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1. Epidemiology and pathophysiology
of cirrhosis and neonatal
hyperbilirubinemia

1.1. What is bilirubin, and why should we care?

1.1.1.

Physiological pathways of bilirubin.
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70 years of bilirubin sensing: towards the point-
of-care bilirubin monitoring in cirrhosis and
hyperbilirubinemia

Jean Pierre Ndabakuranye, © *2® Shigiang Li, @° Genia Burchall,® Kate Fox, @°
Terry Piva, ©¢9 Zhangyu Xu,® Omid Kavehei, @ ¢
Steven Prawer @2 and Arman Ahnood @ *3°

Bilirubin is clinically confirmed as a biomarker for liver health and has been utilized to implement the
prognostic systems for cirrhosis and hyperbilirubinemia. Optical and chemical methods have been
developed and are widely used to determine blood bilirubin levels within clinical settings. However, due to
their instrument complexity, high cost, and space requirements, the existing bilirubinometric technologies
do not lend themselves to point-of-care (PoC) applications within the community settings or for real-time
monitoring. Consequently, bilirubin monitoring can only be monitored intermittently, resulting in missed
episodes that may otherwise require clinical interventions. This review paper aims to explore potential
strategies for real-world point-of-care applications. Part one discusses the metabolic pathway of bilirubin
and the epidemiology of liver cirrhosis and neonatal hyperbilirubinemia. Part two provides a comprehensive
review of existing bilirubinometric techniques and highlights the need for point-of-care bilirubin
monitoring. Part three develops a theoretical framework for bilirubin spectroscopy. It explores two
potential bilirubin measurement approaches: the multiwavelength (based on the distinct optical signatures
of bilirubin) and the photodegradation kinetics approach (which relies on bilirubin degradation under blue
light irradiation). Part four outlines future recommendations and provides a perspective towards three
possible PoC bilirubin measurement devices for real-world applications, including a homecare testing
system, a miniature implant and a neonatal wearable patch. These devices provide an opportunity for
extending the reach of bilirubin measurement in locations outside hospitals and clinics.

naturally exists as water-insoluble unconjugated bilirubin
(UCB) and water-soluble conjugated bilirubin (CB). Their
chemical structures are shown in Fig. 1a.

The metabolic pathway of bilirubin is schematically shown
in Fig. 1b. When an erythrocyte or a red blood cell (RBC)
reaches its full lifespan (usually 100-120 days), it is engulfed by

Bilirubin macrophage and its haemoglobin (Hb) content is released. Hb

(formula: C33H3N,O6, molecular weight: 584.67 ¢ mol™) is a
yellow-orange by-product of haemoglobin catabolism. It is a
toxic compound, so should be excreted out of the body. It
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unit houses four subunits, each consisting of a protein chain
(globin) and heme. At this point, Hb dissociates into heme and
globin. The globin chains are broken down and are recycled as
amino acids. Haem component is further degraded into iron
(Fe** will later be reused in making new RBCs), carbon
monoxide and UCB. It is reported that this breakdown produces
between 250 and 350 mg of water-insoluble UCB in healthy
adults every day.' The UCB then binds with albumin and is
taken to the liver via the bloodstream. In the liver, uridine
diphospho-glucuronosyltransferase (UDP-GT) enzymes attach
glucuronic acid to UCB. The latter becomes the CB which is
excreted in the bile and then into the intestine. At this stage,
stercobilinogen is created and then oxidized to stercobilin. A
different closely related secretion variant known as urobilinogen

© 2022 The Author(s). Published by the Royal Society of Chemistry
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is absorbed into the bloodstream and is sent to the kidneys. At
this stage, urobilinogen is converted into urobilin via oxidation
and ultimately excreted into urine.'> Total serum bilirubin
(TSB) levels in healthy adults range from 0.15 mg dL™" to 1.2 mg
dL™, of which more than 75% is UCB."

1.1.2. Pathological levels of bilirubin in the blood.
Bilirubin levels can fluctuate physiologically between 1.2 and
2.95 mg dL™" but rarely exceed 5 mg dL".'* However, in the
cirrhotic stage (for adults) or hyperbilirubinemia (for
newborns), levels can rise to 20 mg dL™,"® and in severe
cases, 50 mg dL™" can be reached.'® Elevated bilirubin levels
(22.95 mg dL™") are always associated with pathological
disorders, including hemolytic anemia, impaired liver
function, and bile duct blockage."” Under such pathological
states, the UCB-albumin binding capacity is exceeded. Free
UCB then diffuses into the surrounding tissues leading to
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observable jaundice in the skin, sclera, or mucous membrane.
In extreme circumstances, UCB can accumulate in the grey
matter, potentially causing kernicterus and sometimes
death.'® Therefore, accurate and timely estimation of
bilirubin levels must be carried out to diagnose and forecast
liver dysfunction or any underlying metabolic disorders.

To simplify the bilirubin metabolic pathways, the model in
Fig. 1c is used in the form of an open-loop system. This analogy
for bilirubin conversion implies that the production of UCB is
independent of its conjugation and excretion. Notice that the
failure of the conjugation control action is principally due to
hepatocyte destruction in cirrhosis and insufficient UDP-GT
enzymes production in infants. The latter can be bypassed by
phototherapy, a commonly known intervention in paediatric
medicine where bilirubin is decomposed into other excretable
bilirubin forms wvia blue light irradiation. The following
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sections will expand on liver cirrhosis and neonatal jaundice as
the primary manifestations of bilirubin.

1.2. Liver cirrhosis

1.2.1. Pathophysiology of liver failure. The liver is situated
in the upper right abdominal region beneath the diaphragm
and above the stomach. Its dimensions and weight can vary
depending on gender, age, and body size. In adults, the liver
has an average weight of about 1.5 kg and is the second-largest
organ by mass behind the skin, making it the largest internal
organ. The liver performs vital roles in blood detoxification,
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production of blood coagulation proteins, storage of minerals
and vitamins, metabolism of fats, and activation of immune
system to fight infectious organisms, to name a few."® The basic
liver layout and anatomy are shown in Fig. 2a.

Hepatocyte destruction can occur when the liver is
subject to pathogenic attacks (viral or Dbacterial) or
constantly processes alcohol. However, the liver has a
powerful ability to tolerate acute physical and biochemical
injuries whereby hepatocytes divide and proliferate to
replace the damaged and dying cells, a process known as
liver regeneration. Conversely, when the liver is subjected
to chronic injuries, it can be scarred to the point where

Dr Kavehei is an academic and
research leader at The University
of  Sydney. Before this
appointment, he was with the
Centre for Neural Engineering at
The University of Melbourne. He
was awarded his PhD in
Nanoelectronics ~ from the
University of Adelaide in 2012
with the Postgraduate University
Alumni Medal and the 2011
South Australian Young
Nanotechnology Ambassador
award. In 2014, he was a
Visiting Project Scientist at the University of California, Santa
Barbara. In 2021 he was part of a team who won the Ramaciotti
Awards for Biomedical Research. He is a Senior Member of IEEE.

Omid Kavehei

Dr Arman Ahnood received M.
Eng in  engineering  from
University of Cambridge in 2006
and Ph.D. in electronics and
electrical ~ engineering  from
University College London in
2011. He is currently a lecturer
at the School of Engineering,
RMIT University. His research
focuses on  using consumer
electronics advances to address
biomedical challenges. He has
held various positions with
Philips Research Lab, Universities
of Cambridge, and Melbourne. He has authored over 60 papers in
the fields of bionics, as well as electronic materials, devices, and
systems. In the past five years, he has co-founded two companies,
Carbon Cybernetics Pty. Ltd. and BrainConnect Pty. Ltd.

Arman Ahnood

© 2022 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2sd00033d

Open Access Article. Published on 05 August 2022. Downloaded on 4/2/2026 11:22:01 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

Sensors & Diagnostics Critical review
e Gluconic acid b
o o
iRG oS - oR i
UDP-glucuronyl (toxic and water insoluble)
Heme i
HC H
7 RBC Hemoglobin /
. e . H 1
Unconjugated bilirubin Conjugated bilirubin 1
(lporhiilc) (hydrophilic) (ﬁ m’
c
Input ;| Output = @
Death of RBCs followed _ . Actions ﬁ'“i"?"’““e' 5 Excretion of 3 Urobilinogen Stercobiliiogen N
by Hb dissociation entasial o Bilirubin Oxidati Oxldation \
photodegradation) xidation yq .
Conjugated bilirubin AbuminBR
Obeniicop aystem analogy) (water soluble and less toxic) Eomplex

Fig. 1 (a) Bilirubin chemical structure. The left shows the unconjugated or indirect bilirubin, whereas the right shows the conjugated or direct
bilirubin. The two forms of bilirubin differ from each other with the attached radical after conjugation. (b) Bilirubin pathway: Hb (released from
senescent or damaged RBC) breaks down into globin and heme. Heme is then degraded into unconjugated bilirubin (water-insoluble); the latter
binds with albumin and is taken to the liver. In the liver, the enzymes act upon UCB to become conjugated bilirubin (water-soluble) which is
excreted from the body via stool and urine. (c) An open-loop system analogy of bilirubin excretion. The actions include all the steps involved from
the albumin binding to the bilirubin conjugation or the photochemical degradation of bilirubin during phototherapy.

the damage may become irreversible. This late stage is Cirrhosis has two major stages: compensated cirrhosis
called cirrhosis and is characterized by a histological and decompensated cirrhosis. Compensated cirrhosis is
formation of regenerative nodules surrounded by fibrous  when the liver is moderately damaged (usually before any
bands (Fig. 2b) and an ultimate disruption of the hepatic = major complication is developed) and can still perform
architecture.?’ essential functions. In contrast, decompensated cirrhosis is
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Fig. 2 (a) Basic anatomy of the liver. It consists of a hepatic artery and portal vein; these combine to form a sinusoid that prolongs into the central
vein and is aligned with hepatocytes and the bile duct.? Various important parts of the liver are labelled. (b) Liver layout: healthy liver (left) vs.
cirrhotic liver (right). The inset shows the histology of cirrhotic tissue with regenerative nodules formed when liver cells are injured. These nodules
can be thought of as colonies of hepatocytes. In between the nodules, there are fibrous bands. This figure is used with permission from Mayo
Clinic. (c) Global distribution by causes of death by gender. (d) The distribution of death by liver failure causes; hepatitis C and hepatitis B are the
most common causes in Australia and globally. Other causes include drug-induced injuries and hemochromatosis.®
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characterized by various severe pathologies and is the
primary cause of death in end-stage liver disease.*' At this
stage, the liver fails to accommodate some of its
physiological functions, such as blood detoxification and
filtering. Thus, toxins, such as bilirubin, will be dumped into
the central circulatory system without being filtered out,
leading to elevated levels in the blood (Fig. 2a). By
monitoring their blood levels, toxins can be used as
biomarkers for physiological and pathological processes in
the liver, and indeed, this is the primary motivation of this
review.

1.2.2. The burden of cirrhosis: statistics and healthcare
costs. Cirrhosis is an epidemiological concern and a major
source of morbidity and mortality (Fig. 2c and d). It results in
~1.5 million annual deaths accounting for 3.5% of global
deaths. It is also the eleventh most common cause of death
globally and the third in people aged between 45 and 65.>>%*
Liver diseases consume substantial economic resources from
individuals and governments, emanating from direct costs
(drugs, hospitalization, transplantation, government funding
and more) and indirect costs (reduced work productivity and
failure to re-join the workforce).® Some of the therapeutic
procedures such as palliative care, extracorporeal liver
support, and liver transplantation are the major contributors
to the financial costs. The cost of liver diseases in the
Commonwealth of Australia was estimated at ~AU$ 51
billion in 2012, including direct financial costs and the
burden of disease.** In 2022, the mentioned cost is likely to
be higher than a decade ago.

1.2.3. Clinical course: diagnosis, prognosis, survival, and
death. Despite its frequent presentation, cirrhosis can be
challenging to diagnose and, once established, difficult to
treat.>® Diagnostic procedures may include blood tests, liver
biopsy and imaging techniques (ultrasonography, computed
tomography scanning and Magnetic Resonance
Spectroscopy).>® Studies have attempted to predict the
prognosis of cirrhosis using Model for End stage Liver
Disease (MELD) and Child-Turcotte-Pugh (CTP) scores.
However, although these scores are clinically used in
predicting short term and long term survival, their prognostic
significance presents complexity, ie., they require multiple
input variables.>”

It is, however, essential to recognize that there is a certain
degree of survival in patients with cirrhosis. For example,
Sumskiene et al.*® reported a mortality rate of 51.1% in 17.9
months and D'Amico et al.>® reported an average survival rate
of 50% in 24 months. In these studies, higher survival rates
were observed in patients with low TSB levels. In general, the
degree of hepatic dysfunction is a critical determinant of
both prognosis and therapeutic interventions.

One of the liver's primary functions is to conjugate and
excrete bilirubin; therefore, liver failure causes blood bilirubin
levels to rise. Lopez-Velazquez et al.*® determined bilirubin as
the sole biomarker for predicting mortality in cirrhotic patients.
They compared the prognostic effect of bilirubin to MELD and
CTP scores and showed that bilirubin was as a significant
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mortality determinant. The area under curve and p-values of are
CB =0.751 (p = 0.001), UCB = 0.724 (p = 0.002), TSB = 0.746 (p =
0.001), MELD = 0.653 (p = 0.037), and CTP = 0.684 (p = 0.012).*°
Other studies have been carried out and supported the findings
of Lopez-Velazquez et al. that bilirubin is a biochemical
indicator of liver health.***

1.3. Neonatal jaundice and bilirubin photodegradation

1.3.1. Pathophysiology of neonatal jaundice. Jaundice (the
skin's yellowing) is one of the prevalent conditions in infants
and requires medical attention from the outset. Virtually all
infants will incur bilirubin levels above the healthy upper
limit (1.2 mg dL™)." However, a slightly increased bilirubin
does not need to be tested or treated. It is reported that more
than 60% of all full-term health newborns and 80% of all
preterm newborns will incur jaundice in the first week after
birth.** This occurs as the infant transitions from relying on
the placenta to the complete dependence on the
hepatobiliary system for bilirubin excretion.

There are three main causes of elevated bilirubin levels in
this age group: (1) infants typically have a high haematocrit
count (over 60%).** Some foetal RBCs are relatively unstable
and will quickly break down, increasing the produced
amounts of UCB. (2) The neonatal hepatic system is not
sufficiently developed to regulate and mobilize enough UDP-
GT conjugation enzymes, leading to the inefficient removal
of bilirubin. (3) The intestinal system has not sufficiently
developed a stooling pattern; this slows the digestion process
and increases the enterohepatic reuptake of the bilirubin
leading to an imbalance between bilirubin conjugation and
excretion. The mentioned three factors will inevitably lead to
a diminished clearing ability and an ultimate increase in
bilirubin levels.

Although the neonatal development of mild jaundice
physiological, these factors are expected to go away in a few
days. Levels will usually peak at ca. five days, and jaundice
will resolve at a 1 week margin. During this period, bilirubin
levels will more often than not stay below 12 mg dL*.**
Conversely, pathological jaundice may also occur, and
although less common, it still affects about 5% of infants.*®
It involves a TSB measurement higher than the threshold,
however, this will vary based on the gestational age and birth
weight of the infant.>” The comparison between physiological
jaundice and pathological jaundice is given in Table 1.

Hyperbilirubinemia is a sign of bilirubin levels above 1.2
mg dL™', which is the upper limit in healthy adults.’®
Depending on the dominant variant, hyperbilirubinemia can
be categorized as unconjugated (indirect) or conjugated
(direct), but the former is the most common. Severe
hyperbilirubinemia may, in some instances, imply that the
infant has other contributing factors such as the exposition
to an infection or the existence of genetic or metabolic
conditions.

Hyperbilirubinemia can be thought of as a spectrum.
Simple physiological jaundice manifests at low levels, and

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Summarized comparison between the characteristics and criteria of physiological jaundice and hyperbilirubinemia

Criteria Physiological jaundice

Pathological jaundice

Visible in the first 24 hours after birth No
(first day of life)

Variation in total serum bilirubin
levels

Variation in conjugated bilirubin
levels

When is jaundice expected to end?

Up to 5 mg dL™" each day for a maximum of five days
Maximum of 2 mg dL™" or 20% of the total serum bilirubin

In seven days (one week) for full-term neonates and two

Maybe
More than 5 mg dL ™" each day
More than 2 mg dL™" or 20% of the

total serum bilirubin
May take longer

weeks for premature neonates (<37 weeks gestational period)

mild jaundice may exist without an underlying cause. As
bilirubin continues to increase, the infant may start to
encounter increased sleepiness, and at the level of 17 mg
dL™, phototherapy can be recommended.*® Rarely the TSB
levels above 25 mg dL™ are reached.’® At these bilirubin
levels, the neonates will be at risk of developing a condition
known as bilirubin-induced neurologic dysfunction (BIND). At
this stage, bilirubin may cross the blood-brain barrier to
bind with the brain tissue, especially the basal ganglia.** The
most important interventions to reduce TSB levels in infants
are enteral feeds, phototherapy, and blood transfusion.*’
Herein, we focus on phototherapy.

1.3.2. Phototherapy as a treatment of neonatal jaundice.
Phototherapy refers to a treatment that uses light to improve
a medical condition by alleviating or hindering its
development. It mainly uses visible light from artificial
sources, excluding therapies that require high optical power
or photosensitizing agents such as tissue sterilization or
photochemotherapy.**

It has been reported that sunbaths were used as a form of
phototherapy in ancient Egypt, China, Roma, and Greece to
maintain general health.*' The early and distinguished work
for clinical phototherapy was done by Niels Finsen, in which
red light was used to impede scarring and inflammation in
patients with smallpox.*> He further designed a device with
quartz lenses and filters to treat lupus vulgaris, a form of
cutaneous tuberculosis.*> The technology was gradually
improved over the years and was utilized to treat pulmonary
tuberculosis, rickets and various diseases.***?

Perhaps the most critical and unique success story is the
utilization of phototherapy to treat neonatal jaundice, which
is presently established and applied in paediatric care as a
safe and easy to use technique.*” It was first introduced in
1958 by Perryman et al** from the General Hospital of
Rochford, Essex. However, it was not widely adopted and
coined until proven safe and effective, a decade later.”

1.3.3. Mechanisms of blue light phototherapy. Although
discovered solely based on an accidental observation with no
scientific principles,**® it is currently known that blue
irradiation induces photochemical reactions that alter the
structure of bilirubin without any changes in its constitution
(same empirical formula but different structural
arrangements). When bilirubin in the skin absorbs light, the
chemical reaction is initiated where bilirubin is converted
into byproducts that can bypass the liver's conjugation

© 2022 The Author(s). Published by the Royal Society of Chemistry

mechanisms and be eliminated from the body via the
intestinal or urinary tracks. Moreover, the byproducts are less
likely to permeate through the blood-brain barrier, which
could otherwise increase the risks of neurological damage.
Phototherapy will clinically be recommended to prevent the
elevation of bilirubin to TSB above 20 mg dL™" or blunt the
rising rate of TSB.*’

Bilirubin phototherapy usually requires a blue optical
source, and various reports suggest that the range of 430 nm
to 490 nm is more efficient and effective than other visible
ranges.”” The three most common pathways of bilirubin
photodegradation  include  photooxidation,  structural
isomerization, and configurational isomerization. It is
claimed that lumirubin is the primary pathway by which
phototherapy gets rid of bilirubin from the body.*°

1.3.4. Prevalence and economic burden of neonatal
hyperbilirubinemia. The national and global prevalence of
neonatal hyperbilirubinemia is less known due to the
absence of large-scale studies documenting these
incidences.*® Besides, there is no definite cutoff above which
the incidence can be labelled as hyperbilirubinemia.*’
Maisels suggested that it can be labelled as so if the bilirubin
levels are above the 95th percentile for a given population.®
However, the data is unavailable for many communities and
regions, making the global standard invalid.

The economic burden associated with neonatal
hyperbilirubinemia is also poorly understood.*® However,
one thing is obvious: neonates are a high-risk population,
and hyperbilirubinemia puts substantial financial pressure
on public healthcare system resources and various associated
costs on the caregivers. Thus, effective treatments and new
management protocols (including testing systems) may help
mitigate the overall burden of neonatal hyperbilirubinemia.

2. Current bilirubinometric techniques
and limitations

Several techniques have been developed to estimate bilirubin
levels, where direct spectroscopy and diazo reaction are the
most prevalent in clinical use. Measurements are performed
for every age group but prevalently in neonates and cirrhotic
patients. Depending on the signal detected, these techniques
can be classified into three groups: optical, electrical, and
chemical or a combination of these. These techniques
present, however, several limitations, including instrument

Sens. Diagn., 2022, 1, 932-954 | 937
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bulkiness and managerial proficiency requirements. The

following  sections  will  review  several  existing
bilirubinometric techniques, including chemical,
spectrophotometric, electrochemical methods and more.
Various associated limitations are also discussed. Table 2
compares and contrasts between major clinical
bilirubinometric methods.

2.1. Spectroscopic techniques

Spectroscopic  methods are wused to measure the

concentration of bilirubin by applying Beer's law (equation),
which describes the ability of light attenuation and
absorption by a material at specific wavelengths.>"

2.1.1. Transcutaneous technique. This technique uses
reflectance measurement at two or more wavelengths to
obtain BR levels (Fig. 3a and b).”*> Although this technique is
comparatively low cost and user friendly, it suffers from
inaccuracy. It has, however, been proven successful only in
neonates since the skin of adults is thicker, and the levels of
melanin and fatty cells are higher, resulting in increased
spectral interferences.”’ Also, blood is localized in the
vascular plexus but not uniformly distributed in the skin,*?
and skin blanching, a standard prerequisite for
transcutaneous measurement,”® may occasionally damage
the users' skin.

2.1.2. Gas analyzer: photometric technique. This
technique computes the total bilirubin concentration in
whole blood or plasma. The blood drawn from the patient is
measured at multiple wavelengths, and a computer-based
algorithm 1is used to correlate the measurement with
bilirubin concentration.”® However, this technique requires
bulky and complex equipment and specialized operators.

2.1.3. Direct spectrophotometry. Direct spectrophotometry
mainly uses UV-vis full-range scanning spectrometers, and in
some instances, reagents such as caffeine are required.’*
Spectrophotometric estimation of bilirubin in serum® and
urine®® samples has been reported. The determination of
bilirubin levels by derivative spectrophotometry has also been
reported.”” Although direct spectrophotometry is accurate
and reliable compared to other routine techniques, it suffers
from interference with other proteins and different pigments,
such as carotenoids which absorb at ~450 nm and are
prevalent in infants below three weeks old.”® Besides, it
requires pre-processing of samples and reagents, bulky and
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Fig. 3 (a and b) The images show newborns being measured for BR
levels on the forehead (left) and sternum (right). Light is illuminated on
the skin, and the reflectance is measured. The obtained information is
processed and correlated with BR levels. Images were used with
permission from Dragerwerk AG & Co. (c) Schematics illustrating the
processes involved in fabricating and preparing bilirubin biosensors. (d)
Schematic representation of chemical reactions and measurements of
electrochemical response. The sensor surface with immobilized
enzymes acts as an electrochemical transducer. The response
measurement is achieved using an ADC for digitization and a host
microcontroller/processor for data processing and acquisition.

expensive instruments, and trained staff to carry out the
analysis.

2.2. Chemical techniques

2.2.1. Calorimetric assay kits. Several colourimetric assay
kits exist, including Sigma Aldrich MAK126, Biovision
K553100, and Cell Biolabs MET5010. These assays use the
Jendrassik-Grof principle to measure the concentration of
bilirubin via a reaction with a diazo salt to form azobilirubin,
which absorbs at a specific wavelength; usually 550 or 600
nm. A catalyst is required for total bilirubin determination
but not for conjugated bilirubin. These assay kits are,

Table 2 Comparison of the gold-standard clinical bilirubinometric techniques

Chemical Photometric Transcutaneous
Accessibility Requires outpatient visit Requires outpatient visit Only for full-term infants
Example of clinical models Dimension RxL (Dade Behring), Roche OMNI S (Roche Diagnostics) Driger JM-103 (Driager Medical Inc.)
Sample type Plasma or whole blood Whole blood Not applied
Cost High-end High-end Comparatively low
Technical knowledge Requires a trained operator Requires a trained operator Little to no training is required
Cut-off sensitivity of 100% Not applied ~13.7 mg dL™ ~12.8 mg dL™"

Positive predictive value, % Highest
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however, expensive and less selective. Besides, the accuracy
in the diazo-based techniques is challenging since the
reaction rates are pH-dependent. These kits also require both
extended test preparation time and a trained staff to carry
out the analysis.

2.2.2. Chemical analyzers. In this approach, blood or
plasma is mixed with a reagent, and the amounts of formed
colloidal BR complexes are measured. Although chemical
techniques have shown high accuracy, devices are bulky and
complex and require experienced and specialized operators.
They also involve clinical procedures; patients must attend
the hospital where blood is drawn (usually by venipuncture)
and measured for BR. Turn-around-time can be lengthy,
resulting in delayed diagnosis and poor prognosis. Besides,
patients may miss scheduled appointments due to disability,
substance abuse, and existing medical conditions.

2.2.3. Paper-based techniques. In addition to
aforementioned chemical methods, paper-based colorimetric
assays have also been attempted and developed for bilirubin

measurements.>*°°

2.3. Chromatographic techniques

2.3.1. Thin layer chromatography. Thin Layer
Chromatography (TLC) involves separating non-volatile
mixtures on glass, aluminium, or plastic adsorbent substrate
(stationary phase), usually coated with silica gel. Via the
capillary action, the mixture (mobile phase) is pushed
upwards, leading to the separation of substances due to the
difference in ascending rates or concentrations. In 1984,
Shinya analyzed the azo-pigments derived from bilirubin
tetrapyrroles in bile using the TLC technique.®’ Although
experimentally easy and economical, TLC is susceptible to
moisture and temperature.

2.3.2. High-performance liquid chromatography. In
analytical  chemistry, the High-Performance Liquid
Chromatography (HPLC) process starts with separating a
solvent mixture into individual components, followed by
identifying and quantifying these components. A pump is
required to maintain a constant flow through the column, at
which point a detector gives a retention time characteristic of
the analyte of interest. Spivak and Yuey developed an
efficient reverse-phase HPLC technique to estimate bilirubin
which was further used to diagnose biliary tract hindrance
and Crigler Najjar condition.®® Other studies for bilirubin
determination using HPLC have been reported.®* ®” Although
HPLC exhibits high resolution, reproducibility, and precision,
it is time-consuming and requires costly reagents, bulky
equipment and managerial proficiency.

2.4. Capillary electrophoresis

Capillary electrophoresis (CE) involves separating an array of
tiny molecules using narrow capillary tubes or micro/nano-
fluidic channels. CE has primarily been used in evaluating
free and bound bilirubin. CE has also been coupled with
frontal analysis (FA) to monitor the evolution of free bilirubin

© 2022 The Author(s). Published by the Royal Society of Chemistry
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in infants, thus revealing the information about bilirubin-
albumin binding affinity.®®®® A CE-based microfluidic
microsystem has also been reported for bedside
monitoring.”>”" Although CE is a low cost, quick, and
reproducible technique, it requires expertise for handling.

2.5. Electrochemical bilirubin biosensors

Electrochemical are a class of sensors that
incorporate a biological (or a biologically derived) material
with a transducing microsystem. The reaction with the
analyte of interest gives rise to a signal as an electrochemical
response. Depending on the measured property (current,
potential and impedance), electrochemical sensors can be
categorized into three groups: amperometric, potentiometric
and impedimetric biosensors.”>

Electrochemical biosensors first appeared during the
second half of the 20th century with the first reported oxygen
electrode” and the invention of glucose sensors, as proposed
by Clark and Lyons.”* Currently, most commercial biosensors
are targeted for clinical applications such as testing glucose,
urea, creatinine, cholesterol, and lactate.”>”®

Bilirubin electrochemical biosensors are generally based
on catalytic oxidation of bilirubin into biliverdin. The
oxidation catalyst is known as bilirubin oxidase (BOx). The
major steps involved in fabricating bilirubin biosensors and
measuring electrochemical response are shown in
Fig. 3c and d. In 1989, Moussa et al. first reported the
electrochemical oxidation of bilirubin in dimethyl
sulfoxide;”” and then, studies on
electrochemical sensing of bilirubin have been reported.
Various bilirubin biosensors that use precursor materials

Sensors

since various

have been reported. They include dissolved-oxygen,”®
conducting polymer,” nanoparticles,®® and sol-gel.*!
Bilirubin estimation by coupling with other sensing

capabilities, including photo-electrochemical,®>  piezo-
electrochemical sensors,®® opto-electrochemical,®® electro-
chemiluminescent® sensing has also been reported. These
biosensors are notable because they (1) generate no waste
and thus are considered clean, (2) can be miniaturized into
portable devices that require micro-volume samples, and (3)

are  highly selective and cheap, allowing their
popularization.”
2.6. Fluorometry
Fluorimetry involves measuring the spectral emission

intensity and distribution of a specific optical spectrum after
excitation. Fluorometry has been applied to quantify bilirubin
by reacting a fluorescent derivative with BOx and measuring
the emission at 440 nm after a 240 nm excitation.**®” Brown
et al. developed a fluorometric method and used it to
measure UCB and TB concentration and estimate bilirubin-
albumin binding capability in blood specimens from 79
neonates.®® Several other fluorometric studies on bilirubin
estimation have been reported.*®®® Although remarkably
sensitive and portable, fluorometry is prone to inaccuracy
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due to variations in pH and temperature and requires costly
instruments and complex measurements.

2.7. Chemiluminescence

Chemiluminescence (CL) involves light emission after a
chemical change with no heat production. Recent attention
has been received to measure bilirubin using a conjunction
of chemiluminescence and flow injection analysis (FIA). By
inhibiting the CL from the lucigenin - hydrogen peroxide
(H,0,) complex, the negative correlation between the CL
intensity and bilirubin concentration can be used to measure
bilirubin levels in humans.”® Huie et al detected a CL
emission from bilirubin in natural solvents due to its
reaction with peroxyoxalate; however, the limitations emanate
from the solubility of CL reagents, and the quenching of CL
intensity in aqueous media are critical.”’ Calokerinos et al.
updated the technique and measured bilirubin in the
presence of water and various oxidizing agents.”>%® Several
other studies were also reported.’*®

2.8. Polarography

Polarography is a particular kind of linear sweep
voltammetric technique in which the electrode potential is
adjusted linearly. The use of differential pulse polarography
to estimate bilirubin and its derivative at a mercury electrode
has been reported.”® Several other studies on bilirubin
estimation by polarography have been reported.””*® Although
polarography has higher sensitivity and a lower detection
limit, it is prone to stray voltages from wires and nearby
sources.

2.9. The need for point-of-care bilirubin estimation

During the post-industrial revolution era, science and
engineering have forever transformed the world's political
and socioeconomic landscapes. They have significantly
morphed and influenced nearly every facet of modern society
and eventually allowed healthier, longer and more stable
lives. Humankind can now witness the impacts of this
incredible technological journey and, at the same time,
foresee vast, exciting future developments that can meet new
and future challenges.

The past few decades have seen an evolution of various
medical technologies that have transformed healthcare.
These breakthroughs were made possible by humankind's
ability to master the micro-and nanoscale, which led to the
miniaturization of devices. These breakthroughs have been
motivated by a remarkable increase in socio-political
awareness for monitoring many biomedical practices ranging
from minor to deadly diseases to improve human health. The
latter is due to the ceaseless recognition of new conditions,
bringing new engineering and clinical sciences challenges to
develop innovative and optimal techniques for POCT,
diagnosis, and treatment of diseases. These techniques must
be tailored for realtime and continuous detection of
diseases, either in vitro or in vivo, while delivering fast and
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Table 3 Advances in the development of point-of-care

Technology reference Method Estimated cost [AU$]
Yamanouchi, et al.>* Handheld —

Jacques, et al.”® FOC-based —

SpectRx BiliCheck' Handheld 2300

Bilistick'** Fingerprick 1400

JM-103 (ref. 102) Handheld 1500

JM-105 (ref. 102) Handheld 2900

KJ-8000 meter103 Handheld 4800

accurate results. Thus, there is no doubt that research into
the effective techniques for bilirubin levels estimation will
continue to grow.

The real-time bilirubin levels measurement is essential in
tracking liver health. The information on its temporal
distribution is often entailed to accelerate decision-making in
homes or hospitals (i.e., in emergency room and intensive
care units). Fast and self-administered POC devices can
reduce the frequency of unnecessary and missed clinical
visits and make patients much more responsible for their
conditions (some of the devices on the market are shown in
Table 3). Moreover, miniaturization is currently essential in
sensor technology to achieve simple, low cost and portable
devices usable in remote areas for emergency purposes thus,
shifting from clinical settings into non-laboratory settings.
Considering the limitations of the current bilirubinometric
techniques, the substantial socioeconomic impact associated
with cirrhosis, and recent findings identifying bilirubin as a
sole biomarker of liver health, an effective point-of-care
bilirubin sensor that supplements outpatient visits would be
useful. These POCT techniques include implantable,
wearable, and handheld devices and sensors.

3. Bilirubin spectroscopy
3.1. An overview of optical methods in biochemistry

Optical methods are based on how a substance interacts with
electromagnetic radiation, usually referred to as light in
spectroscopy. The light-matter interaction exhibits typical
optical properties, including absorption, emission, refraction
or bending, reflection, scattering, or delayed emission. These
properties can be measured and correlated with the amount
of a substance.'” Through direct or indirect measurements,
the optical properties can be quantified and be used to
identify the physiological and pathological processes in the
body.

Direct optical techniques, such as diffuse reflectance
measurements, have been used to measure blood flow, heart
rates, and oxygen saturation.'®® Perhaps the most widespread
application of the direct optical method is pulse oximetry. On
the other hand, indirect optical techniques involve chemical
reactions of the analyte with precursor reagents to form an
optically measurable product. For example, in the
Jendrassik-Grof method, bilirubin reacts with a diazotized
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sulfanilic acid to produce an azo dye that is optically
measurable at 550 nm and proportional to bilirubin
concentration.'%*'%”

Among other optical methods, spectrophotometry is
perhaps the most thought-after quantitative analytical
chemistry technique with applications in life science and
clinical settings. Whilst full-range spectrophotometry can be
used in laboratory settings to determine accurate and reliable
results, in some instances, it is impractical owing to
instrument complexity, bulkiness (weight and size) and
susceptibility to mechanical shocks. Cadusch et al have
attempted to develop a lightweight visible range
spectrometer.'®® Although this is a comparatively convenient
solution, the complexity and cost are still high.'® Hence, an
optimal selection of a smaller number of wavelengths for this
purpose could enable mobile medical devices with
significantly lower power consumption at an exponentially
lower cost. However, this can be at the expense of lower
measurement accuracy. The error increases with the
reduction in the number of selected wavelengths, and the
error analysis for the measurement will be discussed later. At
a minimum, the absorption measurement at two wavelengths
is necessary to perform a quantitative analysis of blood
composition. This approach is commonly referred to as dual-
wavelength measurement. Indeed, this same approach is
selected in most commercial pulse oximeters.

The viability of optical measurement in blood relies on
the validity of three key requirements. The first requirement
is essential for in vivo measurements, whilst the remaining
two apply to both in vivo and in vitro measurements. The first
requirement (in vivo) entails that the presence of arterial
pulse is required to decouple the absorption of the tissue
with that of blood. However, for in vitro, the arterial pulse is
not present, and the setup does not need to be optimized to
mitigate its contribution to the optical absorption.'” The
second requirement (both in vitro and in vivo) is that the
analyte of interest should have a distinguishable optical
absorption feature independent of the rest of the blood
pigments. This feature is manifested in blood oximetry,
where the HbO and HbR exhibit a significant difference in
extinction coefficients at 660 and 940 nm wavelengths.'*
Although many other blood pigments, including other forms
of hemoglobin, contribute to the optical absorption, HbO
and HDbR exhibit distinct spectral signatures. Thus, the
interference due to these pigments can be mitigated, leading
to improved accuracy in the blood oxygen content
determination. It can be noted that many other blood
components, such as glucose and creatinine, do not exhibit
distinct spectral features in the visible range; thus,
conventional optical absorption is not valid."*" In these cases,
measurements such as reagent-based indirect optical
methods can be used. The third requirement is predicated
upon the predictable relationship between optical absorption
and concentration. In the simplest form, the optical
absorption of a blood pigment would follow a linear trend
with its concentration. This is famously referred to as Beer's
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law, and its expression is given in eqn (1). However, several
non-idealities would contribute to deviation from this
relation. For example, blood exhibits a strong scattering,
which could invalidate Beer's law in some instances.''?
Similarly, nonlinear absorption at higher and lower light
intensities, as well as autofluorescence from a multitude of
blood compounds when exposed to shorter wavelengths, are
factors that can lead to deviation from the conventional
Beer's law. Therefore, devices such as oximeters are designed
to operate within a measurement regime in which Beer's law
is a valid approximation.'*

3.2. Beer's law and the principle of dual wavelength

3.2.1. The foundations of Beer's law and dual wavelength.
Formally, the concentration C [M] of a substance in a
solution relates to its absorbance A and light path length t
[cm], as shown in eqn (1). This expression is widely known as
Beer's law, where the molar extinction ¢ (1) [M™ em™] is a
constant of proportionality (T: transmittance, I,: incident
light, I: transmitted light).>" It should be noted that Beer's
law is insufficient in circumstances with significant
reflectance, scattering and autofluorescence; however, within
a specific range of concentrations, it has been and can be
used as an approximation.'** It is important to note that the
portion of the intensity absorbed by a substance in a solution
at a specific wavelength is a constant value characteristic of
the material. This constant value is known as the
“absorptivity & and can be related to the absorbance, as
shown in eqn (1).

A=¢extxC= —log(1€>

(1)

Another essential parameter is the “absorption coefficient,
#.°, which determines how deep light of a particular
wavelength can go into the sample before being completely
absorbed. Thus, if the material with a low absorption
coefficient at a specific wavelength is thin enough, it will
appear transparent. The expression of the absorption
coefficient is shown in eqn (2).

fa=ex Cxn10 [em Il (2)

Whilst the one-dimensional Beer's law provides an
opportunity to measure the concentration of a substance in
the solution at a specific wavelength, this approach is
insufficient in cases where two or more substances
contribute to the optical absorption of the solution. This
scenario could be addressed by considering the absorption at
two or more wavelengths using n-dimensional Beer's law
approach. The two-dimensional Beer's law referred to as
dual-wavelength measurement is presented in eqn (3). &4
and ¢, ; are the molar extinction coefficients for components
x and y at 4;. &, and ¢, , are the molar extinction coefficients
for x and y at 4,. C, and C, are the molar concentrations for
components x and y. 4; and 1, are commonly referred to as
analytical wavelength and reference wavelength, respectively.
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(A;l > A,
=
A, Aj, = (ex2 % CaXt) + (g2 X Gy xt)

Ex .y Cy
Xt =
E,‘x’ Ay C. y
(3)

Dual-wavelength measurement works on the principle that
the absorbance ratio at two spectral points, 1; and 1,
correlates with the concentration of the analyte of interest.""®
It demonstrates increased measurement rapidity, simplicity,
selectivity, and sensitivity conventional
spectrophotometry.'®

Several factors determine the selection of appropriate 4,
and 4,. In blood oximetry, 660 nm and 940 nm wavelengths
are typically chosen as A, and 4,. This selection is partly
because HbO and HbR have inverted absorption strengths at
940 nm compared with 660 nm. Several additional factors
have resulted in the selection of 940 nm than 660 nm,
including the availability of light sources and low absorption
by the tissue and blood in the red and near-infrared ranges.
It is worth noting that the recent technological progress in
the availability of LEDs has opened the possibility of
oximeters at wavelengths other than the traditional 660/940
nm. For example, 665/894 nm, 780/808 nm and 761/818
nm.'* The primary motivation behind operating at these
alternative wavelengths is reducing the scattering variability
and accounting for other blood pigments.

3.2.2. The general selection criteria for operating
wavelengths. The optimal selection of operating wavelengths
(4, and 1,) for dual-wavelength measurements utilizes three
specific operating regimes: isosbestic point, absorption foot,
and the absorption peak.

Peak and isosbestic absorption points. The isosbestic wavelength
is commonly used as a reference wavelength."'® Any changes in
peak absorbance due to the reagent of interest (x in our case)
can be correlated with its concentration by computing the
absorbance ratio. eqn (3) can be reduced to eqn (4) to facilitate
the extraction of the concentration of the reagent of interest.

&y.0s

over

A}L] zsxrGCxXt-i-ey‘lXCth

Ay —Isosbestic =
Ay, =Kep+ Ky

Peak and foot absorption points. Beyond using an isosbestic
wavelength, when the absorption spectrum of the analyte of
interest exhibits both a maximum point (peak) and a
minimum point (foot), the two can be taken as the target
wavelengths. If the absorbance at the foot is negligible, then
eqn (3) can be reduced to eqn (5). Any change in absorbance
at the peak due to the reagent of interest can be correlated
with its concentration. Indeed, this approach forms the basis
of optimal wavelengths selection for bilirubin measurement.
It can be noted that bilirubin has an absorption peak and
foot at ~470 and ~530 nm, respectively. The illustrations

Sa0, =

HbR _
100XRég40nm ~€660nm
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and the spectral data of the isosbestic, peak and foot
absorption points are given in."'7'"®
Ay = exa XCy Xt + g1 X Cy Xt

A, —Absorption foot = (5)
Ail = 8_]/.2 X Cy Xt

Inverted absorption strength. Suppose a mixture has
reagents such that the absorbance increases at one wavelength
while decreasing at the other. In that case, the concentration
variation can be obtained by computing the absorbance ratio
or difference. This approach has been extensively used in
pulse oximeters. 660 nm and 940 nm wavelengths are chosen
for the simple reason that oxygenated haemoglobin absorbs
more at 940 nm than at 660 nm, while the reduced
haemoglobin absorbs less at 940 nm than at 660 nm.

3.3. Case study: application of dual wavelength in pulse oximetry

DWL spectrophotometry is widely known in pulse oximetry
for measuring SaO,. It involves comparing light absorbances
of HbO and HbR at two wavelengths and analyzing the
pulsatile component of arterial blood. Light is shined onto or
through the tissue, usually the finger, followed by reflectance
or transmittance measurements. The arterial pressure and
diameter increase sharply during heart contractions and
decrease when the aorta valve is closed. It can be noted that
a blood vessel is elastic; thus, its diameter is expected to vary
proportionally with heartbeats. The magnitude of the
resulting optical signal can be correlated with SaO, since the
non-pulsatile component stays constant and will not affect
the measurement. Fig. 4a shows that only pulsatile blood
flow is taken advantage of by tracking the associated
variations in the absorbance readings.'"®

Hb molecules are responsible for oxygen transport from the
lungs (high oxygen tension) to the tissues (low oxygen tension).
Sa0, is thus referred to as the per cent ratio of HbO to the total
haemoglobin (HbO and HbR) concentration as defined in eqn
(6). The average SaO, is approximated at 96-98% (arterial SaO,)
and 75% (venous Sa0,) in healthy adults depending on heart
rate and oxygen partial pressure of the inhaled air."*°

[HbO)

Sa0, = 100X ——————
at: * [HDR] + [HbO]

(6)

Considering the absorption spectra of chemically non-reactive
HbO and HbR and based on the skin vasculature, longer
wavelengths, red and near-infrared (NIR) light are used. Red and
NIR can profoundly penetrate the cutaneous tissue and reach
the dermal and subdermal layers where arteries and arterioles
are located.”" Besides, HbO absorbs more NIR than red light,
while HbR absorbs more in the red than in the NIR region, as
shown in Fig. 4b. Therefore, by combining eqn (3) and (6), the
Sa0, yields eqn (7) where ¢ is the extinction coefficient.

HbR

(7)

HbR HbO
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Fig. 4 (a) Illustration of pulsatile and non-pulsatile components in
pulse oximetry. The pulsating blood helps distinguish between blood
and tissue absorption in oximetric measurement. (b) Illustration of
wavelengths selection for a pulse oximeter.

3.4. Dual wavelength as a means for bilirubin concentration
measurement

3.4.1. Absorption properties of bilirubin. Bilirubin is a
chromophore responsible for jaundice and does not
absorb in the green, yellow, and red spectral range, as
shown in Fig. 5a. Notice in Fig. 5b and c that bilirubin
overlaps with other blood pigments, including Hb, lipid
and melanin.” The absorption coefficient g, of bilirubin
can be obtained from eqn (2). By considering the normal
adult bilirubin levels as 1.2 mg dL™ (~20 umol L™) and
the peak molar absorptivity as ejgonm = 53846 cm ™™ M,
the absorption coefficient yields g, = 53846 x 20.5 x 107°
x 2.3 =25 cm .

3.4.2. Choice of optimal wavelengths for bilirubin
monitoring. As mentioned above, Beer's law is based on the
concept that the sum of absorbed and transmitted photons
equals the incident photons. This law is insufficient in media
such as blood with significant reflectance or scattering. Fig. 5d
shows that scattering in the blue range (~470 nm) is around
four orders of magnitude higher than the absorption in the
red and infrared range (above 600 nm). However, Beer's law,
hence DWL, can be used as an approximation to minimize
scattering and other interfering background noise.'**'*

As shown in Fig. 5 (a to c), bilirubin exhibits its highest
optical activity in the blue region, where its optical spectra
overlap with Hb's, lipid's and melanin's. Also, its molar
extinction is higher than HbO's between 452 nm and 488 nm,
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as evidenced by the BR-to-Hb extinction ratio; Fig. 5b and
inset. Given that 470 nm is the peak for BR-to-Hb extinction
ratio and has a relatively low absorption for HbO; and that
530 nm is an isosbestic point for HbO and HbR and has
negligible absorption for BR; 4, and 7, can be selected as 470
nm and 530 nm, respectively. Hence eqn (3) yields eqn (8).

{A470 = (SBR1470 X Cgr + €mb,a70 X CHb) Xt -

Aszo = (SBKSSO X CpRr + &Hb,530 X CHb) Xt 530

£BRr.530 — 0

(8)

3.4.3. Optimal path length and concentration for bilirubin
absorption measurement. Looking back at the expression of
Beer's law shown in eqn (1) and (2), the absorbance is
dependent on the concentration of the substance of interest
and the path length. These two parameters are critical for the
reliability of the bilirubin concentration measurement. A
series of theoretical simulations were carried out and have
shown that a path length of not more than 0.3 mm is
adequate for the measurement, and the results are
summarized in Fig. 6 (a to d). These simulations are shown
at the already determined analytical and reference
wavelengths. Also, notice that the concentration range
covered was 1.2-50 mg dL™', which corresponds to the
pathophysiological levels projected from healthy individuals
(1.2 mg dL ™) to cirrhotic patients (50 mg dL™).

The theoretical spectral distribution of blood at varied
bilirubin concentrations is shown in Fig. 6a. As can be seen
on the whole spectral range, the variation in bilirubin
concentration is not as obvious, except for the blue range
where bilirubin exhibits the highest optical absorption (see
inset of Fig. 6a). Furthermore, the relationship between
optical attenuation by a blood sample with path lengths up
to 1 mm is shown in Fig. 6b. These values were computed
using the expression of Beer's law in eqn (1). Noticeably, 0.2
mm path length results in attenuation up to about 5%. Large
path lengths result in high absorption and low incident light
intensity on the optical detector, leading to low transmittance
values. In spectroscopic terms, a transmittance (7) of more
than 10% (i.e., absorbance <1.0) is favourable, a
transmittance between 1% and 10% (i.e. 2.0 > A > 1.0) is
acceptable and in some cases, a transmittance between 0.1%
and 1% (3.0 > A > 2.0) is allowed. Thus, path lengths below
~300 um are suitable for transmittance measurements at 470,
and 525 nm and 0.2 mm path length can be used for optical
measurements in the blood (Fig. 6b). Also, notice that using
infinitely shorter path length is inappropriate as it may result
in less effective measurement and produce unreliable results.

A comprehensive assessment of Beer's law at the operating
wavelengths (470 and 525 nm) is provided in Fig. 6(c and d).
It was done by normalizing the incident light I, at 100 and
determining the transmittance (i.e., the absorbance) under
300 um path length. The comparison of the absorbance of
bilirubin-blood shows that the change in bilirubin
concentration is greatest at 470 nm. The absorbance
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difference is 0.6 at 470 nm compared to 0.003 at 525 nm,
corresponding to over two orders of magnitude.

3.5. Bilirubin photodegradation as a means of bilirubin levels
measurement

As described in section 1.3, phototherapy involves
illuminating blue light on an infant's skin, resulting in the

disappearance of bilirubin (UCB) from the body via excretion
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of the hydrophilic byproducts. Inspired by phototherapy, the
correlation between degradation parameters and irradiation
times can be used to estimate bilirubin levels.

This subsection suggests a quantitative measurement of
bilirubin using its degradation kinetics. Several optical
aspects of bilirubin degradation have been studied, including
peak area, concentration, absorbance, and more.'*® These
studies have demonstrated that the degradation parameters
can be correlated with irradiation doses and concentrations.

Like many chemical and biochemical reactions, the
photodegradation reactions follow fixed order kinetics, and

124 The accurate

the order number n is not always an integer.
assessment of the effects on bilirubin illumination requires
information on its degradation mechanisms, which is crucial
in determining its fate. Various fate models have been
suggested to fit the degradation pathways of bilirubin,"*™**”
and the models are shown in eqn (9)-(11).

eqn (9) constitutes the pseudo-kinetics
characterized by exponential decays and always represents a
relationship between the absorbance or concentration and
time."””* It has been shown that the photodegradation of
bilirubin follows this reaction type.'** Indeed, this has been
chosen to model the degradation process due to its simplicity
and straightforwardness. No comparative study about the
effectiveness of the models has been found. A: bilirubin
absorbance, A.qef: bio-photodegradation coefficient, k: bio-
photodegradation rate constant, ¢: irradiation time.

% = —kxA(t)

dr . ©)

A(t) = Aoffset T Acoeffeikxt

first-order

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Proposed by Dubin et al,'*® eqn (10) consists of a multi-
order rate reaction. Dubin suggested that the
photodegradation of bilirubin can be modelled using dual
order kinetics comprising the first and second orders."*

da, k.,
- xA
det on t

It is widely recognized that bilirubin degradation results in
three major byproducts, including lumirubin, biliverdin and
other isomers."*® Thus, the eqn (11) shows that its kinetics
can be expressed as fractional pathways leading to a multi-
exponential model.**”

n
2 : —kixt

Ap = Aofser + (Aiﬁcoeffe )
i=1

v (11)

— —kyxt —kyxt ~ksxt
A —Aoffset+A1,coeffe v +A2,coeffe > +A3,c0effe i

Section 3.4 above has extensively described the DWL
approach for bilirubin monitoring. Thus, the utility of both
DWL and photodegradation-based bilirubin estimation can
be applied to increase the sensor capability to produce more

accurate and reliable results.

3.6. Evaluation of potential sources of errors

As described above, dual wavelength is a potential
spectrophotometric approach for detecting slight variations
in the absorption of bilirubin in the blood. However, multiple
sources of error exist that lead to a false interpretation of BR
levels; these range from a patient's pathological parameters
to measurement and device constraints. The following
segment describes potential sources of error and suggests
some corrective interventions to increase the reliability of BR
measurement. Also, notice that the reported errors represent
the worst-case scenarios in dual-wavelength measurements.

3.6.1. Oxygen saturation (both in vivo and in vitro). It has
been reported that the SaO, can be affected by physiological
and pathological parameters. These may include cirrhosis,'*
body temperature,'"? physical exercises, "’ or
cardiorespiratory conditions.”*' These parameters may also
lead to an over or underestimation of BR levels due to a surge
in SaO,. The latter could be corrected by applying a
multiwavelength approach that uses multi-dimensional
solutions to Beer's law to compensate for SaO,. It can also be
corrected by choosing a different reference wavelength, such
as 540 or 576 nm, that manifests an absorbance variation
similar to that at 470 nm (see Fig. 7a and b). It has been
reported that SaO, can go as low as 90% in most adult
patients.** The effect of Sa0, variability on the absorbance
ratio was studied, and the associated uncertainty error is
shown in Fig. 7e.

3.6.2. Dysfunctional haemoglobin (both in-vivo and in-
vitro). There are two major dysfunctional haemoglobin

© 2022 The Author(s). Published by the Royal Society of Chemistry
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forms: carboxyhaemoglobin (COHb) and methaemoglobin
(MetHb). These forms possess distinct aberrant spectral
signatures than oxyhaemoglobin and deoxyhaemoglobin.
Although they exist in the blood at low concentrations, they
may cause inaccurate and false interpretations of bilirubin
levels."**"** A multiwavelength approach can also be used to
address this. It has been reported that acceptable blood levels
for both MetHb and COHb are 2%."*> The effect of the
variability in MetHb or COHb blood levels was studied (as
shown in Fig. 7e). Changes in the concentration would result
in average estimates of +2.3 mg dL™" and +1.09 mg dL",
respectively for MetHb and COHb.

3.6.3. Spectral variability of light sources (both in-vivo and
in-vitro). LEDs are not monochromatic sources as they exhibit
a spectral emission range usually ~25 nm at 50% of the
maximum for blue and green. Moreover, their emission
spectrum is temperature-dependent, resulting in spectral
broadening or peak shifting."*® This spectral variability would
lead to the variation in absorption coefficients of BR, HbR
and HbO, resulting in the measurement error. The effects of
spectral variability were studied by comparing the impact of
an LED and a laser diode (LD); an LED stands for a broader
spectrum and an LD for a single wavelength. This is achieved
by integrating the absorption coefficients of a blood sample
at varied bilirubin concentrations (0.15-50 mg dL™') over
wavelengths occupied by the LED's relative spectral power.
The obtained absorbance ratio (DWL) sensitivity was ~0.001
per mg dL™" for LED and LD, as shown in Fig. 7c. Thus,
compared to LD, the spectral variability for LEDs would not
result in any discernible measurement error.

Beyond the emission spectra broadening, the operating
temperature of the LEDs would also impact the emission
spectrum (mainly peak shifting). The effect of temperature
on the peak wavelength shifting was also investigated for
blue, green, amber and red colour LEDs using a 4 K
temperature change (see Fig. 7d). Notice that 4 K was selected
as the largest possible variation in body temperature.
Analyses show that a change of 4 K would result in an
average BR concentration variation of +0.82 mg dL™" (see
Fig. 7e). These suggest that the LEDs are well suited for use
as a light source in the optical measurement of BR.

3.6.4. Fibrosis formation (for in vivo only). In the case of
implantable bilirubin monitoring devices, the body response
implant becomes an important consideration. The body may
recognize an implant as foreign through fibrosis by covering
it with scar tissue, negatively impacting the optical
measurement. This can be corrected by carefully selecting a
packaging material based on biocompatibility and bio-
inertness. Studies have shown that scattering coefficient; pg
(A), are much higher than absorption coefficients; g, (1), in
scar tissues and can be estimated as g, 470nm = 0.338 mm
Ius, 470nm — 1.836 mm_l, ﬂa, 525nm 0.270 mm_ly ﬂs, 525nm
0.973 mm ', fa s7enm = 0.248 MM ', L s7enm = 0.944
mm " In the study by Lichter et al,”*® a fibrous
encapsulation of up to ~70 pm thick was observed on the
diamond after 15 weeks of implantation. As shown in Fig. 7e,
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470 nm. Absorption coefficients used are for haemoglobin and were obtained from ref. 1. (c and d) Investigation of the effect of the spectral variability
in optical sources. Part c compares the impact of an LED's broader spectrum and LD's narrow spectrum on the device sensitivity. Red stands for the
absorbance ratio considering the impact of the LED's spectrum and black for a single wavelength. Part d illustrates the shift in the dominant wavelength
as a function of temperature for a multi-colour LED LZ4-00MAOO RGBA LED (LED Engin. Inc). (e) The summary of the uncertainty error values for
the worst-case scenarios. These values imply that the concentration of bilirubin [BR] can be expected in the range [BR] * error mg dL ™.

the formation of fibrous tissue, 70 um thick, would result in
an error of + 3.2 mg dL™". It should be noted that this is a
worst-case error estimate as it does not account for pulse-
based measurement.

3.6.5. External optical interference (both in vivo and
in vitro). The spectral response of silicon photodetectors
extends from visible to NIR range (usually 400-1200 nm), and
any light other than the wavelengths of interest would
inevitably result in a measurement error. Implementing an
optical filter, applying an ambient light cancellation
algorithm or carefully mounting the sensor (photodetector -
LED) system could result in a reduced uncertainty error.'*
Alternatively, modulating the optical emitters at a specific
frequency (10's kHz) and tuning the detector to that same
frequency would make it relatively insensitive to ambient
light or other optical interferences.

4. Conclusions and future outlook for
bilirubin monitoring

4.1. New bilirubin monitoring systems for real-world
applications

This section suggests and discusses the implementation of
three devices that utilize the DWL or photodegradation
kinetics approaches to determine bilirubin levels. At the
heart of each device, an MCU processes data and controls all
operations from LEDs driver to data acquisition. However,
the discussion is limited to the functional and engineering
aspects since we aim to give a perspective rather than
implement a product readily available for commercial use.
The PoC systems presented herein may be employed for
in vitro and in vivo measurements of blood bilirubin levels.

946 | Sens. Diagn., 2022, 1, 932-954

4.1.1. In vitro homecare bilirubin meter. A homecare
bilirubin meter (HBM) is proposed. It consists of an ex vivo
point-of-care blood BR testing kit that can be similarly used
at home to a blood glucose test with finger pricks. A
simplified functional block diagram for HBM is shown in
Fig. 8a. It incorporates a light sensor system (LEDs, a
photodiode, and probes), analog front end (AFE), analog-to-
digital converter (ADC), an MCU and a display system. LEDs
are driven alternately, and light is transmitted through or
reflected by the sample to the photodiode. The photodiode
then converts light into an electrical signal which is
conditioned and sent to an ADC for digitization and then to
the MCU for processing. A data processing algorithm
implemented in an MCU then computes BR concentration by
comparing the intensities of the two signals generated by
both wavelengths (470 and 525 nm in this case). The final
stage involves data acquisition and display on a digital
readout. The system could include a communication link
with smartphones and a cloud data accumulation for
analytical purposes.

Although HBM should in practice be a simple device, its
implementation requires a careful design assessment of light
sources, photodetectors and mixed-signal electronics. It
should be noted that drive currents should be sufficient to
provide a proper optical signal yet appropriate to minimize
any temperature-dependent wavelength shifts, spectral
broadening, and unwanted photobleaching of bilirubin.

Lighting systems. Light can be produced via several modes,
including electric discharge, incandescence,
photoluminescence, and electroluminescence.'*
Electroluminescence exhibits extensive emission efficiency,
narrow spectral bandwidth, excellent drive characteristics,
low electrical power requirements, higher optical power

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Block diagram of a homecare device and implant. (a) Homecare
bilirubin meter: the system takes an input analog signal, scales it and
feeds it to an MCU via an ADC. Data is processed and then sent to data
acquisition and display unit. (b) Bilirubin implantable sensor: the NIR
source illuminates the PV cell (optical to the electrical converter),
which acts as a power supply. The MCU is programmed to drive the
LEDs. Blue and green LEDs are triggered to switch on and off. The
internal device communicates with the external via an optical wireless
or radio frequency communication link. (c) Illustration of the three
highlighted BR devices and their interactions with medical/clinical
personnel.

output, faster-switching speed, and higher signal-to-noise
ratio compared to several other sources.”**'*® Although laser
diode (LD) exhibit narrower spectral bandwidth than LEDs
and have been used in pulse oximeters,*** LEDs merit
consideration due to their lower electrical power
requirements, smaller footprint, off-the-shelf availability,
lower cost and mounting easiness. The wall-plug efficiency of
a LASER diode is still below 40%, which is much lower than
LED's that can reach above 80%.'** Thus, when a LASER
source is used in an implant, both energy consumption and
heat generation should be carefully monitored. Besides, laser

© 2022 The Author(s). Published by the Royal Society of Chemistry
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sources require compliance with established safety standards
and regulations.**

Photodetectors. The choice of an optical detector depends
on factors like footprint size, spectral responsivity, transient
response, and optical power output linearity. Photodetectors
are used to sense the intensity of light emitted by the LEDs
after being backscattered or transmitted through the blood
sample. Various schemes can be used as photodetectors,
including photoelectric cells, phototransistors, photodiodes,
and photo ICs.'* Silicon photodiodes have been used in
most optical sensors such as pulse oximeters'** and should
be preferred for bilirubin estimation applications.

Probes and setup. Several parameters should be considered
to maximize the measurement accuracy, including optical
path length, probes alignments, LED-photodiode-tissue
spacing and other signal distortion-related factors (reusability
or disposability of probes). LED-PD separation up to 12 mm
(~finger's diameter) for pulse oximeters has been used in
transmission mode.'*> However, a path length as low as 200
pum should be used for a BR sensor to obtain a valid optical
signal as evidenced by a ~5% transmittance through a
bilirubin-containing blood sample (see Fig. 6). In reflectance
mode, it has been reported that <5% of incident light is
backscattered, and the intensity drops with the square of the
distance.**® Thus, LEDs and the photodiode should be in a
direct contact with a blood sample to maximize optical
detection and SNR."” However, a drawback for small spacing
is optical shunting’*® and could be resolved by inserting a
barrier between an LED and a photodiode."**

Analog front-end (AFE). AFE includes a transimpedance
amplifier (TIA) that maximizes the SNR by amplification,
offset cancellation, self-calibration, filtering, and current-to-
voltage conversion before being passed onto the ADC. Several
techniques, such as fully differential TIA'*® equipped with
correlated double sampling (CDS) circuit and switch
capacitors, could be used for a significant increase in
resilience against noise and background light. It has been
reported that the optimal bandwidth for pulse oximeter
filters is 0.6-15 Hz,"”° and as such, a passband filter can be
utilized. A 50/60 Hz notch filter for powerline noise or a low-
pass Butterworth filter for ambient and LED switching noise
have been implemented in pulse oximeters'®" and could also
be utilized. Higher-order filters could be used to improve
accuracy, but this requires an additional power source and
board space.’®® Typically, digital signal processing tools are
used to remove frequencies below 0.6 Hz. For a bilirubin
measurement device, a similar measurement frequency range
is required. This would allow isolating the contributions of
transient arterial blood absorption from the constant
background absorption by the tissue. Additionally, 60 Hz or
120 Hz signal components are usually generated from indoor
lighting and other artificial optical sources and should be
mitigated."**

Signal conversion. An ADC converts amplified analog
signals to digital series of bits in order to be processed by an
MCU. The ADC's choice depends on resolution, accuracy
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(assessed by quantization noise and SNR), and sampling rate.
A lower resolution results in increased quantization noise
(#1/2 LSB), whereas higher resolution results in an
exponential increase in power consumption and die size.'”?
If a 10-bit ADC with a 0 to 5 V input range is opted for,
signals would be quantized in 1024 codes of ~4.88 mV each
as highlighted in eqn (12) (LSB: lowest significant bit, FSR:
full-scale range, n: ADC resolution). If the BR concentration
increases from 0.15 mg dL™" (health person) to 50 mgdL
(cirrhotic patient), this may take up to 50 mV (~10 levels)
equivalent to 1% of the 10-bit ADC dynamic range. This
results in a significant equitization error, which can be
addressed by using (a) higher resolution ADCs and/or (b)
analog circuits that enable subtracting the non-bilirubin
components before conversion and exploiting a larger
portion of the ADC dynamic range.

FSR

11SB =
(2"-1)

(12)

Microcontroller/microprocessor. The MCU selection criteria
include power requirements, clock frequency, data bus
width, data or program memory and type,
communication interface type and the number of I/Os. 8-bit
data bus width PIC MCUs have been extensively used to
date."™ The MCU generates all control signals to the input,
output, memory, and communication peripherals. An
algorithm should be implemented to identify individual
photo signals and compute the ratio, which should, in
principle, correlate with bilirubin levels. Digital filters such
as FIR filters have been implemented successfully in pulse
oximeters'®>* and could be exploited in bilirubin sensors. An
algorithm could also be implemented to compensate for
errors associated with non-bilirubin features such as
temperature, dysfunctional Hb forms or SaO, by dynamically
adjusting LED's drive current via a feedback control loop.
Depending on system needs, an optimal choice of data
communication protocol should be made between serial and
parallel communication or a hybrid of both. Nonetheless,
serial communication protocols including I2C or SPI are
preferred due to their simplicity and
requirements.’> A comparison of selected communication
protocols (UART, SPI and I2C) is shown in Table 4.

4.1.2.  Minimally implantable  bilirubin
monitoring sensor. The simplified block diagram of the
proposed implantable sensor is shown in Fig. 8b. The sensor
utilizes the DWL approach for bilirubin monitoring and

size

lower resource

invasive

Table 4 Comparison between various communication protocols
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incorporates both the external and internal parts. The
internal part comprises an optical transducer, sensor system
(described in sections 4.1.1), a wireless transmitting unit, an
ADC and an MCU. Low power consumption and integrated
analog circuits are two desired key features for an MCU in an
implant; these can significantly reduce the number of
components and, ultimately, the device's size. The MCU with
built-in ADCs and enhanced analog parts, including the
integrated configurable TIA, general-purpose analog output,
and configurable digital I/O port supporting multiple
communication protocols, is preferred.

The MCU can drive the LEDs directly without other
peripheral components. The photo signal from the
photodiode can then be sent to the TIA and configurable
amplifiers in the MCU and digitalized by the internal ADC.
There is no signal processing process performed in the MCU
to keep the lower power consumption of the internal device.
In turn, the acquired data is transmitted via skin tissues to
the receiving end on the external hardware, where another
MCU will do further processing. Then a numerical index
corresponding to bilirubin concentration is computed and
displayed. The following discusses the implant's key features.

Power delivery. Continuous and safe power delivery across
the skin is a key requirement for an implant. Common
methods include batteries, percutaneous plugs, inductively
coupled coils, and optical power delivery. Batteries and coil-
based methods can be used for low power prostheses;
however, they are not viable in applications with dimension
constraints.”®® Percutaneous plugs require wires to cross the
skin, increasing the risk and potential for infections.'”® On
the other hand, optical power delivery is safer;'®® however,
extra care should be taken since the safety depends on
various factors that can be detrimental if unaddressed. These
factors include the transducer's external quantum efficiency
(EQE), skin loss, package material loss, and maximum
permissible exposure (MPE). Refer to Fig. 9a to c for a
graphical representation of these factors. The analysis of the
effect of EQE, optical losses, MPE, open-circuit voltage, and
fill factor reveals that crystalline Si-based cells achieve the
best output power density at ~1000 nm, Fig. 9d. Additionally,
organic photovoltaic cells are deemed inadequate for
implantable devices due to their low efficiency and poor
environmental stability."®!

Backward data transfer. A stable, continuous, and safe
means of back data transfer across the skin is a key
requirement for an implantable bilirubin sensor. Wireless
(RF and optical) is preferred

communication over

UART 12C SPI
Complexity Simple Easy to communicate several devices Complexity increases with device count
Speed Slow Faster than UART Fastest of all
Device count Two devices at maximum 127 devices at maximum Many
Wire count One Two Four
Duplex Full duplex Half-duplex Full duplex
Slaves-to-masters One to one Several masters and slaves One master, many slaves
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Fig. 9 Characterization of key features of an implantable bilirubin sensor. (a) The external quantum efficiency of common PV cells; adapted from
ref. 3. (b) Optical transmittances of a 1-mm optical grade diamond; adapted from ref. 4 and a 2.3 mm-thick skin; adapted from ref. 7 where ~2.3
mm is the average skin thickness.® (c) Maximum permissible exposure of the skin; adapted from ref. 11. (d) Estimated PV cell output power density
after accounting for the EQE, MPE and diamond and skin losses. The highest power density is identified in m-Si PV cells on the [900-1100 nm]
interval. m-Si: monocrystalline silicon, p-Si: polycrystalline silicon, t-Si: thin-film transfer silicon, a-Si: amorphous silicon, GaAs: gallium arsenide,

CIGS: copper indium gallium selenide, CdTe: cadmium telluride.

percutaneous wires to minimize the risk of infections. A
wireless multimodal transceiver has been reported.'®* Using
a single PV cell, a bidirectional data transfer and power
delivery mechanism could benefit medical implants with
small size and achieve both energy harvest and data
transceiver with only one component.

Placement site. The optimal implant placement location is
a critical device constraint and should offer low-fat levels and
adequate blood volume. Some potential placement means,
and sites include the lobule of auricle, foreleg (tibialis
anterior), forearm, purlicue (between finger and thumb),
biceps, triceps and more. Preferably, it could be on top of the
capillary bed in sites including lobule of auricle, wrist or the
space between the index finger and the thumb for their
adequate implant vasculature. However, the most optimal
site would be the foreleg (tibialis anterior) due to its soft-
tissue motion, enough blood and ease to wrap with a digital
readout.

Packaging material. One of the steps towards fabricating a
wirelessly powered implant is to define the packaging
material. It must be biocompatible, optically or RF
transparent, bio-inert, thermally conductive, and must ensure
a hermetic seal. Table 5 compares common implant
biomaterials, including polymers, ceramics, metals and
diamonds.

Biocompatibility. Polymers have a long history in
biomedical applications, as exemplified by the use of ultra-
high molecular weight polyethylene; UHMWPE, in hip

© 2022 The Author(s). Published by the Royal Society of Chemistry

replacement.’®® Silicon nitride has been used for medical

implants.®* Titanium has a good record as a biocompatible
material due to its passive oxide layer.'"®* Diamond has been
used in orthopaedic implants for a long time with no adverse
reaction in the body and is currently being used in bionic eye
implants."®>"%°

Biochemical inertness. For long term implantation, the
performance of polymers such as UHMWPE is compromised
by low stiffness and creep compliance.’®” Most ceramic
materials possess an inert behaviour.’® Diamond is cleaned
in a mixture of sulphuric and nitric acids at about 400 °C
and without adverse effects; hence it can certainly sustain
human vasculature, usually saline at 37 °C.

High thermal conductivity. The thermal conductivity is
very high in UHMWPE thin films but low in bulky ones."®®
Ceramic materials’® and titanium'® exhibit lower thermal
conductivity. Optical grade diamond has a high thermal
conductivity,” implying that heat from electrical power
dissipation would rapidly vanish to the body in a spatially
uniform fashion. This eliminates the formation of hotspots
that may otherwise result in tissue damage and avoids
electronic components damage due to overheating.

Optical transparency and absorption. UHMWPE exhibits
less than 10% optical transmittance in the 400-900 nm
spectral range.'”® Most ceramics are not transparent to
visible or NIR light, but diamond is weakly absorbing in the
[500-1000 nm] region with an optical transmittance of over
71%."
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Table 5 Common biomaterials for implants.*>**>” Diamond is the best candidate

Usage Thermal conductivity [W K™ m™] RF absorption Optical absorption Hermeticity
Polyethylene Hip replacement ~0.2 Low Partial v
Parylene-C Neural probes Negligible Low Partial v
Silicon nitride Chip-scale package coating ~90 Low Low v
Silicon carbide Chip-scale package coating ~12 Partial Partial v
Alumina Hip and tooth replacements ~30 Low Partial v
Steel Orthopedic implants, stents ~50 Significant Partial v
Titanium Pacemakers, cochlear ~26 Low High v
Diamond Bionic eye >2000 Low Negligible v

Hermeticity. A hermetic seal for polymers can be created
using epoxy, but tissue motions against the epoxy could
produce wear particles leading to device failure."”' The
LASER welding technique has been used for sealing titanium
substrates.’”> A hermetically sealed diamond package can be
created by gold braze LASER welding*® to avoid damage to
the electronics due to moisture ingress.

4.1.3. Bilirubin wearable sensors for infants.
Hyperbilirubinemia is a life-threatening condition for
neonates, and its diagnosis requires a bilirubin test which is
a routine in both provincial and tertiary referral hospitals.
These diagnostic testing capabilities are not readily available
in remote areas and for developing countries where
healthcare resources are limited or inadequate, leading to
delays in treatment. There is thus an urgent need to identify
a reliable and affordable bedside and in-community bilirubin
test to positively impact the lives of millions of infants
worldwide by facilitating early interventions.

Jaundice phototherapy involves illuminating blue light on
an infant's skin to treat hyperbilirubinemia. Along with
phototherapeutic treatment, various testing techniques have
since been in place and have been extensively used in clinical
settings.”® However, the advent of modern solid-state
technologies (LEDs, photodiodes, transistors and MCUs)""* is
a game-changer towards device miniaturization and
improved effectiveness or efficiency.

This subsection suggests a wearable sensor for quantitative
bilirubin measurement by DWL analysis (Fig. 8c) in reflective
mode. It consists of a noninvasive transcutaneous wearable
sensor that can be placed on the infant's forehead, sternum,
forearm, or back. Key design constraints and considerations,
including optical and electronics systems, are identical to the
described HBM and implantable bilirubin sensor.

Reports have demonstrated that the bio-photodegradation
features can be correlated with bilirubin concentrations. As
mentioned, these relationships suggest a direct quantitative
bilirubin levels estimation. Consequently, the sensor can be
integrated into the fabric worn during phototherapy as a
secondary method for bilirubin  monitoring and
determination. In addition to DWL and photodegradation-
based bilirubin estimation, extra LEDs (red and infra-red)
can be integrated to increase the sensor capability for
simultaneous measurement of bilirubin and other infants’
vitals. These may include the heart rate, respiration, SaO,,
body temperature and blood pressure, which are critical

950 | Sens. Diagn., 2022, 1, 932-954

signs of the infant's condition. The deterioration of any of
these vitals could appeal to immediate clinical interventions.
Thus, a device that can monitor these conditions could be a
desirable diagnostic tool.

4.1.4. Bilirubin data collection and potential interventions.
Testing blood BR is an essential part of cirrhotic patients’
care plans. A patient may need to visit a doctor several times
a year for formal testing depending on the disease severity. It
is, however, essential to measure BR levels regardless of time
or space since levels fluctuate throughout the day. Levels,
evolution patterns, and relevant information may be logged
and passed on to one's doctor (Fig. 8c). Based on this
information, therapeutic interventions (outpatient visit,
medication, or dose), physical (cardiac) exercises or dietary
interventions may be suggested to prevent or prepare for
complications. Various methods can be used for patient-
doctor interactions.

Logbook method. Although manual recording (paper or
computer-based) could bring awareness to high bilirubin
levels, it may lead to data loss, entry errors and recall bias.
Besides, the patient must take additional steps to report their
information via email, SMS, chat, or call.

Wireless technologies. This process could provide more
reliable data access by one's doctor. For example, the sensor
could incorporate a Bluetooth scheme that channels data to a
mobile app and shares this information with one's doctor via
the internet to facilitate real-time support.

Graphical visualization. It could enhance the identification
of trends in the data through examining patterns over
extended durations but would easily confuse patients who
are not familiar with graphs; nonetheless, verbal materials
can be integrated for convenience.

4.2. Conclusions and future outlook

The goals of this review article are to (1) increase awareness
of the  detrimental impact of cirrhosis and
hyperbilirubinemia on individuals, families and societies, (2)
highlight the lack of appropriate diagnostic tools and the
need for state-of-the-art methods, (3) outline the system-level
constraints for real-world monitoring applications and (4)
provide a perspective of future developments. We have
revealed that the existing techniques for bilirubin
measurement require lengthy clinical procedures, which

result in extensive turnaround times. We have also

© 2022 The Author(s). Published by the Royal Society of Chemistry
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highlighted the need for a point-of-care bilirubin estimation
technique to ensure round-the-clock monitoring of patients,
provide early diagnosis, suggest preventive measures and
treatment compliance, and improve prognostic outcomes.

A significant amount of scientific and clinical knowledge
has been generated and gained about the bilirubin
measurements for nearly a century. However, there is
generally a lack of reliable, low-cost PoC capabilities that
meet the needs of the 21st century. Besides, the potential for
translating most academic research-based scientific
techniques to clinical practices remains impractical, and the
performance improvement for the existing clinical methods
is impossible. The article lays out current scientific and
clinical strategies, and some potential state-of-the-art
techniques have been experimentally investigated, including
dual-wavelength''”"’* and photodegradation kinetics."”
Moreover, these works were conducted using phantoms and
animal blood with normal residual bilirubin levels. However,
it is still unclear whether the results can integrally be
translated into clinical use. Therefore, future research should
focus more on developing impactful systems for clinical use.
Additionally, there have been tremendous research and
recent development of several biosensing techniques that can
be used to screen biochemical markers for the prognosis,
diagnosis and management of diseases.'’® These techniques
utilize various sensing approaches, including optical,’”’
plasmonic,’”®'°  photonic'®® and nanoparticle-based"®"
approaches.

For instance, some bilirubin metabolic pathways are still
controversial after nearly a century of research. New insights
suggest that proportions of conjugated bilirubin are
excreted via the renal system, as an alternative to intestinal
excretion, even in normal physiological jaundice with no
associated pathological concerns.’” However, these levels are
minimal, potentially at three orders of magnitude less than
the normal total serum levels. Thus, the clinical relevance
of this renal excretory pathway may be overwhelming.
Whether or not bilirubin in urine holds diagnostic
importance in screening for neonatal jaundice and cirrhosis
is yet to be discovered. Therefore, research in bilirubin
detection in urine could enormously benefit from these
efforts in the future.
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