4(4) and Fj, (A1) are the molar absorption coefficient of
the acceptor and the normalized fluorescence emission of the donor at wavelength
A, respectively.>® The greater the overlap between the acceptor excitation and donor emission

spectrums, the greater the spectral overlap.
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The second criteria is that the donor fluorophore and acceptor fluorophore must be within close
proximity (< 10 nm) for the resonance energy transfer to occur (Figure 1.6B).>° The Foster
radius (R,) is an extension of this criteria and is the length by which 50% FRET efficiency is

achieved and is characterized by the following equation (eq 1.2):

R§
RS+16

Efrer = eql.2

where Ef.,., is the efficiency of FRET (percent of energy transfer from the donor to the acceptor
fluorophore), R, is the Foster radius, and r is actual distance between the donor and acceptor
fluorophore.®*°3-% Tabulated R, values for various FRET pairs, such as Cyan Fluorescent
Protein (CFP) and Yellow Fluorescent Protein (YFP), have been calculated with the following

equation (eq 1.3):
R, = 9.78 x 103[k*n=*QpJ (1)]Y8 (in A) eq 1.3

Where k? is the orientation factor between the acceptor and donor, n is the refractive index of the
medium, Qpis the quantum yield of the donor in the absence of the acceptor, and /(A1) is the
degree of spectral overlap between the donor emission spectrum and acceptor absorbance
spectra.>*>%° The FRET efficiency drastically diminishes by the sixth power from the distance

between the donor and acceptor fluorophores, labelling FRET as a “spectroscopic ruler”.

The last criterion is that the fluorophores dipoles must be oriented within a specific orientation
for maximal dipole — dipole coupling (Figure 1.6C). This orientation factor (k?2) is described as

follows (eq 1.4):

k? = cos(6r — 3cos6,cos60,)? eq 1.4
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Where 65 is the angle between the donor and acceptor fluorophore dipole and 6, and 6, are the
angles of the donor and acceptor fluorophores dipoles, respectively.>®>35>% |f the dipoles of the
FRET pair are oriented in a perpendicular fashion, the FRET efficiency is 0%. However, if the
dipoles are in a colinear plane, k? = 4 and the FRET efficiency is optimal. * Advances in FRET
probes and fluorescent labelling techniques have diversified the application of FRET into
proteomics, signal transduction, and biosensors (genetically encoded Ca? indicators (GECI)), and

is therefore hypothesized to be a vehicle for additional analyte sensing.>’-?
1.5 Physiologically Relevant Biomarkers

Detailed below is a list of biomarkers (calcium, pH, and lactate) that are tightly regulated during
homeostasis. Unfortunately, during either metabolic or physiological disturbances, the
concentrations of these biomarkers may dramatically deviate, thus, necessitating sensors to

continuously measure these analytes.
1.5.1 Calcium

Physiologically, total serum Ca?* (2.1 — 2.6 mM) is made up of two subpopulations, those that
are bound or unbound to protein (called ionized Ca?*).%® lonized Ca?* makes up approximately
50% of the Ca?* load and is the form of Ca?* that regulates nerve activation, cardiac function, the
immune response, and bone structure.54° lonized Ca?* is regulated by parathyroid hormone,
vitamin D, and calcitonin.®® If an individual is exhibiting hypocalcemia (ionized Ca?* < 1.1
mM), parathyroid hormone (PTH) is secreted from chief cells located within the parathyroid
glands (located in the thyroid).®5-¢® PTH activate multinucleated osteoclasts which break down
bone tissue, which store up 99% of the Ca?* reserve.®® Parathyroid hormone also increases Ca?*

absorption in the intestines, and reabsorption in the kidneys.”® Exogenous (from supplement and
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food) and endogenous Vitamin D hydroxylated in the liver yields it active form, 1,25-
Dihydroxyvitamin D3, which accommodates parathyroid hormone to further the increase in
absorption a of Ca?* in the intestines and kidney (Figure 1.7A).”* These mechanisms increase
ionized blood Ca?* levels. Meanwhile, calcitonin, secreted by C-cells located the thyroid glands,
counterbalances PTH by inhibiting osteoclast activity and decreasing Ca?* reabsorption.®®2 As a

result, calcitonin prevents instances of hypercalcemia.

In conditions such as breast and lung cancer as well as myeloma, cells secrete parathyroid-
hormone- related-peptide which mimics the function of parathyroid hormone.”™ " This release is
highly unregulated; therefore, activated osteoclasts break down copious amounts of bones tissue,
dramatically increasing the ionized blood Ca?* levels. Hypercalcemia is observed within 30% of
patients exhibiting malignant cancer and has a 30 day morbidity rate of 50%.%? To rectify
hypercalcemia, bisphosphonates supplements are administered, which similar to calcitonin,
mitigate the activity of osteoclasts.”® Unfortunately, high levels of bisphosphonates may lead to
severe musculoskeletal pain and esophageal cancer.” Meanwhile, hypocalcemia is also a serious
issue during blood transfusions during liver transplants.”® Upon blood transfusion, citrate that is
not properly filtered can chelate Ca?*, reducing ionized Ca?* levels.”® The lack of calcium

causes arrhythmias and nerve impairment.®366

14



A)

Calcitonin

C-cells of parathyroid
increase calcitonin secretion

Thyroid Gland

=,

Parathyroid Glands

Parathyroid glands increase
PTH secretion

PTH

*Calcitrol = 1, 25.dihydroxycholecalciferol

> Kidney

= Small Intenstine

» Bone

Dermal & Fecal

Kidney

Small Intenstine

Bone

Dermal & Fecal

[ Lowers blood [Ca2+]

B)
4 Ca? reabsorption
via TRP & L-Type channels
1 Phosphorous excretion CH,0H
L Ca? absorption H A H

1 Bone resorption

T Ca* excretion

(ADP) 2

Circulation B
©

v

oty >

LATP [T}

Raises blood [Ca2+]

1+ ca* ut;xb,sor-pum.n oo
1 Formation of calcitrol*

1T Ca* absorption

1 Bone resorption 2 |
(osteoclast activity)

4 Ca? excretion

l+z@z j

Regeneration CIOO'
H—C—OH
lactate
dehydrogenase CHs
2 Lactate
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1.5.2 pH and Lactate

Of the many mechanisms that buffer blood pH, the bicarbonate buffering system may be the

most important. In the bicarbonate buffering system, carbon dioxide (CO.), a gaseous acid and

byproduct of cellular respiration, reacts with water in the blood stream to yield carbonic acid

(H2C03).”*#% H,CO3 (a weak acid) reversibly dissociates into bicarbonate (HCOs™) and

hydronium ion (H*). Both bicarbonate and hydronium can neutralize blood pH by binding to

excess cations and anions, respectively.

79,80

The lungs are one of the two primary organs that can modulate blood pH in the blood

bicarbonate system.”® By increasing (hyperventilation) or decreasing (hypoventilation)

respiration rate, the lungs can modulate CO, metabolism which in turn, can change pH.”

Hypoventilation builds up CO., causing a reduction in blood pH, while hyperventilation exhales
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COo, increasing blood pH. The lungs address pH imbalances by peripheral and central
chemoreceptors activation, receptors located on carotid/aortic bodies and the medullary
oblongata, respectively.”®®! In general, the chemoreceptors sense the acidotic/alkalotic pH levels
and send nerve impulses to the external intercoastal muscles and diaphragm, resulting in either

an increase or decrease in ventilation.8?

The kidneys are the second primary organs that can buffer blood pH in the bicarbonate buffering
system. The kidneys can buffer pH by modulating HCO3™ reabsorption or producing new HCOz
. Although the kidney’s buffering mechanism is slower than the lungs (days), its buffering
capability is much stronger, providing greater changes in pH. 80% of bicarbonate reabsorption
occurs in the proximal tubule (PT).”® In the lumen of the PT, H* and HCOs react to slowly
generate CO and water. CO> and water are then able to freely pass into the proximal tubule cell,
reacting with carbonic anhydrate to yield H.COs and subsequently, HCOs and H*.”® H* gets
shuttled to the proximal tube lumen via H*-ATPase which, cyclically, reacts with HCO3 to yield
CO- and water. The HCOz™ in the proximal tubule cell is passed into the blood stream via a
sodium HCOj3™ cotransport, typically either NBCel-A, or SLC4A4, for reabsoprtion.” To
additionally modulate HCO3" in the blood, glutamine metabolism can be altered. Glutamine is
metabolized by the kidney to create 2 copies of both HCO3™ and ammonium (NH4").8 Generally,
NH4* is secreted into the urine while HCOs' is shuttled to the blood. However, NH4* can be
metabolized in the liver to yield urea and 2H*. The H* may react with HCOs" in the blood,

negating new HCOj3™ generation.®

Lactate (interchangeably defined as lactic acid) is a common biomarker of anaerobic glycolysis
and is predominately produced by skeletal muscle and red blood cells.8*8 In anaerobic

glycolysis, lactate is converted from pyruvate via lactate dehydrogenase, (Figure 1.7B) with
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baseline lactate values < 2 mM.887 |_actate values can increase during strenuous exercise, and
during instances of mitochondria failure and hypoxemia, can reach up to 15 mM.® Typically
metabolized by the liver (Cori Cycle) and kidneys, conditions such as sepsis, hypovolemia, and
cardiac shock (due to hypoperfusion and trauma) can yield dangerous amounts of lactate, that if
left untreated, can be deadly.® One reason for this is that lactate is a strong acid, with a pKa of
3.9.%° The production of lactate can therefore coincide with a reduction blood pH that can

detrimentally alter organ, protein, and cell function.®-:%
1.6 Overview of the Dissertation

To help clinicians continuously monitor biomarkers without the need of frequent blood draws,
my thesis work develops continuous implantable optical biosensors. Specifically, sensors are
fabricated to continuously monitor calcium, pH, and lactate. Calcium is critical to monitor during
hypercalcemia, exhibited with malignant cancers, while simultaneously monitoring pH and
lactate can help guide therapy during conditions such as sepsis. Chapter 2 focuses on creating a
FRET-based Ca?* sensor that contains a semi-permeable membrane designed to mitigate the
foreign body response upon device implantation. A FRET molecule was genetically modified to
selectively bind to Ca2*, and here, was further engineered to integrate photostable dyes to
alleviate concerns of photobleaching. Chapter 3 describes the fabrication and results of a multi-
analyte sensor which uses both fluorescence and phosphorescence luminescent properties to
measure pH and lactate, respectively. A filter-coated photodetector is manually assembled to
collect pH-sensitive emission signals in the visible region of light. By serially exciting LEDs
encapsulated with pH and lactate sensitive chemistries, pH and lactate sensing can be completed
on a single sensor, in parallel, without signal crosstalk.
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2.1 Abstract

Molecular sensors from protein engineering offer new methods to sensitively bind to and detect
target analytes for a wide range of applications. For example, these sensors can be integrated into
probes for implantation, and then yield new and valuable physiological information. Here, a new
Forster Resonance Energy Transfer (FRET)-based sensor is integrated with an optical fiber to
yield a device measuring free Ca®*. This membrane-encapsulated optical fiber (MEOF) device is
composed of a sensor-matrix that fills polytetrafluoroethylene (PTFE) with an engineered
Troponin C (TnC) protein fused to a pair of FRET fluorophores. The FRET efficiency is
modulated upon Ca?* ion binding. The probe further comprises a second, size-excluding filter-
membrane that is synthesized by filling the pores of an PTFE matrix with a polyethylene glycol
dimethacrylate (PEGDMA) hydrogel; this design ensures protection from circulating proteases
and the foreign body response. The two membranes are stacked and placed on a thin, silica
optical fiber for optical excitation and detection. Results show the biosensor responds to changes
in Ca®* concentration within minutes with a sensitivity ranging from 0.01 to 10 mM Ca?*,
allowing discrimination of hyper and hypocalcemia. Furthermore, the system reversibly binds
Ca?* to allow continuous monitoring. This work paves the way for the use of engineered

structure-switching proteins for continuous optical monitoring in a large number of applications.

2.2 Introduction

The development of continuous biomedical sensors provides clinicians and researchers real-time
data on clinically relevant and new physiological signals.! Currently, the catalog of continuous
sensors is vastly outweighed by the number of clinically relevant analytes, which are largely
analyzed with point-of-care (POC) devices or at clinical laboratories. For example, ionized
calcium (Ca?*), an essential mineral for muscle contraction, bone development, nerve impulses,

blood clotting, and regulating heart beat propagation, is assayed by a calcium blood test; this test
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requires a healthcare professional to draw blood from a patient’s median cubital vein and send it
to a clinical laboratory for a complete metabolic panel analysis.?® The time between depositing a
sample and receiving results may be several hours, or approximately one hour in emergency
cases. To eliminate the latency caused by hospital lab delay, POC devices such as Abbott I-
STAT can perform on-site assays, including Ca?*, providing results within a few minutes.
However, the frequency of assay is still dependent upon typically infrequent, professional blood
draws. Though laboratory assays of Ca?* are precise and accurate, the measurements are
intermittent as compared to physiological Ca?* dynamics. For example, in clinical cases, such as
rapid blood transfusion during liver transplantations, Ca* concentrations can exhibit rapid
transients at very low concentrations (e.g., drops by 0.1 mM Ca?* in 5 min), underlying the need
for a continuous Ca?* sensor.??

Advances in protein engineering have yielded new classes of binding macromolecules that
display exquisite ligand binding specificity and yield quantifiable signals upon such ligand or
target binding.*° For example, Maeshime, et al. developed a Forster Resonance Energy Transfer
(FRET)-based molecular Mg?* sensor to monitor Mg?* dynamics during the cell cycle. This
sensor comprises the structure-switching Escherichia coli (E. coli) Mg?* transporter CorA
(CorA-CD) positioned between the fluorescent proteins (FPs) enhanced cyan fluorescent protein
(eCFP) and Venus (a variant of yellow fluorescent protein, YFP).® Furthermore, a genetically
encoded calcium indicator, termed Cameleon, has been reported; this sensor joins structure-
switching calmodulin (CaM) and CaM-binding peptides of Myosin Light-Chain Kinase
positioned between eCFP and eYFP to monitor intracellular calcium.” These FRET sensors

demonstrate the specificity and sensitivity of genetically encoded protein biosensors.
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Here, the calcium FRET sensor Twitch-2B is considered for use in a continuous Ca?* monitor.
Twitch-2B was developed by Thestrup et al. for intracellular monitoring of Ca?* transients
during T-lymphocyte activation and action potential propagation in mouse cortical neurons.®
Twitch-2B is derived from toadfish Opsanus tau Troponin C (TnC), a muscular actin-associated
protein that undergoes structure-switching upon Ca?* binding. Twitch-2B comprises a modified
TnC (equilibrium dissociation constant for Ca?*, Kp = 200 nM) space with linkers, each fused at
their free ends to the FPs mCerulean3 (cyan FP variant) and cpVenus™ (yellow FP variant), at
the N- and C-termini, respectively.® Twitch-2B was determined to be a candidate sensing
molecule for a continuous physiological Ca?* probe because of its reversible binding kinetics,

stability in vivo, and sensitivity to varying Ca?*concentrations.

A number of calcium sensing modalities have been developed to monitor calcium. Asif et al.
developed an electro-chemical sensor to Ca?* comprising functionalized biocompatible ZnO
nanorods. In vitro testing shows a log-linear relationship between sensor voltage and Ca?
ranging from 100 nM to 10 mM.° Shortreed et al. functionalized the distal end of an optical
fiber with the calcium sensitive dye Calcium Green and reported a unique emission spectrum for

Ca?* concentrations ranging from 37.6 nM to 39.8 uM.**

These reported strategies lack a method to prevent interactions with physiological
macromolecules, including antibodies, proteases, and other soluble proteins, upon device
implantation. Proteins from the foreign body response (FBR) can foul the surface and adversely
affect sensing for in vivo applications.'? In consideration of an implantable Ca?* sensor , a new
type of Ca?* sensor is presented that combines a FRET-based sensing molecule with a new

membrane to provide the requisite protection for in vivo applications.
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An optical fiber device was developed and referred to here as the membrane-encapsulated optical
fiber (MEOF, Figure 2.1). MEOF first comprises a hydrophilic polytetrafluoroethylene (PTFE)
sheet impregnated with a solution of a protein FRET sensor and placed in contact with the end of
an optical fiber. MEOF also includes an outer membrane composed of a size-selective
polyethylene glycol dimethacrylate (PEGDMA) 2000 hydrogel interpenetrating a second PTFE
sheet. Results are presented for Ca?*-sensing MEOF wherein the FRET sensor is a new photo-
resilient variant of Twitch-2B, SNAP-Twitch-2B-CLIP (STC), which replaces the readily
photobleached FPs with photostable Alexa Fluor 488 and Alex Fluor 546 as the donor and
acceptor fluorophore, respectively.'® This Ca?* probe shows a reversible response curve for
concentrations ranging between 0.01 mM to 10 mM, and is photostable over prolonged
excitation scans, a necessary capability for future implantation. The probe also operates in real-

time, which is critical for a continuous Ca2* biosensor.
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Figure 2.1. Schematic of the FRET calcium ion probe. (A) Excitation light results in a FRET

signal analyzed by a spectrometer. (B) A size-excluding filter-membrane and sensor-matrix
encapsulate the optical fiber. (C) The FRET signal is modulated by calcium ion concentration.

2.3 Experimental Section

2.3.1 Filter-Membrane Fabrication
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Monomeric PEGDMA 2000 precursor (Sigma Aldrich) and Milli-Q water were mixed with a
flea-sized micro stirring bar (Grainger) in a 30%/70% (w/w) ratio in a dark room until a
homogenous solution was obtained. Photoinitiator 2-Hydroxy-4'-(2-hydroxyethoxy)-2-
methylpropiophenone (Irgacure 2959, Sigma Aldrich) was then mixed at 1% (w/w) and
illuminated by a UV (365 nm), 8 W VWR Dual UV Transilluminator for 10 min to form a
hydrogel. Subsequently, filter-membranes were fabricated by polymerizing the hydrogel
precursor solution while in PTFE (FHLC01300, 80% porosity, 0.45 pm pore size, 145 um thick,

Sigma Aldrich).

2.3.2 Permeability Testing
Permeability of hydrogels was tested using 3 mm diameter disks of PEGDMA 2000. The

hydrogels were first allowed to swell overnight in Phosphate Buffered Saline Solution (PBS, pH
7.4, Thermo Fischer Scientific). Swelling reaches a steady state in 5 h (Supporting Information,
Figure S2.1). The swollen hydrogels were then placed in a custom-made rubber chamber (frame
size: 20 mm x 20 mm, mat opening: 15 mm x 15 mm, height: 1 mm McMaster-Carr), and
incubated in PBS solutions containing Alexa Fluor 488 - labeled insulin (5.8 kDa, Supporting
Information) or Precision Plus Protein Kaleidoscope Prestained Protein Standards (Bio-Rad; 10
kDa to 250 kDa) for 30 min.!® Confocal microscopy was performed using either a Leica Sp8 or
Zeiss LSM700 inverted microscope using 488 and 633 nm laser lines and a 10x or 20x objective
lens. Emission was collected from 520 to 700 nm and 650 to 700 nm under 488 and 633 nm laser

line excitation, respectively. Images were acquired every 30 s.

The permeability of the filter-membranes was tested by first creating 1 mm PTFE disks with a 1
mm biopsy punch (World Precision Instruments). The disks were then glued (Loctite 4981,
Henkel) to the face of MRE-025 microrenathane tubing (ID: 0.30 mm, OD: 0.63 mm, Braintree
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Scientific) and the hydrogel precursor solution was polymerized within the pores of the PTFE. A
bare optical fiber (FG200LEA, 0.22 NA, 200 um core, 220 um cladding, Thor Labs) was guided
down the tubing and placed in contact with the membrane. Loctite 4981 glue was used to seal the
backend of the silica optical fiber to the microrenathane tubing. The distal end of each optical
fiber terminated in an SMA thread and was coupled to a custom benchtop spectrometer apparatus
(Figure S2.2). A set of membrane-fiber units were fabricated for each test solution described
below. After incubation in PBS, the tip of each optical fiber construct was immersed in a
solution containing fluorescein (FITC, 389.4 Da, Sigma Aldrich), green fluorescent protein
(GFP, 26.9 kDa), Alexa Fluor 488 - labeled insulin (5.8 kDa) or fluorescein isothiocyanate-

dextran (3-5 kDa or 150 kDa, Sigma Aldrich).}4°
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Figure 2.2. Fabrication of the membrane-encapsulated optical fiber (MEOF). (A)
Microrenathane tubing is cut, and Loctite 4981glue is applied by a small needle to its tip. The
tubing is placed onto a sheet of PTFE cut by biopsy punch (B) to produce a capped tube (C).
PEGDMA 2000 hydrogel precursor solution is allowed to impregnate the PTFE sheet (D) such
that after polymerization, a hybrid PEGDMA2000/PTFE membrane is produced. An optical fiber
guides an PTFE sheet, wetted with FRET protein solution (shown in pink), to the end of the
tubbing (E) and then sealed on the back end with Loctite 2981 glue (F).

2.3.3 Fabrication of the Membrane-Encapsulated Optical Fiber (MEOF)

MEOF probes were fabricated as illustrated in Figure 2.2. Microrenathane tubing was cut into 5

mm segments (Figure 2.2A), and the glue was then applied to the bottom annulus of the tubing
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(Figure 2A) to adhere the tubing to a PTFE sheet (Figure 2.2B). A 1 mm biopsy punch was
slipped over the tubing to cut the PTFE sheet into a circle of 1 mm diameter. (Figure 2.2C).
Next, the hydrogel precursor solution was pipetted on a glass slide and the PTFE-capped tubing
was pressed into the solution. The hydrogel precursor solution permeates throughout the PTFE
due to their compatible hydrophilicity and was polymerized with a 365 nm 8 W VWR Dual UV
Transilluminator for 10 min, producing a membrane-capped tube (Figure 2.2D). A second
hydrophilic PTFE sheet was wetted with 2 L of FRET sensor solution (4 mg/mL) by first
pipetting the FRET protein solution onto the PTFE material and then compressing this sheet
between two microscope slides to form the sensor-matrix. In parallel, a silica optical fiber was
incubated overnight in a 2% bovine serum albumin (BSA, Chromatopur) /water solution to block
the optical fiber’s surface and prevent surface-induced aggregation of the FRET sensor. Next, the
sensor-matrix was placed onto the tip of the BSA-coated optical fiber (Figure 2.2E) and the
assembly was pushed through the tubing until it contacted the filter-membrane (Figure 2.2F).
Glue was used to seal the backend of the silica optical fiber to the microrenathane tubing, and the
resulting MEOF was incubated in protein buffer media at 4°C for at least 5 h. The assembly
quality was assessed by MEOFs encapsulating GFP to monitor for leakage. These MEOFs were
incubated in 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) buffer for 5 h (Figure
S2.3), and the solution was tested for leaking GFP using a fluorescent plate reader (Spark,
TECAN). No signal intensity was observed, confirming encapsulation of the protein within the

sensor-matrix.

2.3.4 FRET Calcium Sensing

Each spectral measurement was acquired in triplicate with exposure times of 100 ms for the

Twitch-2B sensor or 2 s for the STC sensor. Back-ground (dark signal)-subtracted spectra were
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processed in MATLAB. Custom MATLAB code was used to process the digitized signals and
calculate the FRET ratiometric signal, which here is defined as the peak acceptor intensity signal
divided by the peak donor intensity signal (lacceptor/ldonor), & metric commonly used to quantify

FRET efficiency.®

Calcium solutions (CaCl>*2H20, Sigma Aldrich) at the indicated concentration were placed in
microcentrifuge tubes capped with parafilm to prevent evaporation. MEOF probes were tested by
dipping the devices into these calcium solutions. GraphPad Prism was used for to fit data points

onto nonlinear regression models and for statistical analysis.

2.4 Results and Discussion

2.4.1 Characterization of the Filter-Membrane

A well-known event, the FBR activates upon device implantation.'? Of particular importance to
the MEOF Ca?* probe, the FBR recruits immune cells that secrete proteases, which could cleave
the Twitch-2B and render the device inoperable. Thus, the device must exclude protease access

to the molecular sensor.

Here, PEG hydrogels are formulated to size-exclude proteases secreted by immune cells. Such
proteases are considerably smaller than immunoglobulins (~150 kDa), and much larger than
calcium ions.!” The smallest of these known proteases is Chymase, which has a MW of
approximately 30 kDa.!® PEG-derived hydrogels were selected for protein exclusion due to the
tunability of their mesh size, swelling, and tensile strength.'®?° Additionally, PEG is considered
to be generally nonfouling and biocompatible.?* Screening of various PEG formulations and
derivates lead to the selection of PEGDMA 2000 hydrogels, formulated as described in the
Experimental Section, and were shown to exclude proteins as small as 10 kDa, but permit

transport of insulin (5.8 kDa). Fluorescence signals from the fluorescently labeled insulin at the
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hydrogel/fluid interface show very rapid kinetics (Figure 2.3A,2.3C); in comparison, the 10 kDa
and larger proteins show no penetration of the hydrogel as measured by fluorescence (Figure

2.3B, 2.3C).
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Figure 2.3. Examining the permeability of the PEGDMA 2000 hydrogel. (A) Confocal
micrographs of the PEGDMA 2000 hydrogel surrounded by Alexa Fluor 488-labeled insulin
(20X image) or (B) a protein ladder (Bio-Rad Protein Kaleidoscope; 10X image) were captured
att = 0. (C) Intensity profiles highlight permeabilization by proteins into the indicated regions of
interests (ROIs) over time with normalization for fluorescence in ROI 1. ImageJ software was
used to analyze ROI intensity.

The PEGDMA 2000 hydrogels are very soft when hydrated, however and too fragile to place on
the tip of a probe for implantation. Thus, a protective PTFE layer was devised. The hydrogel
precursor solution was polymerized within the non-solid phase of commercially available
hydrophilic PTFE sheets. Scanning electron microscopy (FEI Magellan 400 XHR, Electron
Microscopy Solutions) after iridium sputter coating (10nm, EMS 150T, Electron Microscopy
Solutions) reveal the natural porosity of PTFE sheets (Figure 2.4A) and their impregnation by
the PEGDMA 2000 hydrogel (Figure 2.4B).This composite, termed the filter-membrane,
combines the size-exclusion properties of the PEGDMA 2000 hydrogel with the durability of

PTFE sheets, and offers a robust composite material for the tip of the Ca?* sensing device.
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(B)

Figure 2.4. SEM images of PTFE and the filter-membrane. Scale Bar = 10 um. A) The PTFE
sheets contain 0.45 um pores that are infiltrated with PEGDMA 2000 hydrogels (B) after UV
polymerization.

Filter-membranes were tested to ensure they retain the size selectivity of the hydrogel alone. For
each test, a filter-membrane was coupled to the end of an optical fiber as described in the
Experimental Section. Figure 2.5A reports that FITC, 3-5 kDa fluorescein isothiocyanate-
dextran and Alexa Fluor 488-labeled insulin can diffuse through the filter-membrane, while
large macromolecules GFP and 150 kDa fluorescein isothiocyanate-dextran cannot. Figures
S2.4A and S2.4B display the time-dependent emission spectra of Alexa Fluor 488 — labeled

insulin and GFP. These results show the filter-membrane retains the size-exclusion properties of

the hydrogel.
(A)
Fluorescein Dextran Insulin GFP Dextran
Molecular
Weight (kDa) 0.38 3-5 58 26.9 150
Membrane Yes Yes Yes No No

Permeable?

Figure 2.5. Properties of the filter-membrane. (A) Tabulated permeability results indicate the
observed penetration by fluorescently labeled analytes.

2.4.2 Twitch-2B Ca?* Probe
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Calcium sensing membrane-encapsulated optical fiber (MEOF) biosensors were fabricated as
detailed in the Experimental Section, where the FRET molecular sensor was Twitch-2B.
Important to the FRET sensor, the sensor-matrix allows Twitch-2B to remain in solution,
preserving Twitch-2B structure-switching upon Ca?* binding and unbinding. The resulting
MEOF probe has the following key properties. 1) enabling the passage of small target analytes
(e.g., ions and small peptides) yet exclusion of larger proteins (such as serine proteases), 2)
allowing FRET sensors to undergo conformational changes upon binding and releasing target
analytes, and 3) guiding excitation light to the sensor-matrix and fluorescently emitted light to

the spectrometer.

2.4.3 In Vitro Testing of MEOF Ca?* Probes
To determine the efficacy of the Twitch-2B MEOF Ca?* probe, probes were incubated in test

buffer (25 mM 3-(N-morpholino) propanesulfonic acid (MOPS), 100 mM KCI, pH 7.6)
supplemented with increasing concentrations of Ca?*. For each measurement, 0.7 uW of 405 nm
laser light was used to excite the protein sensor for 100 ms. Results show the FRET ratio (lacceptor
/ laonor) being sensitive to increasing Ca?* concentration from 0 to 14 mM, above which the
sensor response saturates (Figure 2.6A). Importantly, the MEOF sensor responds in the
physiological concentration range of Ca?*; normal non-protein bound Ca* concentration in
human blood plasma ranges from 1.1 to 1.3 mM with pathological values ranging from 0.33 mM
(hypocalcemia) to 2.5 mM (hypercalcemia).!1??23 The probe-response curve was fit to a Hill
equation, which determined the Kp and Hill constant to be 2.3 mM and 0.78, respectively (R?
(Coefficient of Determination) = 0.99, Sy.x (Standard Error of the Estimate) = 0.07) consistent
with binding affinity in a useful range. These results demonstrate that the intracellular FRET

sensor Twitch-2B can be adapted to function in a hand-held optical device.
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Figure 2.6. Efficacy of Twitch2B to sense calcium ions. (A) The dose-dependent response of the
MEOF and its data fit to a Hill equation demonstrates the MEOF’s usefulness for sensing
physiological concentrations of Ca?* (green). lacceptor/ ldonor is the emission ratio after subtracting
the spectra for calcium ion-free MOPS buffer. (B) Photobleaching of mCerulean3 and cpVenus®™
in calcium-free MOPS buffer is significant and renders Twitch2B inappropriate for a MEOF
calcium ion monitor; the inset depicts the emission spectra normalized by mCerulean3 peak
intensity.

However, the Twitch-2B accepter fluorophore, cpVenus®™ (a YFP derivative) is susceptible to
photobleaching, particularly as compared to the donor fluorophore mCerulean3 (a CFP
derivative).?* The photostability of the Twitch-2B MEOF device was therefore investigated by
repeated exposure to 405 nm while in calcium-free test buffer. The FRET ratio was measured
after each exposure and showed significant photobleaching over time (Figure 2.6B), following
an exponential decay in FRET ratio (R? = 0.99, Sy.x = 0.04), as expected for exponential
photobleaching.?>?® Further, it has been shown that the CFP-YFP FRET pair may suffer from
phototoxicity when excited with violet wavelengths, resulting in inactivation of the FRET pair.?
To account for possible effects specific to the MEOF, photobleaching experiments were
conducted using solutions of Twitch-2B. Twitch-2B solutions were exposed to 45 mW, 405 nm
laser light for three min; a non-illuminated solution served as a negative control. Solutions were
analyzed with the spectroscopic fluorescent plate reader under three conditions: donor excitation

in test buffer, acceptor excitation in test buffer, and donor excitation in test buffer supplemented
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with CaCl». Spectroscopic data (Figure S2.5) confirm photobleaching and consequential loss of
sensitivity to Ca?*.

2.4.4 The Development of a Photostable Twitch-2B FRET Construct

To overcome cpVenus®™ photobleaching during MEOF measurements, photostable fluorescent
molecules were sought to replace the mCerulean3-cpVenus® FRET pair. Small molecule Alexa
Fluor dyes are highly suitable candidates for the MEOF FRET sensor as they provide greater
photostability and brightness compared to genetically encoded fluorescent proteins and other
fluorescent dyes like Cy3 and fluorescein.?’?8 To conjugate Alexa Fluor dyes, genetically-
encoded SNAP- and CLIP-tags were integrated into Twitch-2B. SNAP and CLIP-tags, both
derived from the human O°8-alkylguanine transferase; catalyze the covalent attachment of an Q°-
benzylguanine (0°-BG) and O%-benzylcytosine (0O%-BC), respectively.®
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Figure 2.7. STC Ca?* response in a fluorescence plate reader normalized by Alexa Fluor 488
peak intensity. The FRET ratio response is sensitive to increasing concentrations of Ca?*.

The Twitch-2B sensor was reengineered with SNAP and CLIP tags flanking its N- and C
termini, resulting in, SNAP-Twitch-2B-CLIP, termed STC. The plasmid encoding STC and
plasmid map are shown in Figure S2.6 and S2.7. The new construct was expressed at high yields

and purified using affinity and size exclusion chromatography (Figure S2.8A). Commercially
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available O®-BG Alexa Fluor 488 and O8-BC-Alexa Fluor 546-BC (New England Biolabs) were
covalently attached onto the SNAP and CLIP tags of STC (Figure S8B, S8C), and the FRET
construct retained its dose-dependent response to Ca?* in a 96-well fluorescent plate assays
(Figure 2.7). The STC construct was, henceforth, used in further investigations of the MEOF
probes.

2.4.5 Characterization of MEOF Probes with the STC Construct

Here, probe photostability was assessed using a 450 nm laser light to excite the donor
fluorophore Alexa Fluor 488. Each MEOF was incubated in Reference Buffer (RB, 50 mM
HEPES, 50 mM NaCl, 10% glycerol, 10 mM B-mercaptoethanol (BME), pH 7.6) and exposed to
0.71 mW laser for 2 s per reading. Laser light energy per measurement is 20E3 times greater for
STC as compared to Twitch-2B. No significant FRET ratio change was observed during the
experiment (Figure 2.8A, Relative Standard Deviation, RSD = 0.57%). Thus, integration of the
new donor and acceptor fluorophores provide sufficient photostability for continuous Ca?*

monitoring.

The sensor rise time was assessed by first incubating MEOF probes in RB and then in RB
supplemented with 1.25 mM CaCl». The FRET ratio was recorded every 3 min for 30 min after
media exchange. The data follow an exponential plateau function (R? = 0.98, Sy.x = 0.004) with
a rise time of approximately 6 min, without detectable photobleaching within the plateau (RSD =
0.47%) (Figure 2.8B). The 6 min rise time is similar to that of commercial analytical devices, for
example, continuous glucose monitors, known to be effective in guiding treatment of conditions

having rapid and slow transients such as seen in type 1 diabetes.®

Next, MEOF probes were incubated in RB solutions having Ca?* concentration ranging from 0 to

20 mM. The data shows sensitivity to Ca®* across the measured range (0.01 mM to 10 mM), and
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a functional form consistent with the Hill equation (Figure 8C; R? = 0.99, Sy.x = 0.01) having a
Hill constant and Kp values of 0.4 and 0.1 mM, respectively. As indicated by the green region in
Figure 2.8C, the MEOF is sensitive across the physiological range of ionized Ca?* concentration
in the blood, and extends the dynamic range of the Ca?* sensing modalities previously
mentioned.'** This extended sensitivity range correlates with the Hill constant being less than

one, affording a stretched linear region of sensitivity.
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Figure 2.8. Ca?* sensing with the MEOF probe. (A) The STC exhibits excellent stability in
reference buffer. (B) Steady state measurements are observed 6 min after the addition of calcium
ions; the inset depicts the emission spectra normalized by donor peak intensity. (C) The STC
exhibits a dose-dependent response, and the data fits to a Hill equation. lacceptor/ldonor 1S emission
ratio after subtracting spectra in calcium ion-free RB. (D) The MEOF device has excellent
reproducibility after serial exposures to either buffer supplemented with Ca?* (1 mM) or RB.

To test for sensor reversibility, MEOF probes were serially placed in RB solutions with or
without 1 mM CaCl, (Figure 2.8D). A one-way ANOVA was conducted to compare effects of
Ca?* on FRET ratio. There was a significant effect of Ca?* across all groups (P < 0.0001). The

Tukey post-hoc comparison with adjusted P values shows no significant differences between the
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three RB solution groups or the two RB + 1 mM CacCl. groups (p > 0.99 for each comparison),
but significant differences between each pairing of RB or RB + 1 mM CaCl> groups (p < 0.0001
for each comparison). Notably, sensor dynamics are considerably slower when comparing Ca?*
unbinding (Figure S2.9) to binding (Figure 2.8B). Although the cytoplasmic Twitch-2B has
previously demonstrated rapid unbinding kinetics in cellulo, cells contain orders of magnitude
lower calcium concentration as compared to the blood and contain unique pumps and
transporters that rapidly reduce cytoplasmic Ca?* concentration.®” And so, it is unsurprising that
MEOF fall-times are relatively long given the passive diffusion of Ca?* ions at concentrations

mimicking the blood.

2.4.6 Protection from Proteolytic Enzymes
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Figure 2.9. Sensor Isolation from Proteinase K. (A) Proteinase K cleaves STC resulting in a
diminished acceptor intensity signal. (B) However, the MEOF successfully protects the protein
sensor as demonstrated by the observed increase in FRET efficiency.

To model immune system proteolytic enzymes secretion during the FBR, the STC MEOF was

incubated with the endopeptidase serine protease Proteinase K (28.9 kDa, New England
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Biolabs).® The solution comprises 692 uM proteinase K in a solution of 20 mM Tris-HCI, 1 mM
CaCl, and 50% glycerol by volume. Emission spectra confirm that proteinase K in the Ca?"*
solution rapidly cleaves the STC and results in a 26% loss in acceptor fluorescence (Figure
2.9A). Conversely, uncleaved STC should show an increase in acceptor fluorescence over time
due to FRET. This increase is observed for the MEOF incubated in the proteinase K solution for
30 min, demonstrating that the filter-membrane successfully excludes the proteinase K (Figure
2.9B). These findings highlight the need for and the key role of the size-excluding filter-

membrane to circumvent the FBR.

2.5 Conclusion

This effort has produced an optical fiber-based probe, MEOF, designed for prolonged
measurements of Ca?* concentrations in vivo. Such capabilities result from (1) encapsulating
protein FRET sensors within the pores of a mechanically robust PTFE sheet, such that FRET
sensors are free to undergo conformation changes, (2) excluding host proteases by a hybrid
PTFE-PEGDMA membrane, and (3) elimination of deleterious photobleaching of FPs in the
Twitch-2B FRET sensor by installing small molecules for the donor and acceptor FPs,
respectively. This approach is generalizable to the larger class of protein FRET sensors ( e.g.
ATP and Zn?*).3%40 Fyrther, the molecular weight cut off properties of the hybrid filter-
membrane can be tuned for other applications or FRET sensors by new hydrogel formulation
comprising PEG derivatives, or other commonly used hydrogels such as alginate and hyaluronic
acid. In summary, the MEOF probe can be easily adopted to include new FRET sensors to

generate a new class of analytical probes.
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2.7 Supporting Information
2.7.1 Expression and Purification of SNAP-Twitch-2B-CLIP (STC)

Plasmids encoding STC were transformed into chemically competent BL21(DE3)* E. coli cells.
After the cells were transferred to LB plates supplemented with carbenicillin (0.050 mg/mL), the
cells were incubated at 37 °C for 12-18 h. An individual colony from the transformation plate
was inoculated with LB (70 mL) supplemented with carbenicillin (0.050 mg/mL). The flasks
were incubated at 37 °C with shaking at 220 rpm for 12-18 h. This seed culture (15 mL) was
transferred into LB (1 L) supplemented with carbenicillin (0.050 mg/mL) before incubation at 37
°C with shaking at 220 rpm. Upon reaching a cell density of ODsoo between 0.50 and 0.56, the
culture was induced through addition of IPTG (0.5 mM) before incubation at 25 °C with shaking
at 225 rpm for 6 h. The cultures were centrifuged at 6084.1 rcf at 4 °C for 20 min. The
supernatant was discarded, and the cell pellet was resuspended in lysis buffer (20 mL of 50 mM
HEPES buffer, 300 mM NaCl, 10 mM B-mercaptoethanol (BME), pH 7.6). A protease inhibitor
cocktail (HALT) was added to the suspended cells at the manufacturer’s recommended
concentration, and the cells were lysed by sonication at a 50% amplitude pulsation (1 sonand 1
s off) for a 1-min cycle and a 2-min rest between each cycle, for a total of 5 cycles. The lysate
was centrifuged at 26891.1 rcf at 4 °C for 45 min. The supernatant was loaded onto a nickel-
charged microporous polymethacrylate resin (MIDA, Purolite). The supernatant underwent batch

binding with the charged resin overnight in 4 °C with a slow tilt rotation.
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After batch binding, the mixture was homogenized by inversion and applied to a gravity column.
Flow through, wash, and elution fractions were collected using the lysis buffer, lysis buffer with
imidazole (40 mM), and lysis buffer with a higher concentration of imidazole (250 mM),
respectively. The fractions containing the desired protein was further purified using fast protein
liquid chromatography (FPLC) using a Superdex™ 75 10/300 GL column (GE Healthcare). The
column was washed with 1 volume of 20% ethanol and 1 volume of double-distilled water and
pre-equilibrated with 1 column volume of a size exclusion reference buffer (RB, 50 mM HEPES,
50 mM NaCl, 10% glycerol, 10 mM BME, pH 7.6) at a flow rate of 0.2 mL/min. The protein was
eluted with the RB at 0.2 mL/min. A 12% polyacrylamide SDS-PAGE gel confirmed the

homogeneity of the protein.

2.7.2 Bioconjugation of Fluorophores onto STC

At 37 °C for 1 h in the dark, the purified protein was incubated with BG-Alexa Fluor 488 and
BC-Alexa Fluor 546 dyes (New England Biolabs) in a 1:2:2 molar ratio (protein:BG-dye:BC-
dye) in DMSO with the addition of dithiothreitol (DTT, 1 mM). Unbound dye was removed by
microfiltration of the solution with a 10 kDa molecular weight cut off (MWCO) microfilter
(Amicon Ultra-0.5 Centrifugal Filter Unit) at 17136 rcf at 4 °C for 5 min.

2.7.3 Expression and Purification of Twitch-2B

Using BL21(DE3) (Thermo Scientific™) chemically competent E. coli cells, the miniprepped
CFP-Twitch2B-YFP plasmids were heat shock transformed. The cells were plated on warm LB
agar plates supplemented with carbenicillin (50 mg/mL) and placed in a 37 °C incubator to grow
for 12-18 h. Seed cultures were made by picking single colonies from the transformation plates
and inoculating into a culture tube with 5 mL LB and 5 pL of carbenicillin (50 mg/mL). The tubes
were left to grow at 37 °C, shaking at 220 rpm, for 6 h. An expression culture was made by adding
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the seed culture in 1 L of LB and 1 mL of carbenicillin (50 mg/mL). The expression culture was
left to grow at 37 °C, shaking at 220 rpm, until the ODeo is at 0.6. Once it has reached this ODeoo,
the culture was induced with isopropyl-p-D-thio-galactoside (IPTG, 1 mM). The expression
culture was moved to a pre-cooled 25 °C incubator for induction at 225 rpm for 12 to18 h.

The culture was removed from the incubator and centrifuged at 6084.1 rcf at 4 °C for 20 min to
harvest the cells. The cells were resuspended in 20 mL of lysis buffer (25 mM MOPS buffer, 100
mM KCI, pH 7.6). A protease inhibitor cocktail (HALT) was added to the suspended cells at the
manufacturer’s recommended concentration. The suspended cells were lysed by sonication at a 50
% amplitude pulsation (1 second on and 1 second off) for a 1-min cycle and a 2-min rest between
each cycle, with a total of 3 cycles. The lysate was centrifuged at 26891.1 rcf at 4 °C for 45 min.
The supernatant was loaded onto a nickel charged immobilized metal affinity chromatography
(IMAC) resin (1.5 mL of IMAC charged with NiSO4 and equilibrated with the lysis buffer) The
supernatant underwent batch binding to the charged IMAC resin overnight in 4 °C with constant
shaking.

After batch binding, the IMAC/supernatant mixture was homogenized by inversion and loaded
into a gravity column. The following fractions were collected: a flow through fraction (FT), a wash
fraction using a solution of lysis buffer with 25 mM imidazole (W), and elution fractions using a
solution of lysis buffer with 250 mM imidazole (E1-5). SDS-PAGE confirmed the expression of
the protein and its purity. Ethylenediaminetetraacetic acid (EDTA, 0.5 M) was added to the eluted
fractions containing the protein of interest and the mixture was dialyzed in 4 L of lysis buffer
overnight and concentrated to approximately 1 mL

2.7.4 Tagging Insulin with N-Hydroxysuccinimide Ester (NHS)-Alexa Fluor 488
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In order to label insulin with Alexa Fluor 488, Alexa Fluor 488-NHS ester (Thermo Fisher
Scientific) and recombinant human insulin were combined at final concentrations of 20 UM and
84 uM, respectively, in a total volume of approximately 180 pL. The volume was split into 30
small reactions and incubated in a thermocycler for 1 h at 4 °C. The total volume of the reaction
was serially dialyzed for 3 h and then overnight in 2 L of PBS pH 8.0, such that unbound,
hydrolyzed NHS-Alexa Fluor 488 could be removed from the labelled insulin solution.

2.7.5 Fluorescence Imaging of SDS-PAGE Gels

Tagging of SNAP- and CLIP-tags with Alexa Fluor 488 and Alexa Fluor 546 was visualized by
imaging the fluorescently tagged proteins on a 0.75 mm thickness SDS-PAGE using a Typhoon
Trio+ Scanner (GE Healthcare) in “fluorescence acquisition” mode Fluorescent signals from
Alexa Fluor 488 was imaged using the Green (532 nm) laser and the 526 SP filter at 500 PMT
voltage, whereas for detecting Alexa Fluor 546, the Green (532 nm) laser and 580 BP filter at 400
PMT voltage was used. Images were recorded at 25-micron pixel size for high resolution scanning.
Once fluorescent signals were imaged, the total protein was visualized using Coomassie dye.
2.7.6 Fluorescent Intensity Measurements by TECAN Spark Plate Reader

In a Corning black polystyrene 96 well plate, 100 uL of buffer (either TB or RB) was used to fill
the wells unless otherwise stated. 4 pL of protein sensor solution was added to each well, and 405
nm and 450 nm excitation light were used excite the donor fluorophores on Twitch-2B and STC,
respectively. Emission spectra from 450 to 600 nm and 500 to 600 nm were collected for Twitch-
2B and STC. Excitation and emission bandwidths were set to 5 nm.

2.7.7 Determining Protein Concentration using the Bradford Assay

Protein concentration was determined with the Bradford protein assay. BSA standards and the

protein samples were introduced to Coomassie Brilliant Blue G-250 dye (Bio-Rad) for protein
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binding in 96 well Costar plate (SKU#3595), which undergoes a colorimetric change.
Absorbance is measured at 595 nm, and the protein concentration is determined through

interpolation of the standard curve.
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Figure S2.1. Swelling studies of PEGDMA 2000.

PEGDMA 2000 hydrogels were allowed to swell in PBS, pH 7.4 at room temperature to reach a
steady state mass. To quantify the degree of swelling, the swelling ratio of the hydrogel was
calculated. The formula is shown in eq. s2.1

Sg = 7% 100 eq s2.1

1

where Sr is the hydrogel swelling ratio, Wsis the hydrogel swell mass after incubation in PBS, pH
7.4 at room temperature and Wi is the initial hydrogel mass right after polymerization.! The results
indicate that (A) the hydrogel reaches a steady state mass after 5 h of incubation after which (B)
there is no change in Sg for up to two weeks (relative standard deviation (RSD) = 0.87%).
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Figure S2.2. Spectroscopic Benchtop System. A benchtop optical system was constructed for
MEOF excitation and emission collection. The system was integrated into a cage system to
maintain fiber alignment. In the case of STC, excitation light is provided by a 450 nm continuous
wave laser (4.5 mW, CPS450 ThorLabs) that is mechanically shuttered (CX2450B, NM Laser
Product). The beam passes through a variable neutral density filter wheel (NDC-25C-4,
Thorlabs) to reduce power in the beam. The beam then passes through a filter cube block (CM1-
DCH with attached SM30 circular filter mounts tubes, Thorlabs), comprising a 450 nm bandpass
filter (ET448/19x, Chroma) tuned to the laser wavelength, a dichroic beam splitting mirror with
center wavelength at 458 nm (ZT458rdc, Chroma), and a 465 nm long pass filter (AT465Ip,
Chroma) in the emission pass to filter out any back-reflected laser light. Laser light reflected off
the dichroic mirror is focused by a M-5x microscope objective lens (0.10 NA, Newport) into a
SMA-SMA optical fiber patch cable (M92L01, Thorlabs). This optical fiber is attached to a
SMA female plate mounted within a XY translation stage (ST1XY-S Translation Mount,
Thorlabs) for fine X-Y alignment of the optical fiber relative to the focused laser beam. The
MEOF is coupled to the distal end of the patch cable by a SMA to SMA mating sleeve
(ADASMA, Thorlabs). Fluorescence emission is collected by the MEOF and collimated into our
cage system, passing through the dichroic mirror and the 465 nm longpass filter, where it is
coupled into an optical fiber. This coupling uses the same strategy as for the laser light into the
MEOF system. The distal end of the optical fiber directs light into a spectrometer (CCS200,
Thorlabs). ThorLabs software collects spectrometer data that is subsequently analyzed in
MATLAB (MathWorks). In the case of the Twitch-2B construct, the laser, excitation, dichroic,
and emission filters were replaced with a 405 nm continuous wave laser (Newport LQA305-40P
laser, 45 mW maximum power), FBH405-10, DMLP425R, and FELH0450 filters (Thorlabs)
respectively.
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Figure S2.3. GFP encapsulation within the MEOF. GFP was loaded into the sensor-matrix of the
MEOF probe and incubated in HEPES buffer for 5 h. 150 pL of the HEPES buffer was then
analyzed with a fluorescence plate reader (red). For the experiment, negative and positive controls
include 150 pL of HEPES buffer without GFP (black) and 150 pL of HEPES buffer spiked with

0.1 pL of GFP at 4 mg/mL (green). The spectral curves demonstrate GFP encapsulation within the
MEOF.
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Figure S2.4. Selective permeability of the filter-membrane. The spectral curves demonstrate GFP
encapsulation within the MEOF. Diffusion spectra (top) and schematic representation (bottom) of
fluorescently labeled (A) insulin and (B) GFP demonstrate selective permeability by the MEOF.
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Figure S2.5. FRET properties of non-photobleached and photobleached Twitch2B samples. Both
solutions contained 150 pL of Twitch2B protein (4 mg/mL). For the photobleached samples, both
(A) donor excitation at 405 nm and (B) direct acceptor excitation at 475 nm have an absent
acceptor fluorescence signal. (C) Moreover, donor excitation with the introduction of Ca?* does
not increase the FRET efficiency in the photobleached sample.

ATGCGGGGTTCTCATCATCATCATCATCATGGTATGGACAAAGACTGCGAAATGAAG
CGCACCACCCTGGATAGCCCTCTGGGCAAGCTGGAACTGTCTGGGTGCGAACAGGG
CCTGCACCGTATCATCTTCCTGGGCAAAGGAACATCTGCCGCCGACGCCGTGGAAGT
GCCTGCCCCAGCCGCCGTGCTGGGCGGACCAGAGCCACTGATGCAGGCCACCGCCT
GGCTCAACGCCTACTTTCACCAGCCTGAGGCCATCGAGGAGTTCCCTGTGCCAGCCC
TGCACCACCCAGTGTTCCAGCAGGAGAGCTTTACCCGCCAGGTGCTGTGGAAACTGC
TGAAAGTGGTGAAGTTCGGAGAGGTCATCAGCTACAGCCACCTGGCCGCLCCTGGCC
GGCAATCCCGCCGCCACCGCCGCCGTGAAAACCGCCCTGAGCGGAAATCLCCGTGCC
CATTCTGATCCCCTGCCACCGGGTGGTGCAGGGCGACCTGGACGTGGGGGGCTACG
AGGGCGGGCTCGCCGTGAAAGAGTGGCTGCTGGCCCACGAGGGCCACAGACTGGGC
AAGCCTGGGCTGGGTCGCATGCAAGTTGCCGACGCCAGCGAAGAGGAACTGAGCGA
GTGCTTCAGAATCTTCGACTTCGACGGCAACGGCTTCATCGACAGAGAGGAGTTTGG
CGACATCATCAGACTGACCGGCGAGCAGCTGACCGACGAGGACGTGGACGAGATCT
TCGGCGACTCCGACACCGACAAGAACGGCAGAATCGATTTCGACGAGTTCCTGAAG
ATGGTGGAAAACGTGCAGCCCATCTACCCCGAGCTCGACAAAGACTGCGAAATGAA
GCGCACCACCCTGGATAGCCCTCTGGGCAAGCTGGAACTGTCTGGGTGCGAACAGG
GCCTGCACCGTATCATCTTCCTGGGCAAAGGAACATCTGCCGCCGACGCCGTGGAA
GTGCCTGCCCCAGCCGCCGTGCTGGGCGGACCAGAGCCACTGATCCAGGCCACCGC
CTGGCTCAACGCCTACTTTCACCAGCCTGAGGCCATCGAGGAGTTCCCTGTGCCAGC
CCTGCACCACCCAGTGTTCCAGCAGGAGAGCTTTACCCGCCAGGTGCTGTGGAAACT
GCTGAAAGTGGTGAAGTTCGGAGAGGTCATCAGCGAGAGCCACCTGGCCGCCCTGG
TGGGCAATCCCGCCGCCACCGCCGCCGTGAACACCGCCCTGGACGGAAATCCCGTG
CCCATTCTGATCCCCTGCCACCGGGTGGTGCAGGGCGACAGCGACGTGGGGCCCTA
CCTGGGCGGGCTCGCCGTGAAAGAGTGGCTGCTGGCCCACGAGGGCCACAGACTGG
GCAAGCCTGGGCTGGGT

Legend: M HisTag ¥ Snap Tag M Linkers M Twitch-28 Ml CLIP tag

Figure S2.6. Nucleotide sequence encoding the STC protein.
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Figure S2.7. Plasmid Map of the gene encoding the STC protein in the pRSETB vector.
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Figure S2.8. Production of STC. (A) SDS-PAGE was used to analyze the FPLC fractions to show
the high protein yield and purity of STC. After STC protein was fluorescently labelled with Alexa
Fluor 488 and 546 dyes using orthogonal SNAP and CLIP tags, which was confirmed with a (B)
Typhoon fluorescence scanner.2* The covalent linkage of the Alexa Fluor dyes onto SNAP and
CLIP tag are shown in (C) where cytosine and guanine are displaced in the reaction.
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Figure S2.9. Unbinding of Ca®*. The lacceptor/ldonor ratio falls after media exchange from RB with
CaClz (1.25 mM) solution to calcium-free RB. Inset: Emission spectra at times 0 and 68 min.
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3.1 Abstract

Clinical research shows that frequent measurements of both pH and lactate can help guide
therapy and improve patient outcome. However, current methods of sampling blood pH and
lactate make it impractical to take readings frequently (due to the heightened risk of blood
infection and anemia). As a solution, we have engineered an implantable pH and lactate sensor
(PALS), that can provide continuous, physiologically relevant measurements. To measure pH, a
sheet containing a pH-sensitive fluorescent dye is placed over 400 and 465 nm light emitting
diodes (LEDs) and a filter-coated photodetector. The filter-coated photodetector collects an
emitted signal from the dye for each LED excitation, and the ratio of the emitted signals is used
to monitor pH. To measure lactate, two sensing sheets comprising an oxygen-sensitive
phosphorescent dye are each mounted to a 625 nm LED. One sheet additionally comprises the
enzyme lactate oxidase. The LEDs are sequentially modulated to excite the sensing sheets, and
the difference in their phase shift at the LED drive frequency is used to monitor lactate. In vitro
results indicate that PALS successfully records pH changes from 6.92 to 7.70, allowing for
discrimination between acidosis and alkalosis, and can track lactate levels up to 9 mM. Both
sensing strategies exhibit fast rise times (< 5 min) and stable measurements. Multi-analyte in
vitro models of physiological disorders show that the sensor measurements consistently quantify
the expected pathophysiological trends without crosstalk; in vivo rabbit testing further indicates

usefulness in the clinical setting.

3.2 Introduction
pH and lactate are biomarkers that can be monitored during sepsis, as well as liver and lung
disease to improve patient outcome.' Blood pH is naturally buffered to within a range of 7.35

to 7.45 and deviations from this range can be indicative of serious disease.>® Examples of these
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deviations are in cases of metabolic acidosis and alkalosis where blood pH can change when the
body has too high or low concentration of hydrogen ions (H") and/or bicarbonate. ¢ A form of
metabolic acidosis is lactic acidosis, which can occur when lactate is generated in excess
(hyperlactatemia, > 2 mM) and the amount of circulating H" exceeds the capacity of the blood’s
buffering system.”® Elevated lactate levels are often a sign of cellular hypoxia as lactate is
excessively produced during anaerobic glycolysis.” An increase in lactate can result in a decrease
in pH; however, this is not always the case. For this reason, it is important to recognize that
measuring only lactate or pH is not a surrogate for measuring the other. For example, in
respiratory acidosis, pH may be directly influenced by an accumulation of carbon dioxide in the
blood while lactate remains unchanged.'? In this case, frequent pH measurements can guide
therapy. Importantly, there are a variety of circumstances when both pH and lactate should be
measured simultaneously. Frequently referenced examples are during sepsis or septic shock as
Lee et al. found that both the lactate levels and pH are essential when predicting patient
mortality.!

Current clinical standards for measuring blood pH and lactate require intermittent blood draws and
analysis by benchtop instruments (Yellow Springs Instrument, Y SI) or hand-held monitors (Abbott
Laboratories i-STAT).!"!3 The frequency of measurements are limited ultimately by the frequency
of blood draws which increase the likelihood of blood infections and anemia.'!"'* Meanwhile, there
is substantial evidence suggesting that attentive monitoring and treatment of pH and lactate can
improve patient prognosis and outcome.'>!® In a multisite study with 348 patients having initial
lactate > 3.0 mEq/L, goal-oriented treatment targeting a 10% decrease in lactate per hour increased
patient survivability by 10% as compared to the control (standard treatment, p = 0.067).!”

Importantly, in addition to reduced mortality, patients were discharged from the intensive care unit
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earlier than those in the control group. Moreover, in a prospective study with 75 patients
experiencing sepsis and metabolic acidosis, both pH and lactate endpoint values were concluded
as vital biomarkers towards patient outcome.'® In this study, the 11 non-survivors had a lower mean
pH and a higher mean lactate level than survivors after 5 days in the Intensive Care Unit. Changes
in pH and lactate were not statistically significant (p > 0.714) as compared to initial values for the
nonsurvivors, whereas significant changes were observed for the 64 survivors (P < 0.002).'8
Monitoring pH and lactate clearly has major implications towards patient prognosis, underscoring

the value of a continuous pH and lactate sensor.

There are well established pH sensing modalities including electrochemical-based electrodes and
luminescent dyes. Electrochemical-based glass and metal oxide electrodes measure pH through a
difference in H" concentration between a sensitive and reference electrode.!”?°Although glass
electrodes provide the highest level of specificity, they cannot be easily miniaturized and require
frequent calibration.!” Metal oxide electrodes can be easily miniaturized, but exhibit low
resolution, large drift, and hysteresis.!”?! Meanwhile, pH-sensitive luminescent probes vary in
their linear range of sensitivity (pKa), quantum yield, and mode of operation (intensity, emission
ratio, etc.).”>?* To continuously monitor pH on an implantable sensor, we have selected
luminescent dye 8-hydroxypyrene-1,3,6-trisulfonic acid trisodium salt (HPTS). HPTS has a
reported pKa of 7.3, exhibits minimal toxicity, a quantum yield of 0.82 in water, and a linear
response ranging from 6.7 to 8.7, which spans the pathophysiological range of acidosis and
alkalosis.?>?® HPTS peak emission intensity at 520 nm is a function of its spectral absorption
efficiency. HPTS absorbs light more efficiently at 450 nm at high pH as compared to low pH.

Conversely, HTPS absorbs 405 nm light more efficiently at lower pH values.?’ It has been shown
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that with serial light excitation at 450 and 405 nm, HPTS can reliably measure pH through a

ratiometric analysis at its peak emission wavelength.?’

Numerous strategies exist to measure lactate, including colorimetric assays, high-performance
liquid chromatography, and enzyme-linked immunosorbent assays.?®° One common mode of
enzyme-based lactate sensing (as used in the YSI 2300 STAT Plus Glucose and Lactate Analyzer)
employs lactate oxidase (LOX).>! The LOX reaction consumes both oxygen and lactate while
producing hydrogen peroxide and pyruvate. This allows lactate to be indirectly measured through
monitoring the consumption of oxygen or generation of hydrogen peroxide.?®* The generation of
hydrogen peroxide is commonly used for electrochemical-based LOX sensing of lactate.>>3*
Common challenges in such electrochemical sensing include high operation voltages,
dependencies on electron-transfer mediators (which can be toxic and exhibit poor solubility), and
acetaminophen interference.’>*>3% As an alternative to electrochemical sensing, our group and
others have published the use of a phosphorescent oxygen-sensitive dye for continuous
measurements of lactate.’”*® In our clinical studies, oxygen was detected by the metalloporphyrin
dye platinum (II) meso-tetraphenyl tetrabenzoporphine (PtTPTBP).*® PtTPTBP phosphorescence
is quenched by oxygen, reducing its luminescence lifetime. This lifetime can be assessed by

determining the phase shift between excitation and emission waveforms.*® An indirect

measurement of lactate may therefore be reported by calculating the phase shift of PtTPTBP

59



emission in the presence of LOX, lactate, and oxygen. This sensing scheme is adapted here to

continuously monitor lactate within a multi-analyte sensor.

PALS Wearable Unit
Reference Cptode Working Optode pH Optode
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Figure 3.1. Schematic overview of pH and Lactate Sensor (PALS). A) PALS includes a wearable
unit and a transcutaneous Multi-analyte Sensing Flex Sensor (MSF) to detect pH and lactate. B,
(left) Oxygen is monitored by analyzing the PtTPTBP light emission’s phase shift. (middle) Lactate
oxidase consumes both oxygen and lactate; oxygen consumption can be used as an indirect
measurement of lactate. (right) pH is measured by ratiometric analysis of HPTS light emission.

Herein, we introduce an implantable, continuous multi-analyte sensor, referred to as the pH and
Lactate Sensor (PALS) (Figure 3.1A). PALS employs two unique sensing modalities at the tip of
the implantable Multi-analyte Sensing Flex Sensor (MSF) to monitor pH and lactate: (1) a dual
excitation, single band detection scheme that collects pH-sensitive light emissions and (2) a
luminescence lifetime detection scheme that captures oxygen and lactate-sensitive light emissions
(Figure 3.1B). In vitro results show rapid rise times for both pH and lactate sensing, measurement
reversibility, and sensitivity across their respective pathophysiological ranges. Further, when
measuring both analytes simultaneously, measurements were shown to be free of crosstalk. An
implant study in a rabbit model of hypoxemia provides further evidence that PALS signals are

reversible and trend appropriately with reference to a handheld blood gas analyzer.
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3.3 Methods
3.3.1 Filter-Coated Photodetector

For the pH sensor, silicon photodiodes were coated with an optical filter as follows. A plastic
green bandpass filter (Primary Green Filter, Lee filters, USA) was first cut into a 2 cm x 2 cm
square. The square filter was then placed onto the surface of a2 mm x 1.25 mm silicon
photodiode (SFH2716, OSRAM Opto Semiconductors, Germany) that had been mounted on a
microscope glass slide. The edges of the filter were held in place by two additional glass slides. A
Varitemp VT-750C heat gun (Master Appliance, USA) at a temperature setting of 250°C was then

used to melt the plastic green bandpass filter onto the photodiode (Figure S3.1).

3.3.2 pH Sensor Sheet (HSS)

First, a 12.7 mM HPTS stock solution was formulated by dissolving 99 mg of HPTS
(MilliporeSigma, USA) in 15 mL of Milli-Q water (MilliporeSigma, 18.2 Mohm-cm at 25°C). 10
g 0of 45-150 um diameter Dowex® 1X8 resin beads (MilliporeSigma, USA) were then suspended
in the stock solution within a 20 mL disposable scintillation vial. This process yields the resin bead
suspension (Figure 3.2A) and allows the negatively charged sulfonate groups on HPTS to ionically
bind to the positively charged Dowex Resin.? 500 uL of the resin bead suspension was then added
to a 1.5 mL amber glass vial along with 50 mg of poly(ethylene glycol) dimethacrylate 8000
(PEGDMAR8000, Polysciences, USA), and 12 mg of 2-Hydroxy-1-(4-(2-hydroxyethoxy)phenyl)-
2-methylpropan-1-one (Irgacure 2959, Sigma-Aldrich, USA), creating the pH-sensor suspension

(Figure 3.2B).
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To fabricate the pH Sensor Sheet (HSS), a thin circular sheet of hydrophilic
polytetrafluoroethylene (PTFE, HOS0A047A, 35 pum thick, 0.50 um pores, 47 mm diameter,
Sterlitech, USA) was cut into a 1.2 cm x 1 cm rectangle and placed onto a microscope glass slide.
40 uL of the pH-sensor suspension was then pipetted onto the cut PTFE sheet. The sheet was then
sandwiched between two glass slides (Figure 3.2C) until the pH-sensor suspension uniformly
coated one side of the sheet. The pores of the PTFE sheet are two orders of magnitude smaller than
the resin bead diameter, preventing resin penetration into the sheet. The coated sheet was then
polymerized for 15 min using 365 nm wavelength light emitted from an 8-watt dual-ultraviolet
(UV) transilluminator (VWR, USA) to produce the HSS. The HSS was retrieved with tweezers
and left to swell for at least 2 h in Milli-Q water within a 20 mL scintillation vial (Figure 3.2D).

B) Q) D)
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Figure 3.2. pH Sensor Sheet (HSS) Fabrication. A) Fluorescence confocal micrograph (Olympus
Fluoview 1200) of the pH-sensitive resin bead suspension (405 nm laser excitation, emission
bandpass filter: 505-540 nm). Scale bar = 100 um. B) The suspension is pipetted onto a PTFE
sheet. C) The suspension is sandwiched between two glass slides. D) The suspension is
polymerized, yielding the HSS. The HSS is hydrated to allow for hydrogel swelling.

3.3.3 LOX and Oxygen Sensor Sheets

LOX Sheets were fabricated from oxygen-sensitive dye-coated PTFE sheets, the Protein Mixture
containing enzymes LOX and catalase, and the Pretreatment Solution, all of which are detailed in
supporting information. First, a 1 cm x 1 cm square of the dye-coated PTFE sheet was excised

using a razor blade. 4.5 pL of Pretreatment Solution was then pipetted onto each of two
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microscope glass slides (Figure 3.3A). After, the dye-coated PTFE sheet was sandwiched
between the two glass slides to force the Pretreatment Solution into the pores of the sheet. The
purpose of the Pretreatment Solution is to establish a porous network within the dye-coated
PTFE sheet that limits the diffusion of lactate and oxygen. Next, two parallel doubled-layered
strips of 25 um-thick Kapton tape (Tapes Master, USA) were applied to a glass slide to function
as spacers. 4.5 uL of Protein Mixture was then pipetted in between the spacers and onto a second
slide. The pre-treated dye-coated PTFE sheet was then placed between the spacers and
sandwiched between the glass slides. While sandwiched, the sensor sheet was polymerized with
the 8-watt dual-UV transilluminator for 5 min to yield the LOX Sheet (Figure 3.3B). The
Oxygen Sheet was fabricated in similar fashion except for the exclusion of LOX and catalase in

its Protein Mixture.

A B
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X —_ —
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Figure 3.3. LOX Sheet Fabrication. A) Pretreatment Solution wets the dye-coated PTFE sheet.
B) The pretreated dye-coated PTFE sheet is sandwiched between glass slides containing the
Protein Mixture. Strips of Kapton Tape serve as spacers to control for membrane thickness. UV
polymerization cures the LOX Sheet.

63



A) B)
465 nm
400 nm Lep HSS

LED
/ 625 nm LOX

Filter—coated
Photodetector

V€102

LED Sheet

Oxygen
Sheet

Waterprodl
Coating

Figure 3.4. PALS Sensing Components. A) An MSF containing five on-strip optoelectronic
components required for sensing. B) Fully assembled MSF comprising sensing sheets and
waterproof coating. C) Integrator board for amplifying pH signals. D) Photodetector board for
lactate and oxygen sensing. E) PALS Wearable Unit connected to the MSF.

3.3.4 PALS Circuitry
PALS consists of custom-made printed circuit boards (fabricated by OSH Park, USA) designed

using Eagle (Autodesk, USA). Essential components of the circuits are shown in Figure S3.2.
These custom boards were manually assembled and make up the three main subunits of PALS.
The first subunit is the MSF (Figure 3.4A). The second subunit is the wearable unit comprising
three circuit boards: (1) the integrator board for pH sensing based on the IVC102 transimpedance
amplifier (Texas Instruments, USA, Figure 3.4C), (2) the photodetector board for lactate and
oxygen sensing (Figure 3.4D), and (3) the connector board to connect the photodetector and
integrator boards to the MSF (Figure 3.4E). The last subunit is the backend controller unit (shown
in Figure S3.2) comprising a microcontroller Teensy 3.2 (PJRC, USA) and two circuit boards: (1)
the controller board for charlieplexing and tuning the drive current of the MSF LEDs (Figure
S3.2A) and (2) the IVC power supply board. Custom software was written for Teensy 3.2 to
charlieplex the LEDs and acquire data, using a combination of Arduino (Arduino, USA) with

Teensyduino library (PJRC, USA) and LabView (National Instruments, USA).
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Custom designed housings were printed by a stereolithography printer (Prusa SL1, Prusa
Research, Czech Republic) to protect and house the wearable unit as illustrated in Figure 3.1.
The housing unit serves to also pressure-connect the prongs of the 5-spring battery connector
(009155005852006, AVX Corporation, USA) on the connector board to the gold pads of the

MSF, as depicted in Figure 3.4E.

3.3.5 Multi-sense Flexible Sensor (MSF) Fabrication

The MSF contains optoelectronic components for both pH and lactate sensing (Figure 3.4A).
The optoelectronic components for pH sensing are a 400 nm LED (SM0603UV-400, Bivar,
USA), a 465 nm LED (APT1608QBC/G, Kingbright, USA) and a filter-coated photodetector.
Two 625 nm LEDs (APHHS1005LSECK/J3-PF, Kingbright, USA) are used for lactate and
oxygen sensing. Each LED spectrum is shown in Figure S3.3. The MSF was coated with Loctite
EA E-60NC (1:1 resin to hardener mix ratio, Henkel, Germany) for waterproofing. The
waterproof coating was left to cure overnight. The sensing sheets were applied as described in

the supporting material (Figure 3.4B).

3.3.6 Measurement Parameters

For pH sensing, LED currents were set to 6 mA and HSS-emitted light was sampled at 10Khz.
Detection integration times (< 1s) were tuned at the start of each experiment. The tuning occurs in
the first test solution of each in vitro experiment or following insertion for the in vivo experiment.
Specifically, integration time was tuned such that the IVC hold voltage ranged between 1-2 V,

corresponding to 30 - 61% of the total integration capacitance.

For lactate sensing, each of the 625 nm LEDs were illuminated one at a time. The LEDs were

driven by a waveform comprising 21 cycles of a square wave with peak current of 9 mA, at a
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frequency of 5 kHz, and 25% duty cycle. PtTPTBP emission was sampled simultaneously at

500kHz.

3.3.7 Statistical Analysis

Measurements are reported as the mean and standard error of the mean. Statistical analysis
included a one-way analysis of variance (ANOVA) with Tukey post-hoc comparison or coefficient
of variance (CV). p < 0.05 denotes statistical difference. Prism 8 (GraphPad, USA) was used for

statistical analysis.

3.3.8 In Vivo Rabbit Study

The PALS implant study was conducted with the approval of the Institutional Animal Care and
Use Committee at the University of California Irvine. A New Zealand White Rabbit was sedated
with a 2:1 ratio of Ketamine Hydrochloride (100mg/ml, Ketaject, Phoenix Pharmaceutical Inc.,
USA): Xylazine (20mg/ml, Anased, Lloyd Laboratories) at a dose of 37.5mg/kg of Ketamine and
5 mg/kg of Xylazine IM using a 25-gauge 5/8-inch needle. The mixture of ketamine and xylazine
was infused via the animal’s right marginal ear vein. The animal was intubated and placed on
mechanical ventilation with a tidal volume of 50 mL per breath, respiratory rate of 20
breaths/min, and 100% oxygen. An arterial catheter was placed within the right femoral artery

for systemic blood pressure measurements and arterial blood gas sampling.

To implant the MSF in the subcutaneous space of the inner left thigh of the rabbit, first, an incision
(length = 0.8 cm) was created with a scalpel. Next, a Metzenbaum dissecting scissor (Cole-Parmer,
USA) was inserted inside the incision to separate skin from underlying muscle, to accommodate
the tip of the MSF. After MSF-tip insertion, Loctite 4981 adhesive (Henkel, Germany) was applied
at the incision site to adhere the MSF onto the skin and seal the incision. The PALS Wearable Unit

was then placed on the skin and aligned to the MSF tip. Hypafix adhesive (USA) was placed over
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the PALS Wearable Unit to limit sensor movement. After baseline measurements, the PALS was
disconnected, and the animal was placed inside a sealed chamber which was then moved into a
fume hood. The animal received 800 ppm chlorine gas (Airgas, USA) for 6 min followed by a 5
min rest period. 1 mL of 100 mM trihistidyl cobinamide was then administered through the right
marginal ear vein. The animal was returned to the surgical room and the PALS was reconnected to
resume monitoring. At the conclusion of the study, the animal was euthanized per standard

procedures (1 mL of Euthasol, Virbac, USA).

3.3.9 Analysis of In Vivo Data

During the study, blood was drawn from the right femoral artery at 8 time points. Four blood draws
were retrieved before and after chlorine gas and cobinamide infusion. Blood pH and lactate
concentration was immediately assessed with an i-STAT (Abbott Laboratories, USA) using Abbott
CG4+cartridges (Abbott Laboratories, USA). PALS pH and lactate measurements were
retrospectively calibrated to the blood pH and lactate concentrations obtained from the i-STAT

with a linear regression model.

3.4 Results and Discussion
3.4.1 pH Sensing by Dual LED Excitation and Single Band Detection

The PALS uses a dual LED excitation, single band photodetection scheme for measuring pH. To
enable such sensing, the tip of the MSF comprises two surface-mount LEDs to excite an HSS and
a coated photodetector to collect pH-sensitive emissions. To first determine if this is a viable
scheme, a benchtop optical system was constructed (Figure 3.5A; fabrication methods in
supplemental section). This system includes surface mount 400 nm and 465 nm dominant-
wavelength LEDs soldered onto a protoboard, and a microscope objective lens that couples emitted

light to a spectrometer (Figure 3.5A). pH-sensitive spectra from an HSS in a pH 7.6 solution were
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collected with serial illumination from the two LEDs (Figure 3.5B). HSS emission spectrum
ranges from 470 nm to 660 nm and has a peak value at 520 nm. While the 400 nm LED light does
not overlap the HSS emission spectrum, the 465 nm LED does, necessitating an optical filter that
mitigates the effects of this spectral crosstalk. Ideally, such a filter should transmit the HSS
emission spectrum (Figure 3.5B) and be easily applied onto the surface of a photodiode. The
Primary Green Filter was selected which can be applied onto a photodiode as described in methods.
To simulate the filtering behavior of Primary Green Filter, its transmission spectra was multiplied
with HSS spectra (one per LED). The resulting filtered-spectra show that the 465 nm LED light
has a negligible contribution to the fluorescence signal (Figure 3.5C). To test for pH sensitivity
and reversibility, HSS spectra in solutions having pH 7.2 or 7.6 were collected and then multiplied
by the Primary Green Filter transmission curve. The ratio of area-under-the-curve (AUC Ratio:
Ex465/Ex400) was determined at these two pH values. Results indicate that the dual LED, single-
band detection scheme is stable and reversible and can be utilized as a pH optode at the tip of the

MSF (Figure 3.5D).
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Figure 3.5. Dual LED Excitation of the HSS. A, (left) 465 nm and 400 nm LEDs soldered onto a
protoboard and covered by an HSS; (right) HSS emission signals are collected by a benchtop
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optical system for analysis. An optical fiber routes the collected signals to a spectrometer. B) Dual
emission spectra at pH 7.6. Green spectrum shows the transmission curve of the Primary Green
Filter. Black dotted line matches HPTS peak emission wavelength. C) HPTS emission spectra
following multiplication with the Primary Green Filter transmission spectrum. D) Filtered AUC
ratios for solutions of pH 7.2 and 7.6. Mean ratios were analyzed for statistical significance.
*p<0.05.

3.4.2 pH Optode

The pH optode comprises three of the optoelectronic elements at the tip of the MSF (Figure 3.4A).
The optode is fabricated by placing an HSS at the tip of the MSF such that it overlaps the two
LEDs and filter-coated photodetector (Figure 3.4B) as described in supplemental materials.
Photocurrents from the photodetector are amplified and converted to a voltage using a
transimpedance amplifier. pH is related to the ratio of the voltages acquired with 465 nm and 400

nm LED illumination (Rex465/ Ex400) after background subtraction (no LED on).

3.4.3 Lactate Optode

The lactate optode was adapted from our previous work. In brief, two oxygen-sensitive PtTPTBP
dye sheets are mounted on two 625 nm dominant-wavelength LEDs. One of these sheets also
contains the enzyme LOX. The working optode has the enzyme-containing sheet, whereas the
reference optode has the enzyme-free sheet. The LEDs are illuminated in sequence, and the
oxygen-sensitive emitted light are detected by a photodetector within the PALS Wearable Unit
(Figures 3.1 and 3.4E).*° Lactate is related to the phase shift difference between the working and
reference optode signals. The phase shift is defined as the phase difference (assessed by Fourier
Transform) between the LED drive-current waveform and corresponding photodiode signal at the

drive frequency.

69



=

1.174

REx400/Ex465
Hold Voltage (Volts)

2
-
]

1.144 Time (min)
¥ =1.175 — 0.032¢( 114

0 1 2 3 4

Time (min
B) (min)
* 7.05
0.74+ . . 7.22 ]— pH
a . 7.40
3 / \
P ] L
5 0.724
$
[
0.704 &
[ 1
1 2 3 4 5
C) Steady State Measurement

REx485/Ex400
P
=3

0.18
7.16—x.
14 o5

Y =092+

0.95-

7.0 7.2 7.4 7.6
pH
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3.4.4 pH Sensing In Vitro

To determine baseline pH sensor stability, measurements were obtained every 30 min for 8 h in
pH 7.45 solution. Unless otherwise stated, each reported steady state measurement is an average
of 20 repeats. No signal drift was detected (Figure S3.4; CV = 0.002). The stability is due in part
to the quality of our custom LED current control circuitry (provided by the TLC driver, Figure
S3.2A) that produces consistent LED output power. To check the stability of both LEDs, their

emission spectra were acquired every 3 min for 30 min. Spectra show no significant differences in
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area under curve (CV = 0.001) or peak emission intensity (CV < 0.002; Figure S3.5). pH sensing
rise time was assessed by first incubating a sensor in a solution with pH 7.45 and then exchanging
for a solution with pH 7.01. Rex400/Ex465 Was measured every 4.8 s following media exchange.
Dynamics are described by a rising exponential plateau model (R?> = 0.99, standard error of the
estimate (Sy.x) = 0.006) with rise time of 2.63 min (Figure 3.6A). This rise time is short enough
to capture critical physiological events such as subdermal scalp acidosis following fetal

tachycardia in high-risk births, which occurs on the time scale of minutes.*!

pH sensing reversibility was assessed by sequential measurements of solutions having pH of 7.05,
7.22, and 7.40 (Figure 3.6B). One-way ANOVA indicates a significant effect across groups (p <<
0.01). Tukey post-hoc comparison with adjusted p-values shows significant differences between
the three unique pH solutions (p << 0.01 for each comparison) but no significant differences
between repeated pH solutions (p > 0.25 for each comparison). pH sensing sensitivity and range
was assessed by exposure to thirteen solutions, with pH ranging from 6.92 to 7.59. Data follows a
Boltzmann sigmoidal model (R? > 0.99, Sy.x = 0.002) with a pKa of 7.16 (Figure 3.6C), which is
similar to the pKa of the HPTS dye alone.?® Importantly, wellness-of-fit indicates PALS will have

clinical relevance across the pathophysiological range including acidosis and alkalosis. *?
3.4.5 Lactate Sensing In Vitro

To determine baseline lactate sensor stability, measurements were obtained every 30 min for 4 h
in 4 mM lactate solution. Unless otherwise stated, each reported steady state value is the mean of
10 measurements. No significant signal drift was detected (Figure S3.6; CV =0.007). The stability
is due in part to the inclusion of the enzyme catalase that scavenges hydrogen peroxide, known to
degrade proteins. **** Lactate sensing rise time was assessed by changing the test media from 0

mM (1X Phosphate Buffered Saline Solution, PBS) to 6 mM lactate. Phase shift difference
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measurements were recorded every 12 s following media exchange. Signals follow an exponential
plateau model (R? = 0.99, Sy.x = 0.06) with a rise time of 4.8 min (Figure 3.7A). This rise time is
comparable to commercial continuous glucose monitors such as the Dexcom G6 and Medtronic
Guardian, which are reported to have an average rise time in vivo of 9.5 min and are effective in
guiding insulin therapy.

Lactate sensing reversibility was evaluated by cycling lactate solutions having concentrations of
0,2.60, 4.64, and 6.53 mM (Figure 3.7B). One-way ANOVA detected differences between groups
(p << 0.01). Tukey post-hoc comparison with adjusted p-values shows no significant differences
between the pairing of identical lactate solutions (p > 0.87), while significant differences were
found between solution of different lactate concentrations (p << 0.01). Lactate sensitivity and
range were evaluated by incubation in seven lactate solutions ranging in concentration from 0 to
14 mM. Data follows an exponential plateau model (R? = 0.99, Sy.x = 0.03), showing sensitivity
to lactate from 0 to 9 mM (Figure 3.7C). These results show PALS lactate sensing can distinguish

between concentrations within the pathophysiological range.
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3.4.6 Multi-analyte Sensing In Vitro

Combined pH and lactate sensing was tested in in vitro models of five pathophysiological
conditions (Figure 3.8). In a model of hyperlactatemia, pH was maintained at 7.43 + 0.02 while
lactate was increased (Figure 3.8A). PALS signals report the increase in lactate while the pH
signals did not significantly change (CV = 0.018). In a model of lactic acidosis, as experienced in
sepsis, solutions were formulated to have a decrease in pH and an increase in lactate (Figure 3.8B),
and PALS successfully report these changes. In a model of extreme metabolic alkalosis, as can
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occur with chronic vomiting and diarrhea, pH was increased while lactate was held at 3.50 mM =+

0.02 (Figure 3.8C).*® PALS signals report the increase in pH and constant lactate concentration

(CV = 0.027). In a model of panic-disorder patients that exhibit both respiratory alkalosis and

hyperlactatemia, solutions were formulated to have an increase in both pH and lactate

concentrations.> PALS signals successfully reflect these increases (Figure 3.8D). In a model of

respiratory acidosis (as seen in chronic obstructive pulmonary disease) pH was formulated to

decrease while lactate levels were held constant at 3.52 + 0.02 (Figure 3.8E).*” PALS signals

report the decrease in pH and constant lactate concentrations (CV = 0.019). Collectively, Figure

3.8 demonstrates PALS does not exhibit sensing modality crosstalk and can report physiologically

relevant pH and lactate changes, which may aid clinicians in their practice of analyte-guided

treatment towards improving patient outcome.
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Figure 3.9. In vivo multi-analyte sensing in a rabbit exposed to chlorine gas. Purple region
indicates when PALS measurements were paused for chlorine gas and cobinamide administration.
A) Sensor implanted in the subcutaneous space of the inner left thigh. Lactate (B) and pH (C)
sensing signals with intermittent blood reference values (i-STAT).

3.4.7 Multi-analyte Sensing In Vivo

PALS multi-analyte sensing was tested in an in vivo rabbit model of chlorine gas poisoning and
cobinamide treatment. When chlorine gas reacts with water in the lungs, hydrochloric and
hypochlorous acid are produced. The production of these acids damage the respiratory mucus
membrane resulting in pulmonary edema and hypoxemia.* PALS should therefore detect
decreasing pH and increasing lactate values following chlorine gas administration. The MSF-tip
was implanted as described in methods (Figure 3.9A). Figure 3.9B-C shows that prior to drug
infusion but early into intubation, PALS detected a decrease in both pH and lactate concentration,
which agrees with the intermittent i-STAT blood assays. After poisoning and cobinamide
treatment, PALS detected the expected increase in lactate concentration and decrease in blood pH,
which were also in agreement with the intermittent i-STAT blood assays (Figure 3.9B-C). Area-
under-the-concentration time curve ratio between PALS and i-STAT measurements was calculated
and assessed as described in in Dror et. Al, following FDA guidelines.*®* Area-under-the-

concentration time curve ratio for pH (0.979) and lactate (1.036) indicate PALS bioequivalence to
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the 1-STAT blood analyzer in this study. Results demonstrate PALS reports clinically relevant pH

and lactate changes, and at a higher frequency than can be offered by blood analysis alone.
3.5 Conclusion

We have shown that two different photonic detection schemes on an implanted flexible sensor
can yield reliable signals for monitoring both pH and lactate across clinically relevant ranges.
However, the technology should be improved before it can be used in the clinic. Because the
process of PALS fabrication is not controlled at the level expected for a commercial product, we
do observe differences in calibration parameters between units. Currently methods are being
developed by our group to reduce variances in sheet fabrication and to improve the process by
which the plastic optical filter is applied onto the photodetector. Additional engineering
development will include miniaturization of the backend electronics as well as wireless data

control and acquisition, which are achievable by existing manufacturing methods.

PALS can have a major impact on patient outcomes in conditions such as sepsis and organ failure
where attentive monitoring of pH and lactate has been reported to improve patient outcome.'™
Importantly, the core elements of PALS can be replicated and modified to sense additional analytes
on the MSF. For example, similar to the operating principle of HPTS, fluorescent dyes Fura Red
AM and SBFI-AM exhibit a change in their absorbance behavior based upon the concentration of
calcium and sodium, respectively.’®>! Consequently our dual-excitation, single band detection
scheme could be readily employed to continuously monitor these analytes. Moreover, our lactate
sensing scheme is generalizable to additional oxidases and its corresponding analyte including
those for glucose and alcohol. >*>3The addition of these analytes can broaden the applicability of
the MSF to other medical conditions. For example, continuous monitoring of sodium, pH, lactate,

oxygen, and glucose, in individuals experiencing diabetic ketoacidosis, can diagnose dehydration
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(loss of sodium), ketoacidosis (high glucose and low pH) and ischemia (low oxygen and high
lactate), directing healthcare professionals towards a specific mode of intervention.*>® An
expanded MSF could also be applicable beyond the medical field, such as in bioreactors for protein
expression, agriculture, water management, and food industry, where sensing pH, glucose, and

sodium, would provide vital information to each respective field.>’ ¢
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3.7 Supporting Information

3.7.1 Oxygen-Sensitive Dye-Coated PTFE Sheet Fabrication

Oxygen-sensitive dye solution was created by mixing 4 mg of PtTPTBP dye (Frontier, USA), 60
mg of polystyrene (molecular weight: 2500, Sigma-Aldrich, USA) and 900 pL of chloroform
(Sigma-Aldrich, USA) in a 1.5 mL amber vial. The resulting concentrations are 440.873 yuM
PtTPTBP and 0.024 mM polystyrene in 900 pL chloroform. 200 pL of this solution was pipetted

onto a circular PTFE sheet. The chloroform was allowed to evaporate resulting in the oxygen-
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sensitive dye-coated PTFE sheet. This dye-coated PTFE sheet served as the base of both the LOX
and Oxygen Sheets.

3.7.2 LOX Sheet Solution Preparation

The LOX sheet is formulated using two solutions: (1) Protein Mixture and (2) Pretreatment
Solution. Protein Mixture is composed of 0.060 mM LOX (LCO-301, 108U/mg, 0.0096 mg/uL,
Toyobo, Japan), 193.13 mM poly(ethylene glycol) dimethacrylate 2000 (PEGDMAZ2000, 0.386
mg/pL, Sigma-Aldrich, USA), 43.33 mM Lithium phenyl-2,4,6-trimethylbenzoylphosphinate
(LAP, 0.0127 mg/uL, Sigma-Aldrich, USA), 1.16 mM catalase (AN366A, 5410U/mg, 0.28
mg/uL, BBI Solutions, U.K.), and 1X Phosphate Buffered Saline Solution (1X PBS).
Pretreatment Solution is composed of 75% v/v poly(ethylene glycol) diacrylate 400 (PEGDA400,
Polysciences, USA), 25 % v/v Milli-Q water, and 28 mM LAP (0.00825 mg/uL).

3.7.3 LED Spectra Acquisition System

To acquire LED spectra, a caged system containing a suspended optical fiber was created. All
items were procured from ThorLabs (USA). A Blank Cage Plate (LCP03) was used as the base of
the system. Assembly rods SR05, SR1, and SR1.5 rods were used to build vertically. Vertical
mount plate CPVM threaded with a SM1SMA fiber adapter was used to incorporate jacketed fiber
patch cable M92L01 into the system. The distance between the M92L01 aperture and the blank
cage plate was approximately 90 mm. The opposite end of the jacketed optical fiber was connected
to a CCS200 spectrometer. MSF with LEDs were taped down and placed in the center of the blank
cage plate such that upon LED activation, M92L.01 would capture emitted light. ThorLabs Optical
Spectrum Analyzer (OSA) software was used to acquire spectra. Unless otherwise stated,

integration times were set to 100 ms. To acquire data, LabView code (National Instruments, USA)
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was used to turn on the MSF LEDs and spectra were then obtained using the LED Spectra
Acquisition System. Drive currents for each LED were less than 10 mA.

3.7.4 Assembly of PALS Wearable Unit

For the integrator board, four 0.1 uf capacitors (80-C0805C104K5RACLR, KEMET, USA) and a
IVC102 transimpedance amplifier were soldered by reflow soldering. Reflow soldered onto the
photodetector board are the following components: a 1 pF capacitor (C0603C109B4HACTU,
KEMET, USA), a 1 Mohm resistor (ERJ-3EKF1004V, Panasonic, Japan), 1 uF capacitors (80-
C0603C105Z3VACTU, KEMET, USA), 0.1 uF capacitors, 4.99 kohm resistors
(RN73H2BTTD4991F100, KOA Speer, USA), a 4.7 uF capacitor (12065C475KAT4A, AVX
Corporation, USA), a LTC6244HV operational amplifier (LTC6244HVCMS8#TRPBF, Analog
Devices, USA), and a J-FET (BF862, NXP USA). A Silicon photodetector was soldered onto the
photodetector board using a solder iron.

The connector board was developed to connect the integrator and photodetector boards to the MSF.
The connector board has a 5 spring battery connector soldered on via reflow soldering to connect
to the MSF. The integrator, photodetector, and connector boards all contain 5 through holes to
connect to one another. To connect the three circuits, 1.27 mm pitch header pins were first soldered
through the photodetector circuit (photodetector facing down) with a solder iron. The connector
circuit was then soldered to the same header pins, on top of the lactate detector circuit, followed
by the integrator board (with the IVC facing out) being soldered on top of the connector circuit.
3.7.5 Assembly of PALS Backend Controller Unit

To fabricate the IVC power supply board, a 0.1 uf capacitor , 2.2 uf capacitors
(08055C225KAT2A, AV X Corporation, USA), 470 uH inductors (82474C, Murata, Japan), a 2.7

kohm resistor (667-ERJ-UP3F2701V, Panasonic, Japan), and a 10 kohm resistor (667-ERJ-
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UP3F1002V, Panasonic, Japan) were soldered onto the board via reflow soldering. Through hole
components including a 3.3 V to 15 V power converter, stacking header pins and ethernet jack
were soldered on with a solder iron.

The controller board had the following surface mount soldered on via reflow soldering: 22uH
inductors (82223C, Murata, Japan), 2.2 uf capacitors, 0.1 uf capacitors, a 22 ohm resistor
(CHPO603AJW-220ELF, Bourns, USA), a 680 ohm resistor (ERJ-UP3J681V, Panasonic, Japan),
a 100 ohm trimmer potentiometer (TC33X-2-101E, Bourns, USA), a 1 kohm resistor
(CRO603AFX-1001ELF, Bourns, USA) , a TLC driver board , and a 1-of-8 Multiplexer FET
Switch. Through hole components 3.3 V to 5 V power converter, ethernet jack, and 0.1" female
header pins were soldered onto the board with a solder iron.

3.7.6 Connecting the Wearable Housing Unit to the Backend Controller Unit

To connect the IVC power supply board to the integrator board, an ethernet patch cable (Monoprice
SlimRun, USA) was first cut in half. The half with the ethernet cable intact was connected to the
ethernet jack on the IVC power supply board. The other half with the eight 30 american gauge
exposed were routed through through-holes located on the bottom of the integrator board and
soldered to their appropriate connections (with a soldering iron). This process was repeated to
connect the controller board to the photodetector board.

3.7.7 Sensor Film Application

The HSS was the first sensor sheet applied. After swelling, the HSS was removed from Milli-Q
water and placed onto a glass slide. A razor blade was used to remove hydrogel from the sheet
edges to expose underlying PTFE. This process resulted in a rectangular hydrogel with dimensions
of roughly 1 cm x 0.8 cm. Loctite 4981 was then applied along the width of the MSF, between the

465 nm LED and the top-most 625 nm LED. The shorter side of the HSS (0.8 cm) with exposed
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PTFE was laid down onto the Loctite 4981, with the resin-tethered HPTS side facing the LEDs.
The Loctite 4981 (Henkel, Germany) was then allowed to cure. The MSF was then flipped over,
and Loctite 4981 was applied to the top edge and along the lateral edges of the back of the MSF.
The remaining exposed PTFE edges of the HSS were then pressed in contact with the Loctite 4981
and allowed to cure.

After HSS was cured onto the MSF, LOX and Oxygen Sheets were applied onto the MSF. The
sheets were cut into smaller sheets (1.8 mm x 1.5 mm) immediately following polymerization and
adhered directly onto the 625 nm LEDs with Loctite 4981. When all sensing sheets were applied,

the MSF was allowed to incubate in 1X PBS for at least 8 h at room temperature prior to testing.

3.7.8 Benchtop Optical System Set-up

The benchtop optical system was built using ThorLabs (USA) assembly rods (SR05, SR1, and
SR1.5 rods) with vertical cage system mounting plate CPVVM (ThorLabs, USA) serving as the base
component. Building from bottom to top, cage plate LCPO1T (ThorLabs, USA) was suspended
above the CPVM to add on a jacketed multi-mode optical fiber patch cable (0.22 NA, 200 pum
core, M92L02, ThorLabs, USA) coupled to a collimator (F810APC-543, ThorLabs, USA). The
opposite end of the optical fiber patch cable was connected to a CCS200 spectrometer (ThorLabs,
USA). Above the collimator, a LCP02 (ThorLabs, USA) cage plate adapter housing a 5x objective
lens (0.10 NA, Newport, USA) was added to capture HSS-emitted light. Settled above the
objective lens on an additional LCP02 was a Perma-Proto board (Adafruit, USA) with 400 and
465 nm dominant-wavelength LEDs soldered on opposite ends of a drilled hole (diameter = ¥4
inch). In parallel, exposed PTFE of an HSS was used to adhere the sheet onto a p-Slide 2 well
(Ibidi, USA) using Loctite 4981. The adhesive was allowed to dry for at least 5 min prior to testing.
The well was secured above the protoboard using tape. The well was positioned, such that upon

81



testing, the HSS sat over the LEDs and emitted light was collected through the drilled hole with
the 5x objective lens.

ThorLabs OSA software was used to acquire spectra data. An Arduino Uno (Arduino, USA) with
custom Arduino software (Arduino, USA) was used to power the LEDs (5V output). Resistors
(5% tolerance range, BOJACK, China) with total resistance values of 1450 and 830 ohms were
placed in series with the 400 and 465 nm LEDS, respectively. Integration time for both LEDs was
1s. For pH testing, the HSS was first washed with the first pH test solution 10 times and then
allowed to equilibrate for 30 s. 3 emission spectra were recorded for each LED and averaged after
background spectrum (no LED excitation) subtraction. The background-subtracted emission
spectrum was then saved as a text file. To exchange pH solution, the solution previously tested
was aspirated under vacuum and the next pH test solution was tested as previously mentioned.

MATLAB (MathWorks, USA) was used for subsequent analysis.

3.7.9 pH Solution Preparation, Validation, and Testing

pH test solutions were prepared following Sigma-Aldrich’s Phosphate Buffer Preparation Table,
using potassium phosphate monobasic anhydrous (795488-500G, Sigma-Aldrich, USA), sodium
phosphate dibasic heptahydrate (S9390-1KG, Sigma- Aldrich, USA), and Milli-Q water.
Polynomial equations were fitted onto both reagent quantities listed in the Preparation Table to
interpolate pH solution formulations. The pH solutions were probed using a Mettler Toledo
FiveEasy pH probe (Sigma Aldrich, USA). pH probe calibrations were completed with pH 4.01,
7.00, and 10.01 buffer solutions (Orion™ Standard All-in-One™ pH Buffer Kit, 910199,
ThermoFisher Scientific). Only calibrations with slopes greater than 95 were used. For pH testing
in vitro, measurements were obtained at room temperature. For PALS pH testing in vitro, each
MSF was placed in a 20 mL scintillation vial and incubated in the series of pH solutions. For
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testing, except for rise times studies, the MSF was first washed with the pH test solution 10 times
and then allowed to equilibrate for 30 s. After measurements were obtained, the test solution was
aspirated. This process was completed for each new test solution. For rise time studies, only 1
wash was completed when introducing the next test solution.

3.7.10 Lactate Solution Preparation, Validation, and Testing

Lactate test solutions were prepared with L-(+)-Lactic acid solution (27714-1L, Sigma Aldrich,
USA) and 1X PBS. pH adjustments were made with 0.1 M HCI and 0.1 M NaOH (43617, Sigma-
Aldrich). 0.1 M HCI was formulated by diluting 11 N HCI (A144C-212, Fisher Scientific, USA)
with Milli-Q water. Unless otherwise noted, pH of lactate solutions was adjusted to 7.45. The
lactate solutions were verified using a YSI 2300 STAT Plus Glucose and Lactate Analyzer (Yellow
Springs Instrument, USA). For lactate testing in vitro, measurements were obtained at room
temperature. Each MSF was placed in a 60 mm plastic dish (BD Falcon, USA) and incubated in
the series of lactate solutions. For testing, except for rise times studies, the MSF was first washed
with the lactate test solution 10 times and then allowed to equilibrate for 30 s. After measurements
were obtained, the test solution was aspirated. This process was completed for each new test

solution. For rise time studies, only 1 wash was completed when introducing the next test solution.
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Figure S3.1. Micrograph of a Filter-Coated Photodetector. Scale bar = 1 mm. Primary Green filter
applied onto a SFH2716 photodiode (OSRAM Opto Semiconductors, Germany).
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Figure S3.2. Simplified Schematics of PALS Printed Circuit Boards. A) High side control of the
charlieplex circuit is achieved with a multiplexer (SN74CBTLV3251PWR, Texas Instruments,
USA), which toggles the output line of a square wave generated by the Teensy 3.2. Low side
control is achieved by a constant sink LED driver (TLC5940, Texas Instruments, USA). The
sink was alternated over 3 lines to control 4 LEDs on the MSF. B) Integrator board utilizing
100pF internal capacitance. Timing of IVC102 integration is controlled by the Teensy 3.2 via
digital outputs. IVC102 output signal is run through a voltage divider (not shown) before being
read at the analog input of the Teensy 3.2. C) Photodetector board utilizing a S6775-01
photodiode (Hamamatsu, Japan). Output signals from the op amp are read using an analog input
of the Teensy 3.2. D) LED charlieplexing schematic. E) Fully connected PALS.
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Figure S3.3. Normalized LED Emission Spectra. Signals were obtained using the LED Spectra
Acquisition System. Spectra were corrected for any background signals. The 400, 465, and 625
nm LEDs have peak emission wavelengths of 400, 467, and 631 nm, respectively.
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Figure S3.4. Baseline pH Sensor Stability in pH 7.45. PALS pH sensor measurements over 8 h.
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Figure S3.5. Spectral Stability of the pH Optode LEDs. Spectra were obtained every 3 min for 30
min with the LED Spectra Acquisition System. Each spectrum is an average of 3 measurements
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after background signal subtraction. A) Overlapped 400 nm LED spectra. Inset: AUC analysis of
wavelengths encompassing the peak emission wavelength show minimal variance. B) Overlapped
465 nm LED spectra. Inset: AUC analysis shows minimal variance. C, Top) 465 nm LED peak
emission intensity at 467 nm shows no significant change over time. C, Bottom) 400 nm LED peak
intensity is stable.
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Figure S3.6. Baseline Lactate Sensor Stability. Lactate sensing in 4 mM lactate over 4 h.
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CHAPTER 4: CONCLUSION

Phlebotomy and arterial blood gas sampling provide healthcare professionals a static
measurement of critical analytes such as pH, SpO., glucose, lactate, and creatine. Although
single point measurements suffice for routine wellness checks, patients in critical care need more
data points to determine if the provided treatment is improving their outcome. Unfortunately,
current blood sampling strategies may result in anemia, low hematocrit, blood infection, and

nerve damage which may worsen the patient's condition.

As an alternative to frequent blood sampling, my thesis work develops implantable optical
sensors to continuously monitor biomarkers. Analytes such as calcium, pH, and lactate are
continuously monitored. This work builds upon existing sensing strategies developed in the
Botvinick Lab while also developing new ones. In Chapter 2, | use FRET technology to fabricate
an implantable Ca?* sensor. Results show sensor stability and the ability to record Ca?* from 0.01
to 10 mM. Although Ca?* is monitored, genetically modified FRET proteins that are selective to
additional analytes (such as magnesium, insulin, or glucose) can as easily be integrated into the
sensor to measure the corresponding analyte. In Chapter 3, | develop a dual excitation, single
band detection scheme on an implantable sensor to measure pH. This work reduces analyte-
sensitive spectroscopic data into voltages where due to the absorbance behavior of the selected
pH-sensitive dye, the ratio of voltages (after dual LED excitation) can be used to monitor pH.
This platform can be easily substituted with fluorescent dyes whose absorbance behavior also
change due to the analyte concentration. The integration of the Botvinick Lab’s lactate sensor
yields a pH and lactate sensor that can have a major impact in ailments associated with lactic

acidosis, such cardiac failure and sepsis.
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