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Supervisor’s Foreword

As the world’s population surpasses 7 billion, healthcare systems around the word
face unique challenges. North America, Western Europe and Japan have ageing
populations, which are a growing concern due to the increasing demand for long-
term care limited by the shortages in healthcare workers. On the contrary, the
developing world is populated with younger inhabitants; however, 55 % of the
inhabitants of the developing world live in rural regions, where infrastructure is
scarce and healthcare equipment is outdated. Unsurprisingly, the developing world
countries face healthcare challenges to protect their population from infectious and
non-communicable diseases. Hence, these global healthcare trends require efficient
medical services and technologies that can meet the unfulfilled demand of ever-
growing populations.

At the heart of the healthcare systems is screening large populations to monitor
high-risk individuals and develop epidemiological strategies to timely mitigate
emerging epidemics. When diseases are diagnosed at an early stage, the treatment is
often simpler and more likely to be effective. Hence, the innovation in rapid,
accurate diagnostic devices with connectivity has the potential to reduce the burden
on the healthcare systems and patients worldwide. In their development, point-of-
care diagnostic devices play a unique role since they are lightweight, portable and
can be made readily available to healthcare workers and patients. Monitoring
conditions and diseases rapidly at point-of-care offers unique opportunities in
personalised medicine, which may allow optimisation of therapies, and subse-
quently produce improved treatment options. Such portable diagnostics can also
allow efficient management of chronic diseases, where frequent measurements and
treatments are required. In the developing world, low-cost diagnostics can reach
underserved regions and reduce the poverty-related diseases to empower
communities.

The development of point-of-care diagnostic devices concerns both the study of
sensors and readout devices, and their clinical evaluation and the social context of
use. These devices need to be user-friendly, fool-proof, lightweight, have a long
shelf life and offer connectivity with emerging mobile devices. However,
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commercial sensors are complicated by the power-consuming electronics and
custom readout devices, which increase the cost per diagnosis. Many colorimetric
tests result in erroneous results due to subjective interpretation and have limitations
in colorimetric range, in which the colour code differs from one assay to another.
The development of an easy-to-interpret, colorimetric and quantitative sensing
platform can standardise the readouts for visual interpretation, and facilitate
simultaneous detection of conditions and diseases while also offering the possibility
to quantify the assay by smartphones and wearable devices.

Ali Yetisen is a polymath whose research spans both physical and social sciences
including point-of-care diagnostics, micro/nanofabrication, optical devices, micro-
fluidics, smartphone apps, commercialisation, entrepreneurship, patent law and FDA
regulations. His doctoral thesis makes a contribution to the development of reusable
colorimetric optical sensors for applications in point-of-care diagnostics. His thesis
harnesses laser-light writing in functionalised hydrogels for the production of holo-
grams that allow quantification of analytes in aqueous solutions. Holographic sensor
development approaches outlined include silver-halide chemistry, laser ablation and
photopolymerisation. The fabricated sensors allow quantification of pH, organic
solvents, metal ions and glucose. The present work is supplemented with computa-
tional simulations to lay a foundation for the laser writing techniques and principle of
operation of the sensors to enhance our knowledge of how hydrogel-based sensing
materials function. For example, the thesis describes the development of a kinetic
theory for the hydrogel-based sensors in order to reduce the readout time. The work
also shows a clinical trial to test the performance of the holographic sensors for the
analysis of glucose in the urine samples of diabetic patients. In the development of
readout technologies, the thesis demonstrates a smartphone application for the
quantitative analysis of various colorimetric pH, protein and glucose assays. The final
chapter of the thesis critically reviews the efforts in holographic sensor development,
points out the limitations and draws guidelines for the future work.

This thesis not only shows a viable strategy for the fabrication and optimisation
of holographic sensors in the entire visible spectrum, but it also demonstrates new
insights into their functioning. The findings of this thesis provide a sound basis for
the development of optimised holographic sensors as a step towards producing
multiplexed diagnostic devices that can meet user requirements at point-of-care.

Cambridge, UK, November 2014 Prof. Christopher R. Lowe



Abstract

Developing non-invasive and accurate diagnostics that are easily manufactured,
robust and reusable will provide monitoring of high-risk individuals in any clinical
or point-of-care environment, particularly in the developing world. There is
currently no rapid, low-cost and generic sensor fabrication technique capable of
producing narrow-band, uniform, reversible colorimetric readouts with a high-
tunability range. This thesis presents a theoretical and experimental basis for the
rapid fabrication, optimisation and testing of holographic sensors for the quantifi-
cation of pH, organic solvents, metal cations and glucose. The sensing mechanism
was computationally modelled to optimise its optical characteristics and predict the
readouts. A single pulse of a laser (6 ns, 532 nm, 350 mJ) in holographic “Denisyuk”
reflection mode allowed rapid production of sensors through silver-halide chemistry,
in situ particle size reduction and photopolymerisation. The fabricated sensors
consisted of off-axis Bragg diffraction gratings of ordered silver nanoparticles and
localised refractive index changes in poly(2-hydroxyethyl methacrylate) and poly-
acrylamide films. The sensors exhibited reversible Bragg peak shifts, and diffracted
the spectrum of narrow-band light over the wavelength range Aycax ~ 500-1,100 nm.
The application of the holographic sensors was demonstrated by sensing pH in
artificial urine over the physiological range (4.5-9.0), with a sensitivity of 48 nm/pH
unit between pH 5.0 and 6.0. For sensing metal cations, a porphyrin derivative was
synthesised to act as the crosslinker, the light absorbing material, the component of a
diffraction grating as well as the cation chelating agent. The sensor allowed
reversible quantification of Cu®* and Fe** ions (50 mM—1 M) with a response time
within 50 s. Clinical trials of a glucose sensor in the urine samples of diabetic
patients demonstrated that the glucose sensor has an improved performance
compared to a commercial high-throughput urinalysis device. The experimental
sensitivity of the glucose sensor exhibited a limit of detection of 90 pM, and per-
mitted diagnosis of glucosuria up to 350 mM. The sensor response was achieved
within 5 min and the sensor could be reused about 400 times without compromising
its accuracy. Holographic sensors were also tested in flake form, and integrated with
paper-iron oxide composites, dyed filter and chromatography papers, and
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nitrocellulose-based test strips. Finally, a generic smartphone application was
developed and tested to quantify colorimetric tests for both Android and i0S
operating systems. The developed sensing platform and the smartphone application
have implications for the development of low-cost, reusable and equipment-free
point-of-care diagnostic devices.
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Chapter 1
Point-of-Care Diagnostics

Rapid tests that are low-cost and portable are the first line of defence in healthcare
systems. Dipstick and lateral-flow are the two universal assay formats as they are
lightweight and compact, and provide qualitative results without external instru-
mentation. However, existing formats have limitations in the quantification of ana-
lyte concentrations. Hence, the demand for sample preparation, improved sensitivity
and user-interface has challenged the commercial products. Recently, capabilities,
sensors and readout devices were expanded to multiplexable assays platforms, which
might transcend the capabilities of existing design format of diagnostic tests. This
chapter outlines the evolution of diagnostic devices and current trends in the
development of qualitative and quantitative sensing devices for applications in
healthcare, veterinary medicine, environmental monitoring and food safety. The
chapter also discusses design parameters for diagnostics, their functionalisation to
increase the capabilities and the performance, emerging sensing platforms and
readout technologies. The factors which limit the emerging rapid diagnostics to
become commercial products are also discussed.

The life expectancy has grown worldwide, which also increased the healthcare
spending [1, 2]. For example, 720 million people will be aged 65 or older by 2020.
Currently four in five people over the age of 75 take at least one prescribed
medicine, and this trend is set to increase [3]. For some of the medications, large
pharma find it the hard to recover R&D costs while the pressure from the regulatory
agencies also increased for the use of new drugs as the first line of defence based on
efficacy and cost. Hence, the global healthcare trends and ever increasing pressure
from regulatory agencies put a strong case for the development of diagnostics for
healthcare monitoring as well as the evaluation of drug efficacies in clinical trials.
All these considerations parallels governments’ and insurance companies’ interests
in obtaining the best performance possible and treatment benefits they support.
These trends are behind the driving force for the development of diagnostics that
can reduce the healthcare costs by developing effective drugs and identifying dis-
eases and conditions at an early stage.

The major stumbling block in monitoring and controlling diseases/contaminations
remains delivering simple, low-cost and robust diagnostic tests [4, 5]. In the devel-
oping world, the basic healthcare infrastructure and trained healthcare personnel are
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limited [6, 7]. Other trends include increase in healthcare associated infections [8, 9],
preservation of the life span of cost-effective drugs [10], increase in spurious/
counterfeit medicines [11], and mitigating the epidemic-to-pandemic transitions
of infectious diseases [12]. In terms of impact, low-cost diagnostics will reach
underserved communities. Low-cost diagnostics that can allow local communities in
developing regions to improve healthcare [13], environmental safety [14], animal
health [15, 16], and food quality [17] will play key roles in the United Nation’s Post-
2015 Millennium Development Goals.

In the developing world, medical diagnostics for poverty-related conditions are
outdated. In the absence of the diagnostic equipment, healthcare personnel make
their decisions based on symptoms. WHO’s Integrated Management of Childhood
Illness (IMCI) is a diagnosis guideline based on signs and symptoms with minimum
or no instrumentation [18, 19]. However, such systematic guidelines have limita-
tions in (i) distinguishing asymptomatic diseases, (ii) detecting multiple infections,
(iii) identifying the disease window period, and (iv) quantifying concentrations of
target analytes. Eventually, the development and delivery of affordable testing
technologies can enable local communities that lack access to technical and human
resources present in urban areas. The deficiency in diagnostics and healthcare
resources can have an irreversible negative effect on developing economies. Such
an economic impact is pronounced for non-infectious as well as infectious diseases.
For example, the Ebola virus epidemic in West Africa has overwhelmed the
healthcare systems of Liberia, Sierra Leone, Guinea and their neighbouring coun-
tries since 2013. Such outbreaks have a profound impact on the development of
emerging economies. Currently, it is difficult to identify Ebola because its symp-
toms such as fever are generic, also seen in commonly occurring diseases such as
malaria and typhoid fever. Existing laboratory techniques are based on transcription
polymerase chain reaction (RT-PCR) and quantitative PCR; however, they are not
portable and affordable in the developing world. Other rapid tests suffer from
sensitivity and selectivity, which may put the entire healthcare system at risk by
misdiagnosing patients. Yet, recent Ebola epidemic is an example of many ongoing
difficulties in healthcare systems and highlights the dire need for the development
of low-cost rapid diagnostics.

While the main application of rapid tests is in medical diagnostics, such assays
are also necessary for veterinary testing, environmental monitoring and food quality
testing. Low-cost diagnostics would allow farmers and entrepreneurs in the
developing world to assess the quality of their products and mitigate potential risks
due to enterohemorrhagic strain of E. coli (O157:H7) and Salmonella in under-
cooked meat and poultry products [17]. Low-cost diagnostics are also required in
testing water supplies. Inadequate environmental monitoring capabilities were
highlighted by the cholera epidemic in Haiti after the earthquake in 2010 [20-24].
Although the cholera epidemic took most people by surprise, it wasn’t totally
unexpected since Haiti ranked last out of 147 countries surveyed in the 2002 Water
Poverty Index [25]. Due to globalisation, such epidemics also concern the devel-
oped nations. The development of low-cost, rapid quantitative diagnostics will aid
in screening large regions and populations. For the development of rapid
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diagnostics, WHO has outlined a set of criteria corresponding to the acronym
ASSURED: Affordable, Sensitive, Specific, User-friendly, Rapid and Robust,
Equipment free and Deliverable to those who need it [10]. For the developing
world, the trend towards low-cost is a priority; however, clinically useful sensitivity
and specificity from rapid diagnostics assays are also required. Operating with low-
volume samples without manual manipulation, being portable and functioning
without sharps such as needles are considered desirable characteristics of rapid
assays. Hence, the development of robust diagnostic tests can enable individuals
and local communities to monitor their health condition and timely mitigate the
spread of diseases.

1.1 The Development of Rapid Diagnostics

Historical assay formats for point-of-care testing are dipsticks and lateral flow devices.
In the 1950s, the earliest paper-based strip test emerged for the quantification of the
concentration of glucose in urine, and this product was marketed in the 1960s [26].
The principle of operation of the assay was based on glucose oxidase, and developed
colours were compared to a reference chart for interpretation. Today, commercial
urinalysis strip tests are adapted for a wide range of analytes. Traditionally, these tests
are semi-quantitatively read with a colorimetric chart or with detection equipment
such as CLINITEK Status® + Analyzer (Siemens) or Urisys 1100® Urine Analyzer
(Roche). In the 1950s, parallel to the development of strip tests, latex agglutination
assays and radioimmunoassays were also developed [27, 28]. Since the 1970s,
nitrocellulose matrices have been used as a substrate for molecular detection [29-31].
In the 1980s, serological lateral-flow tests emerged [32]. The most notable example is
the human pregnancy test, which was derived from the development of hCG beta-
subunit radioimmunoassay [33]. Since then, commercial rapid lateral flow assays
expanded beyond clinical diagnostics to veterinary, food, environmental applications,
bio-defence and drug abuse (Table 1.1). Rapid diagnostic tests often have lower
specificity and sensitivity than their laboratory bench counterparts. The majority of
these tests are simple and provide yes/no answer, where response time is critical to the
user.

The commercial rapid tests have various geometries and configurations with/out
housing units (Fig. 1.1). Figure 1.1d shows a multiplexed lateral-flow assay, which
allows the analyses of a single sample simultaneously. Lateral-flow immunoassays
have two major configurations: Direct (i.e. double antibody sandwich assays) and
competitive (i.e. inhibitive) formats. The assay format typically consists of a number
of segments: sample pad, conjugate pad, reaction membrane and an absorbent pad
(Fig. 1.1e). These segments are supported by a backing card and enclosed in a plastic
cassette (housing). Another format in rapid diagnostics is flow-through (vertical),
which is relatively more complex than lateral flow format, and its execution requires
(i) sample placement, (ii) washing and (iii) addition of analyte-colloidal gold
conjugates [68] (Fig. 1.1f). Most of the commercial assays require sample preparation.
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Table 1.1 Rapid diagnostic tests in the market

Test®

Application

Urinalysis

Metabolic disorders: Human chorionic gonadotropin (pregnancy)
[34], (pH, glucose, protein, ketone, leukocytes, nitrite, blood,
urobilinogen, bilirubin, specific gravity) [35-39], albumin to
creatinine ratio [40, 41], and ascorbic acid [37, 39]

Drug abuse®: Alcohol, amphetamines, barbiturates, benzodiaze-
pines, buprenorphine, cocaine, ketamine, methamphetamines,
methadone, morphine/opiates, oxycodone, phencyclidine,
propoxyphene, 9-tetrahydrocannabinol (marijuana), and tricyclic
antidepressants [42—45]

Immunoassays

Infectious diseases: C. difficile, Cytomegalovirus, dengue fever,
E. coli, enterics, epstein barr virus, mononucleosis, giardiasis,
herpes simplex virus, HIV, Lyme disease, malaria, measles,

S. aureus, methicillin-resistant Staphylococcus aureus (MRSA),
mumps, rubella, syphilis, toxoplasmosis, tuberculosis, varicella
zoster, West Nile virus, hepatitis B/C, Chagas disease, chlamydia,
cholera, hantavirus, leishmaniasis, leptospirosis, Listeria,

and H. pylori [46-50]

Respiratory diseases: Influenza (flu), Legionnaire’s disease, pneu-
monia, respiratory syncytial virus, streptococcal pharyngitis, and
Streptococcus pneumoniae [46-48, 50]

Cardiovascular condition: acute kidney injury, acute coronary
syndrome, cyslipidemia, heart failure, oral anticoagulation,
shortness of breath, and venous thrombosis [46]

Oncology: Bladder, colon cancer, and colorectal cancer [46, 48]

Women’s health: Osteoporosis, ovulation, and preeclampsia [46]

Veterinary diagnostics

Canine: Blood, urobilinogen, bilirubin, protein, nitrite, ketones,
glucose, pH, density, leukocytes, heartworm (Dirofilaria immitis),
parvovirus, Giardia, Lyme disease, distemper virus, coronavirus,
Ehrlichia, Leishmania, adenovirus, rotavirus, pancreatic lipase,
relaxin, blood group typing, Borrelia, Brucella, c-reactive protein,
Leptospira, progesterone, rabies, rheumatoid factor, and vaccina-
tion status [51-54]

Feline: Blood, urobilinogen, bilirubin, protein, nitrite, ketones,
glucose, pH, density, leukocytes, immunodeficiency virus, leuke-
mia virus, heartworm (Dirofilaria immitis), Ehrlichia, Leishmania,
Giardia, parvovirus, infectious peritonitis, Toxoplasma gondii,
relaxin, blood group typing, Borrelia, chlamydia, coronavirus,
panleukopenia, progesterone, and vaccination status [51, 53, 54]

Bovine: Alpha toxin, Brucella, Chlamydophila, Clostridium
perfringens, coronavirus, Cryptosporidium, rotavirus, E. coli K99,
Crypto-sporidium parvum, epsilon toxin, foot-and-mouth disease
virus, 1gG, Leptospira, Mycobacterium bovis, Neospora,
progesterone, rabies, parainfluenza-3, and rotavirus [53]

Swine: Aujeszky’s disease, Clostridium perfringens, Cryptospori-
dium, epidemic diarrhoea virus, rotavirus, alpha toxin, foot-and-
mouth disease virus, progesterone, and transmissible gastroenteritis
virus [53]

(continued)
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Table 1.1 (continued)

Test®

Application

Equine: Borrelia, rotavirus, Clostridium perfringens, 1gG, pregnant
mare serum gonadotropin, progesterone, tetanus, and troponin [53]

Avian: Influenza, Chlamydophila, infectious bursal disease, and
Newcastle disease [53]

Small ruminants: Foot-and-mouth disease virus [53]

Food and beverage
safety tests

Mycotoxins: Aflatoxins, deoxynivalenol (vomitoxin), fumonisins,
zearalenone, ochratoxin, T-2 and HT-2 toxin, patulin, ergot
alkaloids) [55-58]

Food pathogens: E.Coli O157:H7, Listeria, Staphylococcus aureus,
and Salmonella Enteritidis [55-58]

Food allergens: Almond, brazil nut, casein, cashew/pistachio,
coconut, hazelnut, lupin, macadamia nut, mustard, peanut, sesame,
soy, walnut, whole egg, B-lactoglobulin, total milk, crustacea, and
gliadin/gluten [55, 56]

Genetically modified organisms: Bulk grain, seed and leaf, toasted
meal, and corn Comb 7 Traits [55]

Veterinary drug residues: Chloramphenicol, nitrofuran AMOZ/
AOZ/AHD, clenbuterol, ractopamine, beta agonists, dexametha-
sone, ciprofloxacin, quinolones, B-Lactam antibiotics, flunixin,
aminoglycoside, amphenicol, enrofloxacin, macrolide, sulphona-
mide, tetracycline, and melamine [55-57]

Beverage: Methanol contamination, acetic acid, citric acid,
D-glucose, D-fructose, lactose, milk (lactic acid, urea), and wine
(acetic acid, total acidity, glucose, fructose, L-lactic acid, L-malic
acid, and sucrose) [56]

Pesticide residues: Organophosphates, thiophosphates, and carba-
mates [56]

Seafood analysis: Amnesic shellfish poisoning (ASP), marine
biotoxins (okadaic acid), histamine, and sulphite residues [56]

Species identification: Pork, horse, beef, fish, goat, poultry, rabbit
and sheep [56]

Environmental
monitoring devices

Water testing: Algae, alkalinity, aluminium, ammonia, arsenic,
bleach, boron, bromine, cadmium, calcium hardness, carbon
dioxide, chelant, chloride, chlorine, chromate, chromium, conduc-
tivity, copper, cyanuric acid, cyanide, detergents, dissolved oxygen,
faecal streptococci, E.Coli and faecal coliforms, filming amine,
fluoride, formaldehyde, glutaraldehyde, hardness, hydrazine,
hydrogen peroxide, iodine, iron, lead, magnesium, manganese,
molybdate/molybdenum, morpholine, nickel, nitrate, nitrite, oil in
water, organophosphate, dissolved oxygen, ozone, quaternary
ammonium compounds, peracetic acid, pH, phosphate, phospho-
nate, polyphosphates, polyquat, potassium, Pseudomonas aeru-
ginosa, salinity, silica, sulphate, sulphide, sulphite, turbidity, total
dissolved solids, tannin/lignin, tolcide PS biocide, and zinc [59-64]

Soil: Humus, organic matter, pH, and plant tissue macronutrient
(texture) [60]

(continued)
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Table 1.1 (continued)

Test® Application

Biothreat detection Anthrax, plague, tularaemia, ricin, botulinum toxin, Staphylococcal
enterotoxin B, orthopox, Brucella, abrin, biological warfare
simulants, nerve (G&V series), Category A-C biothreat agents, and
blister (HD) agents, acids, bases, aldehydes and oxidisers [65-67]
% Require minimal sample preparation

° Urine collection and detection are often integrated in one cup
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Fig. 1.1 Lateral-flow point-of-care assays in the market and their cassette formats. a Determine™
TB LAM Ag test. (Alere), b DirectigenTM EZ Flu A + B (Beckton Dickinson), ¢ ImmunoCard
STAT!® E. coli 0157 Plus (Meridian Bioscience), d A multiplex lateral-flow assay. RAID™ 5 for
biological threat detection (Alexeter Technologies), e Schematic of the lateral-flow assay, and
f flow-through assay. Adapted from Ref. [69] with permission from The Royal Society of
Chemistry

Typical approaches include the removal of contaminants from the samples to improve
selectivity and sensitivity, and decrease the turnaround time. Additionally, the sample
might require further processing to improve the signal-to-noise ratio. Sample prepa-
ration suffers from inhomogeneity, interfering agents, inhibitors, and it requires
increasing the viscosity of samples such as whole blood and food samples. Increasing
the sensitivity requires tedious sample preparation steps for low concentrations of
target molecules or cells. The ideal sample preparation step should be cost-effective
and is potentially executed in a single step. The desired outcome of the sample
preparation is concentrating the target analyte(s) and reducing the background noise
due to matrix interferences. Lateral-flow tests are low-cost, lightweight, portable, but
the growing demand for higher sensitivity is challenging its current format [68]. For
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example, cardiac markers, biothreat and single cell detection require sensitivities that
are not achievable with the existing assays. For these applications, lateral-flow tests
must evolve and incorporate novel materials and labelling approaches. Progress in
detection/quantification technologies, readout devices and manufacturing techniques
will increase the reproducibility and sensitivity of lateral-flow assays. However, all
these new advances must maintain the ultimate attractiveness of rapid tests: Sample-
to-answer in a single step.

1.2 Sensing Mechanisms

A wide array of sensing mechanisms has been proposed for point-of-care diagnostic
devices. Applications for such sensors include medical diagnostics, veterinary
testing, environmental monitoring and food pathogen testing (Table 1.2). Sensing
mechanisms demonstrated, with the exception of molecular dyes, required handheld
readers. Excluding other types of sensors can be attributed to high costs, powering
requirements and incompatibility with point-of-care assays.

1.2.1 Colorimetric Reagents

Molecular and enzymatic dyes are the simplest and most commonly used detection
methods, which are semi-quantitatively interpreted by a colour reference chart.
Urinalysis test strips such as Multistix (Siemens) and Chemstrip (Roche) are based on
colorimetric reagents (Table 1.3). In advanced assays such as paper-based micro-
fluidic devices, multiple detection zones are employed to capture different analytes
within the same assay. Such multiplexed assays can be fabricated by printing wax
channel-shaped patterns on paper/nitrocellulose, followed by heat treatment to form
hydrophobic barriers in the matrix. The patterned regions can be spotted with
enzymes, acid-base indicators or dyes in confined zones. Usually, a single inlet wicks
the sample, which is distributed to the confined regions to react with the immobilised
reagents. pH-, glucose- and protein- sensitive reagents have been used in paper-based
microfluidic devices [70, 73]. In the glucose assay, a positive result is observed when
the colour shifts from clear to brown due to the enzymatic oxidation of iodide to
iodine. Similarly, a positive result in protein assays is interpreted from a colour
change of tetrabromophenol blue from yellow to blue [70, 73]. Up to date, multiplex
colorimetric assays included medical diagnostics [81, 87, 90, 91], environmental
tests [76, 83, 84, 86, 89], and food quality tests [77, 88] (Fig. 1.2a). A disadvantage of
colorimetric sensors is the inhomogeneity of the colour distribution and the coffee
ring effect in the detection zones, and thus, the judgment of the final colour is
challenging by eye [73]. In addition, colorimetric sensors are interfered by the
background colour of the paper or the sample. For example, blood assays require
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Table 1.2 Rapid diagnostics: sensing mechanisms, their dynamic ranges and sensitivity/ detection

limits

Molecular dyes or enzymatic reactions

Analyte Dynamic range Sensitivity/ Reference

detection Limit
Bovine serum albumin 0.38-75 uM 0.75 uM [70, 71]
Glucose 2.5-500 mM 5 mM [70,

72-75]

pH 5-9 pH units 0.5 pH units [73]
Human serum albumin 0.46-46 pM 0.8 uM [73]
Bendiocarb <2 uM ~1 nm [76]
Carbaryl <2 uM ~10 nm [76]
Paraoxon <10 utM ~1 nm [76]
Malathion <10 uM ~ 10 nm [76]
Aflatoxin B1 <40 pM ~30 nm [77]
Antibodies to the HIV-1 1:1-1:100 dilution of 54 fmol/zone [78]
envelope antigen gp41 HIV in serum (rabbit 1gG)
Lactate 1-25 mM 1 mM [74]
Uric acid 0.1-7 mM 0.1 mM [74, 75]
Red cell antigens A, B, and D Qualitative N/A [79, 80]
Urinary acetoacetate 5-16 mM 0.5 mM [81]
Salivary nitrite 5 uM-2 mM 5 uM [81]
Total iron 50 uM-1 mM 44 uM [82]
HgI), Ag), Cu(1l), CdD), 5.4-120.0 ppm 0.001; 0.002; [83]
Pb(II), Cr(VI), Ni(I) 0.020; 0.020;

0.140; 0.150;

0.230 ppm
Organic solvents 5-100 % (v/v) 5 % (vIv) [84]
Hydrogen peroxide 0.1-10 ppm 0.4 ppm [85]
Volatile organic compounds Qualitative Qualitative [86]
E. coli strain K12 ER2738 ~10°- ~10° colony ~10° CFU [87]

forming unit
E. coli O157:H1, Salmonella | 10-10° cfu/em® 10 cfu/em® [88]
Typhimurium, and L.
monocytogenes
Particulate metal (Fe) 1.5-15 pg 1.5 pg [89]
Particulate metal (Ni) 1-15 pg 1pg [89]
Particulate metal (Cu) 1-15 pg 1pg [89]
Alkaline phosphatase <500 U/L ~15 U/L [90]
Aspartate aminotransferase <300 U/L ~44 U/L [90]
Aspartate aminotransferase 50-200 U/L ~84 U/L [91]
Alanine aminotransferase 50-200 U/L ~53 U/L [91]
Airborne particulate matter 10-100 0.32-0.65 ng [92]
pmol min~! pg~!

Reactive phosphate 02-10 mg L ™! 0.05 mg L™! [93]

(continued)
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Table 1.2 (continued)
Molecular dyes or enzymatic reactions
Analyte Dynamic range Sensitivity/ Reference
detection Limit
Electrochemical sensing
Glucose <100 mM 0.21 mM [94-97]
Lactate <50 mM 0.36 mM [94, 95]
Uric acid <35 mM 1.38 mM [94, 98]
Ascorbic acid 0.05-0.4 mM 0.02 mmol L' [98]
Cholesterol 20-200 mg/dL ™" 13 mg/dL™! [95]
Ethanol 0.1-3 mM 0.2 mM [95]
Pb(I) <100 ppb 1.0 ppb [96, 99,
100]
CddI) 10-100 ppb 2.3 ppb [100]
Cancer and tumour markers <100 ng/mL or U/mL | 107 ng mL™", [101-104]
(AFP, CA 125-153, CEA) 3.7 x 107° and
2.6x10° UmL™",
2.0x 107> ng mL™"
pH 4-10 0.01 pH units [105]
K" ions 107°-10"' M 4.1%x10°M [105]
NH,* 107°-107'M 72%x10°M [105]
Dopamine <100 uM 56.6 £ 1.1 mV/unit | [106]
of pH
Paracetamol 0.05-2.00 mmol L™ 25 wmol L™! [107]
4-aminophenol 0.05-2.00 mmol L™" 10 pmol L™! [107]
1-butanethiol 2-200 uM 0.5 uM [108]
Nanoparticles
DNase T 107°-10"" unit/pL 107 unit/uL [109]
Adenosine <250 uM 11.8 uM [110]
Human IgG <5 mg/L 10 pg/L [111]
Pseudomonas aeruginosa, 0.5-10 x 10* CFU/mL 500-5,000 CFU/ml [112]
Staphylococcus aureus
Glucose 0.5-100 mM 0.5 mM [113]
Hg(I) 5-75 ppm 0.12 ppm [114]
PfHRP2 5-40 ng/mL 2.9 ng/mL [115]
Goat IgG 0.05-1 pg/mL 20 ng mL™! [116]
Prostate-specific antigen 0.05-100 pg/L ~360.2 ng/L [117]
Cu* ions 7.8-62.8 uM 7.8 nM [118]
HIV DNA 10-10° HIV gag DNA | 10 copies [119]
Mycobacterium tuberculosis <30 pg mL~! 10 pg mL™! [120]
Immunoglobulin E 0.05-5 pmol 50 fmol [121]
Cd** ions 10 ppb 0.1-0.4 ppb [122]

(continued)
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Table 1.2 (continued)
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Molecular dyes or enzymatic reactions

Analyte Dynamic range Sensitivity/ Reference
detection Limit
Electrochemiluminescence
2-(dibutylamino)-ethanol 3 uM-10 mM 0.9 uM [123]
Nicotinamide adenine 0.2-20.0 mM 72 uM [123]
dinucleotide
Tumour markers (AFP, 5-100 ng or U mL™! 0.15 ng mL~%, 0.6 [103, 124,
CA125, CA199, CEA) and 0.17 U mL™", 125]
0.5 ng mL™
Carcinoembryonic antigens 0.01-10 ng mL™" 1 fg mL™! [126]
Dopamine 1 uM-10 mM 1 uM [127]
Pb** ions <2 uM 10 pM [128]
Hg>* ions <2 uM 0.2 nM [128]
Enzola]-pyrene (B[a]P) 0.15-12.5 uyM ~ 150 nM [129]
Chemiluminescence
Glucose 2.5-50 mM L™ 0.14 mmol L™ [130]
Uric acid 2.5-50 mM L' 0.52 mmol L™ [130, 131]
Tumour markers (AFP, <150 mM ng or U 1.0 ng mL~!, 0.4, [102, 132]
CA153, CA199, CEA) mL™! and 0.06 U mL™!
and 0.02 ng mL™"
Fluorescence
Fluorescein isothiocyanate- 0.1-100 pmol 125 fmol [133]
labeled bovine serum albumin
DNA 10-10,000 pM 100 pM [134]
Nucleic acids 0.08-5.00 uM 1,200 input [135]
templates
Lung cancer associated 10 nM-10 uM ~ 100 nM [136]
miRNA
Nucleic acid hybridisation 1-5 pmol 300 fmol [137]
Asian soybean rust 0.0032-3.2 mg/mL 2.2 ng/mL [138]
Dual electrochemical/colorimetric sensing
Au(III) 1-200 ppm 1 ppm | [139]
Bacterial whole-cell
Bacterial quorum signalling 107°-107* M 108 M [140]

molecules—N-acylhomoserine
lactones
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Fig. 1.2 Sensors utilised for point-of-care testing, a Colorimetric detection of heavy metals,
b Electrochemical sensing of glucose, lactate and uric acid, ¢ Antibody conjugated gold NP
detection of Pseudomonas aeruginosa and Staphylococcus aureus, d ECL emission from a paper-
based device at different analyte concentrations, e Fluorescent sensing for measuring bacterial
growth. Adapted from Ref. [69] with permission from The Royal Society of Chemistry

either usage of serum/plasma samples or a red blood cell filter. Despite its drawbacks,
colorimetric sensing is widely used, and it can also be quantified by a handheld reader
[141, 142] or a smartphone camera [72, 143].

1.2.2 Electrochemical Sensors

Electrochemistry and ion-selective electrodes have been explored widely due to
their well-known principle of operation and maturity. Traditionally, electrochemical
sensors have three electrodes: a counter electrode, a working electrode, and a
reference electrode. In paper-based assays, carbon ink was used for the counter and
the working electrode, whereas silver/silver chloride ink was used for the fabrica-
tion of the reference electrode. The reaction zones comprised this multiple-electrode
mechanism (Fig. 1.2b). Electrochemical sensors allowed the detection of glucose
[94, 95], lactate [94, 95], uric acid [94], cholesterol [95], tumour markers [101],
dopamine [106] and drugs [107]. Other studies described heavy metal sensors for
environmental monitoring [94, 96, 99, 100]. As compared to colorimetric reagents,
the fabrication of electrochemical sensors required an additional deposition step of
conductive inks on the paper matrix. All these electrodes and electronic wires were
screen printed using graphite and silver inks, respectively. When the sample was
introduced to the device, it was wicked up into the sensing zones and the amper-
ometric measurement was initiated via a glucometer. Alternatively, gold can be
sputtered on the paper matrix through a shadow mask for the deposition of elec-
trodes [107]. Such electrodes can be characterised by cyclic and square wave
voltammetry, and chronoamperometry. In contrast to colorimetric reagents, elec-
trochemical sensors respond within seconds and have sensitivities down to nM
[145]. Electrochemical detection is also independent of the ambient light and is less
prone to interference from the colour/deteriorations of substrate. Although the
attributes of electrochemical detection such as maturity and suitability for minia-
turisation are attractive, the requirement for a readout device increases its com-
plexity and the cost per test.
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1.2.3 Colloidal Nanoparticles (NPs)

Functionalised colloidal gold and monodisperse latex are the historical sensing
reagents for lateral-flow assays, which do not require a readout device for quali-
tative results [146]. Lateral-flow tests employ antibody-conjugated gold NPs, which
have extinction coefficients that are higher than common organic dyes. Inkjet
printers have been used to deposit the NPs for multiplex detection on filter paper
[111]. Other NP-based assay studies focused on improving the sensitivity of current
lateral-flow tests by using paper network platforms. The 2D nitrocellulose-based
networks enabled multistep processes to amplify the signal in immunoassays to
improve the limit of detection [115, 147]. These cards contained reagents stored dry
and the assay was activated by wicking the sample in a single-user step. They were
capable of multistep processes such as delivering rinse buffers and signal amplifi-
cation reagents to the capture zones. These devices were demonstrated by using
porous materials such as nitrocellulose and cellulose depending on the sensing
application. Other 2D paper networks involved integrating the inlets of a number of
lateral flow assays [112] (Fig. 1.2c¢), adopting folding techniques [119] and
microplate paper platforms [120]. NP-based detection has been demonstrated with
metabolites [109, 111, 113, 117, 121, 147], bacterial agents [112] in disease
diagnosis such as HIV [119], malaria [115], tuberculosis [120] and in environ-
mental monitoring [114, 118]. To multiplex the assay, monodisperse latex can be
coupled with fluorescent and coloured dyes, and para/magnetic components. For
example, conjugated with dark dyes, monodisperse latex particles exhibit high
contrast on nitrocellulose or paper. Additionally, latex particles can be utilised with
different colours or fluorescent dyes.

1.2.4 Chemiluminescence (CL)

CL is based on the emission of light generated by a chemical reaction. In the presence
of reactants A (luminol) and B (H,O,), and a catalyst or excited intermediate
(3-aminophthalate), light is produced along with side products. Peroxidase catalyses
the oxidation of luminol to 3-aminophthalate, and the decay of the excited state Q) to
alower energy level results in light emission, which can be enhanced by using phenol
derivatives such as p-iodophenol. A typical example of CL is the glow stick, which is
based on the reaction of peroxide with a phenyl oxalate ester ([A] + [B] — [Q] —
[products] + light). In rapid diagnostics, CL has been explored for the detection of
glucose and uric acid [130] and tumour markers [132, 148]. Glucose and uric acid
assays were based on oxidase reactions coupled with chemiluminescence reactions of
arhodanine derivative with the generated H>O, in an acidic medium [130]. Uric acid
was determined through a chemiluminescence reaction between the rhodanine
derivative (3-p-nitrylphenyl-5-(40-methyl-20-sulphonophenylazo) rhodanine) and
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H,O, [131]. Studies on the detection of tumour markers involved fabricating sand-
wich-type immunoassays with a typical luminol-H,O, chemiluminescence system
catalysed by Ag” NPs [132]. Detection of tumour markers was also achieved by
sandwich CL-ELISA with antibodies that were covalently immobilised on a chitosan
modified paper zone through glutaraldehyde cross-linking [148]. Correlating the
concentration of the analyte and the peak intensity of the emitted light allowed
quantitative analysis.

1.2.5 Electrochemiluminescence (ECL)

This sensing mechanism is based on luminescence generated by electrochemical
reactions. When electrochemically generated intermediates undergo exergonic
reactions, they result in an electronically excited state. This state emits light upon
relaxation to a lower level state, and therefore it enables readouts without the
requirement for a photodetector. ECL has the advantages of both luminescence and
electrochemistry. An ECL sensor based on orange luminescence was demonstrated
through the detection of 2-(dibutylamino)-ethanol (DBAE) and nicotinamide ade-
nine dinucleotide by readouts of luminescence [123]. The principle of ECL sensor

was based on Ru (bpy)§+ and DBAE. At the electrode, the amine was oxidised and
formed a radical cation [DBAE"]", followed by deprotonation to create a DBAE"
radical, which reduced Ru (bpy)?r to an excited state. Eventually, Ru (bpy)?"
emitted light at 620 nm while relaxing to the ground state [149]. This mechanism
served as a coreactant that was oxidised solely by the electrode. In ECL, the
electrochemical potential initiated and controlled the chemiluminescence reaction.
The electrodes were printed using screen printing and adding an ECL active
luminophore followed by drying. The substrates were laminated onto a Zensor
screen-printed electrode using an office laminator. The cyclic voltammetry of Ru

(bpy)§+ was used to characterise the electrodes. After the lamination step, an
incision was made in the laminate layer. After the introduction of the sample to the
assay, the potential was stepped from O to 1.15 V for a short period to initiate the
ECL. The initiation can be achieved by shifting the potential to a level more
positive than the oxidation potential of the ruthenium complex. Chronoamperom-
etry was adopted to generate ECL since it provided control over the reaction time
(Fig. 1.2d). The ECL readouts were taken with a camera phone housing to block the
ambient light. ECL was connected to the mobile phone battery to obtain a short
pulse of low voltage. In addition to these drawbacks, ECL required a photomulti-
plier tube, which was costly in a miniaturised form. The data was analysed based on
the red pixel intensity of the ECL emission, which was correlated with a calibration
curve, hence the analyte concentration. Other applications to date included sensing
tumour markers [103, 124, 126] and ions [128].
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1.2.6 Fluorescence

This detection mechanism was first demonstrated on paper microzone plates.
Although paper-based plates are known [150-153], they have recently been
suggested for quantitative fluorescence measurements. These paper plates require
low sample volumes; 12.5 pmol of fluorescein isothiocyanate-labeled bovine serum
albumin generated a relative fluorescence of 2,700 + 850 a.u. [133]. Although
concentration sensitivity and mass sensitivity were comparable with plastic plates,
the average relative standard deviation for the replicates of all concentrations was
higher. This limitation was attributed to light scattering on the cellulose fibres and
the influence of the index of refraction between cellulose and air. Although paper-
based plates were suggested as alternatives to conventional plastic multiwell plates,
their interpretation required a microplate reader. Other notable studies adopting
fluorescent sensing included paper strips comprising DNA-conjugated microgels
(MG) for DNA detection [134]. Sensing DNA was accomplished by: (i) targeting
DNA promoted ligation of a DNA primer to the MG-bound DNA, (ii) rolling circle
amplification (RCA) between the primer and a circle DNA, and (iii) hybridisation
of the RCA products and a fluorescent DNA probe. Another study reported a
portable device for the growth of bacteria or the amplification of bacteriophages.
A fluorescent mCherry reporter was used to quantify the growth of bacteria and the
concentration of arabinose [87] (Fig. 1.2e). Another paper-based platform involving
fluorescent sensing described the use of non-enzymatic nucleic acid circuits based
on strand exchange reactions for the detection of target sequences [135]. Overall,
although fluorescence sensing brings new capabilities to point-of-care diagnostics,
the feasibility requires reduction in cost and miniaturisation of fluorescence readers.

1.2.7 Genetically-Engineered Cells

Bacterial quorum signalling (QS) molecules, N-acyl homoserine lactones (AHLSs),
have been used as a sensing mechanism [140]. The bacterial cell-based sensing
system comprised two main components: (i) AHL-mediated QS regulatory system
as recognition elements, and (ii) P-galactosidase as the reporter enzyme. The
bacterial cells were inoculated on paper by liquid drying. The paper strip biosensor
detected low concentrations (0.1 nM) of AHLs in saliva. The advent of synthetic
biology will accelerate the development of whole-cell based biosensors.

1.3 Next Generation Diagnostics

To expand the current capabilities of point-of-care diagnostics, the materials,
sensors and readout devices need to evolve. Extending beyond strip tests and
lateral-flow design to multiplexed miniaturised assay configurations will put the
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existing diagnostics in a context that will allow differentiation of conditions with
similar symptoms and improve the treatment options. Biofunctional materials and
synthesis of reversibly responsive compounds could lead to reusable tests, which
might be applicable to conditions where frequent measurements are required. The
control over structural design parameters, advances in deposition of materials
through printing will play greater roles in the realisation of the new generation
diagnostics. Studies on substate-protein/enzyme interactions, surface energy,
release characteristics, assay decay will gain momentum in the realisation of
diagnostics beyond R&D. Optimisation of capillary flow parameters in lateral-flow
devices and advanced microfluidic devices will allow construction of assays with
improved control and sensitivity. To date, limited studies in microfluidic platforms
have employed unprocessed samples. Incorporation of sample preparation should
not be overlooked. Furthermore, the performance of assay after long-term storage,
and time-consuming sensor response in colorimetric test require further investiga-
tions. Sensing and detection technologies will also evolve. The search for sensing,
quantification and readout within a single equipment-free assay will play a greater
role in future diagnostics. These attributes may include user-friendly, fool-proof,
text/quantity-reporting capabilities and unexplored sensing mechanisms such as
paramagnetic particles, quantum dots, coloured latex particles, and genetically
engineered whole cells based on synthetic biology, and other novel materials
including graphene, plasmonic materials, and printable gratings [154—159].
In improving the sensitivity and providing a user-friendly interface, bioinspired
photonic structures, colloidal crystal arrays, diffraction gratings and holographic
sensors can offer newer capabilities and readout approaches [160-165]. Some of
these sensing and readout mechanisms might not require physically blocking or
shaping the substrate for multiplexing. Although significant time has been devoted
to quantification with smartphones/handheld readers, equipment-free approaches
should not be overlooked. The use of external readers is a barrier for existing
assays, yet this requirement will be a greater challenge in adopting newer sensing
platforms. The fast-growing mobile phone market in the developing world has
made camera phones a potential platform for quantitatively reading diagnostic
assays, and this may standardise the readout devices with improved connectivity
[166, 167]. Novel approaches towards instrument-free quantification of analytes
will be important contributions to the field. Additionally, the trends show that the
microfluidic assay formats will be exploited further by the in vitro diagnostics
industry [168—170]. All these advances will lead to multiplexed diagnostics that are
capable of identifying the specific etiological agent that causes a particular
syndrome, which is a goal that has not been achieved yet. Such assays can explore
less utilised clinical samples such as tear fluid with contact lens sensors [171].
Existing prototypes need to be transformed into highly reproducible diagnostic
devices. Having performance data does not always yield efficacy after deployment.
Possible small-scale trials should experiment with the feasibility and cost-effec-
tiveness after scaling up. The ultimate test in the realisation of diagnostics depends
on the acceptance from experts in the commercial diagnostics industry. Today, the
rapid diagnostics business is based on a standard lateral flow format, involving the
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use of nitrocellulose as the reaction matrix. The lateral-flow format is the only
ubiquitous, universally applicable platform that can be utilised for simple, quali-
tative, low cost point-of-care applications, while also having enough capability to
be functionalised for highly sensitive, fully quantified, multiplexed assays. Hence,
the industrial partners are seeking technologies that have improved capabilities,
sensitivity, specificity, and compatibility with the existing manufacturing processes.
Only low cost is not enough to achieve market penetration in diagnostics. The value
of the low-cost and multiplexed diagnostics will be realised upon reaching com-
munities, where they are needed the most.
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Chapter 2
Fundamentals of Holographic Sensing

Optical devices that reversibly respond to external stimuli can provide fast,
quantitative, visual colorimetric readouts in real-time. They may consist of bioactive
recognition elements that can transmit the signal through a transducer embedded
within the system. Responsive photonic structures may have applications in chem-
ical, biological and physical sensors for medical diagnostics, veterinary screening,
environmental monitoring, pharmaceutical bioassays, optomechanical sensing and
security applications. This chapter provides an overview of the fabrication of optical
devices, and highlights holography as a practical approach for the rapid construction
of optical sensors that operate in the visible spectrum and near infrared. It begins with
describing the fundamentals of holography and origins of holographic sensors. The
chapter also explains the principle of operation of these devices and discusses the
design parameters that affect the readouts. The principles of laser light interference
during sensor fabrication and photochemical patterning are discussed. Furthermore,
computational readout simulations of a generic holographic sensor through a finite
element method are demonstrated. Studied design parameters include optical effects
due to lattice spacing, nanoparticle (NP) size and concentration, number of stacks,
their distribution, and lattice deficiencies within the sensor. Computational simula-
tions allow designing holographic sensors with predictive optical characteristics.

2.1 Fabrication of Optical Devices

Optical devices have been fabricated from photonic band-gap materials [1-6].
These materials function through the periodic modulation of the refractive index in
a dielectric medium, which allows filtering out and diffracting narrow-band
wavelengths. These optical nanostructures control the propagation of light within
dielectric media. Their applications include reflective coatings on lenses, pigments
in paints and inks, waveguides, reflective mirrors in laser cavities and optical
devices [7-10]. Over the last two decades several top-down and bottom-up
fabrication techniques have been developed: Layer-by-layer stacking [11, 12],
electrochemical etching [13], laser-beam-scanning chemical vapour deposition [14],
and holographic lithography [15]. However, rapidly fabricating structures at
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approximately half the wavelength of the visible light remained a challenge [16].
Self-assembly approaches have also been demonstrated, including photonic crys-
talline colloidal arrays [17-21], block copolymers [22], opals and inverse opals [23]
and nanocomposites [24]. Bottom-up approaches involved self-assembly of
preformed building blocks such as monodisperse colloidal objects into periodic
gratings. Such building blocks may be silica (Si0O,), polystyrene microspheres, or
block copolymers. The symmetry, lattice constant of the crystal and the index of
refraction contrast can be controlled to fabricate ordered photonic structures. For
example, block copolymers self-assemble into periodic regions through phase
separation of chemically different polymer blocks [25]. In order to achieve visible-
light Bragg diffraction, the diameter of the colloids with ranges from 100 to 1 pm
may be used to form one, two and three-dimensional photonic structures [26-28].
Self-assembled photonic structures reduce materials of fabrication and lower costs
as compared to nano/microfabricated photonic devices.

Stimulus-responsive materials have been incorporated into these photonic devi-
ces to induce a change in their lattice constants or spatial symmetry of the crystalline
array, and refractive index contrast. For example, refractive-index tuneable oxide
materials such as WO3, VO,, and BaTiO; have been incorporated in these matrices
to produce photonic structures that are sensitive to electric field or temperature [29].
The crystalline colloidal arrays infiltrated with liquid crystals optically responded to
an applied external electric field and an increase in the temperature of the device
[30-32]. Numerous fabrication strategies and materials science have been developed
to build responsive photonic structures for applications in sensing chemical stimuli,
temperature variation, light, electrical and magnetic fields and mechanical forces
[33-40]. However, the challenges included limited tuneability, slow turnaround
times and hysteresis. Another critical fabrication issue has been the narrow response
range due to the limited external stimuli-induced changes in the lattice spacing or the
index of refraction. To overcome these challenges, polymer chemistries, new
building blocks and tuning mechanisms evolve to create practical approaches. These
methods offer potential feasibility for producing diffraction gratings. However, the
control over the material selection, patterning ability, angle of diffraction, three-
dimensional organisation of diffracting gratings and rapid manufacturing have been
limited. To overcome these limitations, generic fabrication approaches have been
developed to improve the capabilities of incorporating 3D images with optical
tuneability [18, 21]. An emerging platform among these approaches is holography,
which allows fabrication of optical sensors with Bragg gratings for applications in
the quantification of chemical, biological and physical stimuli [41].

2.2 History of Holography

Holography allows recording three-dimensional images of an object or digital
information through the use of a light-sensitive material and laser light, or micro/
nanofabrication techniques [42—46]. In 1865, Maxwell had proposed theoretically
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Fig. 2.1 Principle of a standing wave and its corresponding interference pattern. a The formation
of a standing wave at the plane mirror, b Standing wave and interference pattern formed by two
coherent beams. Reprinted with permission from [41] Copyright 2014 The American Chemical
Society

that light is an electromagnetic disturbance propagating through the field according
to electromagnetic laws [47]. In 1869, Zenker theoretically showed that an incident
light wave propagating towards a mirror produces a reflected wave, which combines
with the incident wave to form an interference pattern with a half-wavelength sep-
aration between fringes [48, 49]. In 1887, Hertz experimentally demonstrated the
existence of electromagnetic waves by showing that radio waves were consistent
with Maxwell’s theory [50]. Hertz produced radio standing waves by reflection from
a zinc plate. When a monochromatic wave is reflected off a surface, the reflected
wave and the incident wave combine to form waves, which oscillate up and down
without a direction of motion (Fig. 2.1a). The distance between successive nodes or
antinodes is equal to the half of the wavelength of the wave (Fig. 2.1b). Within the
standing wave, there is no oscillation at the nodes, while at the antinodes, the
oscillations can be maximum.

Zenker’s idea to record standing waves of light was experimentally demonstrated
by Wiener in the 1890s [51]. He passed carbon arc light, entering a darkroom
through a slit, through a prism to filter out the red region of the spectrum. He focused
the orthochromatic light using a lens, and directed it perpendicularly to a tilted (2°)
20 nm-thick photographic plate backed by a levelled silver mirror. After he devel-
oped and printed the photographic plate, he observed a regular standing wave pattern
under magnification. While the antinodes appeared bright, the nodes, containing no
light, were dark (Fig. 2.1b). Additionally, the wave might change phase upon
reflection, and influence the absolute position of the nodes and antinodes. In 1891,
Lippmann developed a method of reproducing colours photographically based on
the phenomenon of interference [52]. In his experiment, he projected an image onto a
photographic recording medium. The image was produced by shining light through a
photographic plate backed by a mirror of liquid mercury, which reflected the light
back through the medium to create standing waves. Lippmann was able to create a
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latent image (an invisible image before development) produced by the standing
waves that are characterised by a series of interference maxima and minima. After
the recording medium was developed, fixed and dried through the traditional pho-
tographic methods, planes of reduced silver particles had reciprocal distances as a
function of the wavelength of the light used during recording. Upon illumination
with white light, the silver planes diffracted a coloured projection of the recorded
image [53]. In the 1910s, X-ray microscopy for recreating the image from the
diffraction pattern of a crystal lattice structure were studied by Bragg, Broersch and
Zernike [42, 54]. In the 1920s, Wolfke reported that if an X-ray diffraction pattern is
illuminated with a monochromatic light, a new diffraction pattern, which is identical
with the image of the object is formed [55]. In the late 1940s, Gabor, while trying to
improve the resolution of the electron microscope by overcoming the spherical
aberration of the lenses, found that adding a coherent background as a phase ref-
erence, the original object wave was contained in an interferogram, which he called a
hologram [56, 57]. The term hologram was coined from the Greek words holos,
meaning “whole,” and gramma, meaning “message”. He received the Nobel Prize in
physics in 1971 for establishing the principle of holography. However, the stability
of the interference required

(i) mechanical and thermal stability of the interferometer used in the holographic
recording, and (ii) a coherent light source.

The foundations of the laser (Light Amplification by Stimulated Emission of
Radiation) theory were established in the early years of the 20th century by Einstein
[58]. In the 1960s, lasers (optical oscillators) were developed to produce mono-
chromatic light [59, 60]. After the development of the laser, Denisyuk of the former
Soviet Union, and Leith and Upatnieks in the US recorded independently the first
holograms in 1962 [61, 62]. These early holograms were based on silver halide
chemistry. Transmission holograms, originally created by Leith and Upatnieks,
require monochromatic light (usually a laser) to view the image, otherwise viewing
in white light causes severe chromatic aberrations; whereas holograms produced by
Denisyuk’s method, can be viewed in light of a broad spectral range [43]. Denisyuk
was originally inspired by the method of colour photography constructed by
Lippmann. In particular, Denisyuk holograms have generated considerable interest
in artistic displays, optical devices, data storage and analytical instruments.

Holographic gratings can be generated using various geometries, which involves
the use of multiple collimated laser beams. The first step in recording transmission
holograms involves passing a single laser beam through a beam splitter, which
divides the beam into two beams. The first beam is expanded by a lens, and
deviated by mirrors (front surface) onto an object. The light that is scattered back
falls onto a recording medium. Meanwhile the second beam, expanded by a lens,
travels directly onto the recording medium. The interference of the two mutually
coherent beams forms constructive (antinodes) and destructive (nodes) interfer-
ences, at regions of the recording medium dictated by the Fourier transform of the
object, which implies that all optical information about the object is coded in the
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Fig. 2.2 The electron micrographs of hologram cross sections (transversal). a A Lippmann phase
hologram recorded in a Holotest 8E75HD plate using a HeNe laser operated at 632.8 nm (~50 %
diffraction efficiency). Reprinted with permission from [65]. Copyright 1988 The Optical Society
of America. b A phase hologram recorded in a Slavich PFG-03 M film using a HeNe laser
operated at 632.8 nm. Scale bars = 1 pm. Reprinted with permission from [41] Copyright 2014
The American Chemical Society

diffraction field produced by the hologram [63]. Holographic recording changes the
optical properties of the recording material. An amplitude hologram is recorded
when the interference pattern created by the object and the reference beams is
copied as variation of the absorption coefficient of the recording material. A phase
hologram is created when the holographic recording leads to variation of the
refractive index or the thickness of the hologram. Holographic gratings can also be
recorded in “Denisyuk” reflection mode. Reflection holograms are typically formed
by passing an expanded beam of laser light through the recording plate to illuminate
an object on the other side of the plate. Light from the object is then reflected back
through the plate and interfered with the light passing through the plate for the first
time, thus forming standing waves of light, which are recorded as “holographic
fringes” running roughly parallel with the plane of the recording medium [43, 64]
(Fig. 2.2). When the hologram is illuminated with a white light source, the fringes
in the recording medium act as Bragg mirrors, which diffract light monochromatic
(or narrow-band) light and serve as sensitive wavelength filters. The replayed image
represents the original object used during the laser exposure. This diffracted light
from the periodic gratings results in a narrow-band spectral peak determined by the
wavelength of the laser light used and the angle between the two recording beams.
The holographic diffraction is governed by Bragg’s law:

Apeak = 219 A sin 0 (2.1)

where Ape is the wavelength of the first order diffracted light at the maximum
intensity in vacuo, ng is the effective index of refraction of the recording medium,
A is the spacing between the two consecutive recorded NP layers (constant
parameter), and 6 is the Bragg angle determined by the recording geometry.
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2.3 The Origins and Working Principles of Holographic
Sensors

In late 1970s, those preparing art holograms realised that so called “pseudo-colour”
effects could be obtained by using several exposures of one scene with the
632.8 nm beam from a HeNe laser with each exposure only illuminating different
sections of that scene. Before each exposure, the moisture level or pH of the gelatin
emulsion was changed, so that each exposure had the emulsion with a different
degree of swelling. This resulted in objects having different colours when the
finished hologram was replayed under a white light source [66—69]. Specifically,
the thickness of the emulsion can be varied through pre-swelling/shrinking the
emulsion before laser exposure. Since gelatin film’s thickness is greatly affected by
its moisture content, moisture control techniques were utilised to create pseudo-
colour holograms [68, 70]. In the 1980s, emulsion pre-treatment was optimised to
obtain a range of output wavelengths from a fixed exposure wavelength [71, 72]. In
the 1990s, the tuning technique of holograms led to the realisation that reflection
holograms could be used as sensors to quantify humidity [73] and chemical sub-
stances [74-76]. Figure 2.3 shows the timeline in the development of holographic
sensors. Any physical or chemical stimulant that changes the lattice spacing (d) or
the effective index of refraction (n) of the film cause observable changes in the
wavelength (Apeqx) or its profile (colour distribution), or the intensity (brightness) of
the hologram. The intensity output by the hologram depends on the modulation
depth of the refractive index (dark and bright fringes), and the number of planes
present in the polymer matrix. Swelling in the polymer matrix increases the distance
between NP spacings and produces a red Bragg peak shift, whereas shrinkage in the
matrix shifts the peak to shorter wavelengths. The diffraction grating acts as an
optical transducer, whose properties are determined by the physical changes in the
polymer matrix. For example, when the polymer matrix is functionalised with a
receptor comonomer, which has the ability to draw or expel water from the system
upon binding, the degree of swelling indirectly represents the concentration of the
target analyte. The shift in the Bragg peak can be monitored using a spectropho-
tometer, and the sensor can be calibrated based on the inputted physical or chemical
change. Hence, the same sensor can be optically or visually interpreted to quantify

1987 1991
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Processed Organic Proteolytic 1995
image s in solvents to enzymes to Lowe ef al.
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Fig. 2.3 Historical development of holographic sensors
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the target analytes in aqueous solutions or physical changes in the environment.
This is in contrast to the case of the off-axis transmission hologram, where the
holographic fringes run roughly perpendicular to the plane of the plate, and
therefore any thickness changes will not greatly shift the Bragg peak. In off-axis
transmission gratings, the changes in the brightness or the direction of the diffracted
beam can be registered by a photodetector.

Holographic sensors are analytical devices that systematically diffract narrow-
band light in the ultraviolet to near-infrared range for application in the detection and
quantification of analytes and/or physical parameters [74]. Holographic chemical
sensors incorporate gratings within stimuli-responsive polymers, which allow
shifting the Bragg peak. Fabrication of the sensors involves laser-directed multi-
beam interference and photochemical patterning. The resulting sensors can be
interrogated qualitatively by visual inspection or quantitatively by spectrophotom-
etry in real-time. The major advantages of holographic sensors over other optical
sensors are the ability to produce three-dimensional (3D) images, control over the
angle of off-axis diffraction, and amenability to laser manufacturing. They are
functionalised with analyte-responsive materials to construct optical sensors for use
in testing, where a visual readout and reversibility are required [77]. Holography
allows fabrication of disposable sensors that are lightweight for miniaturisation and
multiplexing [78]. Holographic sensors offer three capabilities on a single analytical
device: (i) Label-free analyte-responsive polymer, (ii) real-time, reversible quanti-
fication of the external stimuli, and (iii) three-dimensional image display. Their
applications range from in vitro diagnostics to environmental monitoring (Fig. 2.4).

A holographic sensor can change its optical properties when comes into contact
with a target analyte. For example, as a result of detection of an analyte, the sensor
could change its spectral response and/or its diffraction efficiency, which in visual
terms translates into a change of its colour and/or brightness. The diffraction
efficiency of a hologram is described as the ratio of the intensities of the diffracted
beam divided by the incident beam. This ratio is a quantitative measure of the
brightness of the hologram. Depending on the recording mode and optical prop-
erties of the recording media, holograms with controllable optical characteristics
can be fabricated. Typical holograms include surface holograms, transmission or
reflection holograms, phase or amplitude holograms [79]. For example, “Denisyuk”
reflection holograms can be used as colorimetric indicators as they can diffract light
when they are illuminated with a white light source. The recording and probing of a
reflection hologram is shown in Fig. 2.5a, b. In this recording mode, two coherent
beams are incident from the opposite sides of the recording medium. For recording
of a “Denisyuk” reflection hologram, two plane waves are normally used, and the
lattice spacing of the grating can be determined by Bragg’s law (Eq. 2.1).

When the beams have the same incident angles, the interference fringes are
parallel to the surface of the recording medium, and an unslanted reflection grating
is recorded [80]. The incident angles of the two recording beams can also be
different, which produces fringes at an angle with respect to the recording medium
surface, and the recorded grating will be slanted. In either case, the fringes run
along the bisector line of the angle between the two beams. The optical
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Fig. 2.5 Denisyuk reflection holograms.a Recording and b probing the hologram. Reprinted with
permission from [41] Copyright 2014 The American Chemical Society
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characteristic that most conveniently can be observed to change in reflection
holograms in the presence of an analyte is the wavelength of the diffracted light.
When illuminated with light of a broad spectral range, a reflection hologram
diffracts selectively, and operates as a wavelength filter. The maximum diffraction
efficiency occurs at a wavelength that satisfies Eq. (2.1). A change in either of the
effective refractive index or the lattice spacing causes a change in the wavelength of
the diffracted light (Eq. 2.1). It is assumed that the hologram has a thick volume and
the angle of observation is constant. In order to quantify how different parameters
influence the Bragg peak position, we differentiate Eq. (1.1) using the product rule:

AA = 2AnyAsin 0 + 2ngAAsin 0 + 2ngA cos 0 A0 (2.2)

where A4, Ang, AA and A are the changes in the position of the Bragg peak,
effective index of refraction, grating period and the Bragg angle, respectively. We
divide both sides of Eq. (2.2) by 2nyA sin 6:

AL _ 2AngA sin 0 2ngAA sin 0 2noA cos 0AO (23)
2noA sin 0 2npA sin 0 2noA sin 0 2noA sin 0 '
which can be simplified as:
AL Ang AA  cosOAO
0,7 2.4
e TN T sino (24)
AL _Amo AN tond (2.5)
) o A

Using Eq. (2.5), the influence of the changes of optical properties on the Bragg
peak can be modelled. Any dimensional change of the polymer matrix in which the
hologram is recorded, such as swelling or shrinking produces a change in the lattice
spacing, and thus alters the spectral response of the hologram (Fig. 2.6a). A typical
Bragg peak shift of a holographic sensor is shown in Fig. 2.6b, and the shift as a
function of analyte concentration (Fig. 2.6¢). A simulation assuming that the effective
refractive index and probe angle remain constant reveals that practically achievable
changes in the volume of the polymer matrix could produce large changes in the
wavelength of the Bragg peak (Fig. 2.6d). A dimensional change of 30 %, which is
normally achieved in an acrylamide-based photopolymer hologram, would produce
over a 100 nm shift depending on the initial Bragg peak wavelength [80].

The effective refractive index of the polymer matrix in which the hologram is
recorded can change due to the absorption of the target analyte. Assuming that the
only property that changes the effective refractive index, the resulting change in the
Bragg peak wavelength can be calculated using Eq. (2.5) (Fig. 2.6e). The initial
effective refractive index was 1.5. A significant change in the effective refractive
index is required in order to obtain a visually observable change in the peak
wavelength (Fig. 2.6e). For example, an effective refractive index change of
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Fig. 2.6 Principle of operation of a Denisyuk reflection holographic sensor. a A dimensional
change, shrinkage or swelling of the polymer matrix, produces a change in the grating period and a
change in the position of the Bragg peak. b A typical spectra as the concentration of the analyte
changes, ¢ The shift in the Bragg peak, d Simulated Bragg peak shift as a function of change in
lattice spacing. Assuming that the effective refractive index and the Bragg angle (0) remain
constant, as the relative dimensional change (AA/A) increases, the Bragg peak shifts to longer
wavelengths. Practically achievable changes in lattice spacing can produce Bragg shifts larger than
300 nm. The initial Bragg peaks are 600 (@), 500 (H), 400 nm (#). e Bragg peak shift as a function
of change in refractive index. Assuming that the initial effective refractive index (n) is 1.5 and the
Bragg angle (0) remain constant, as the effective refractive index increases, the Bragg peak shifts to
longer wavelengths. Practically achievable changes in refractive index can produce Bragg shifts up
to ~ 12 nm. The initial Bragg peaks are 600 (@), 500 (H), 400 nm (#). Reprinted with permission
from [41] Copyright 2014 The American Chemical Society
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15 x 1072 produces a ~6 nm Bragg peak shift for a sensor originally operating at
600 nm [80]. With the grating period and probe angle remaining constant, it is
preferable to record the hologram at a longer wavelength. The absolute change in the
peak wavelength (A1) can be increased by choosing materials with lower initial
effective refractive index (n). Materials with higher porosity have lower effective
refractive index. Moreover, for the detection of larger size analytes, it is preferable to
use recording media with larger pore size, which allow the diffusion of the analyte
into the polymer matrix easily. Both the dimensional and the effective refractive
index effects contribute simultaneously to the change in the spectral response of the
hologram. For example, in gelatin-based sensors the effective refractive index
decreases as the sensor absorbs water and swells; thus, the two factors have opposite
contributions to the spectral shift. However, in some materials, one of the factors is
the main contributor. For example, in humidity sensors recorded in acrylamide-
based photopolymer, the main contributor is the swelling of the polymer matrix due
to absorption of moisture studied at relative humidity up to 80 % [81].

2.4 Computational Modelling of Holographic Sensors
in Fabrication and Readout

The principles of laser light interference in the fabrication of responsive diffraction
gratings are discussed. This chapter is divided into two parts; while the first part
explains the photochemical patterning during recording of holographic sensors in
Denisyuk reflection mode, the second part describes the operation of the sensors.
The first part focuses on the fundamentals of the laser writing in which materials get
physically broken, displaced or removed by means of optical forces and thermal
energy. In order to understand the different phenomena during photochemical
patterning, interference patterns during laser light exposure were simulated. The
second part of this chapter demonstrates computational simulations of a generic
holographic sensor through a finite element model [82, 83]. To design the sensors
with predictive characteristics, its optical properties due to variation in the pattern
and the characteristics of the NP arrays were evaluated. Various factors including
NP size and distribution within the polymer matrices that directly affect the per-
formance of the sensors were studied computationally.

2.4.1 Photochemical Patterning

In order to predict the interference patterns, which produce the photonic structure in
Denisyuk reflection mode, the system was modelled during fabrication as arising
from a superposition of different light waves [84—87]. Figure 2.7a shows a schematic
of the experimental setup during laser light exposure. Simplifying the simulation of
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photochemical patterning, the interference pattern created was evaluated from three
waves: (1) incident beam (4;), (2) beam reflected from the mirror (1,), (3) beam
reflected internally at the hydrogel-water interface (13). There is a fourth beam that
may also be reflected from the mirror, however, this beam was neglected to simplify
the simulation. The intensity distribution of the field along the hydrogel was
reconstructed by simulating the interference of the three plane waves. Through
computing the respective intensities and phases of individual plane waves, the
resulting interference pattern was extracted. To visualise the intensity distribution in
a 2D cross-section plane, the electromagnetic field in every point over an area of
10 x 10 pm? inside the hydrogel was evaluated. Figure 2.7b shows the interference
pattern of the three distinct plane waves, taking into account: the tilt angle, effective
index of refraction, laser light wavelength, and exponential decay of laser light
intensity while the laser light travels through the hydrogel-Ag® NP system and the
laser light phase changes upon reflection from the mirror. In order to simulate the
laser-induced photochemical patterning, it was assumed that the energy of a single
pulse (6 ns, 240 mJ) gets transmitted instantaneously to the particles before heat
diffusion is involved. Investigated conditions included materials with considerably
thicker than the wavelength of the laser light. Notably, the localisation of heat along
the standing wave might be required to produce a well-defined photonic structure.
The model was simplified by implying that photochemical patterning occurs, where
the energy concentration exceeds a given threshold. Figure 2.7c shows the simu-
lation of the structure after photochemical patterning. In the simulated pattern, black
regions correspond to the non-patterned material, while white regions represent
photochemically patterned material. Along with the vertical standing wave
(~193 nm), a larger period wave (~ 3 um) is in the horizontal direction. Thus, using

(b) (c)

Interference pattern between
A, = reference, A, = object, A, = reflected

Fig. 2.7 Photochemical patterning based on multi-beam interference in Denisyuk reflection mode.
a Schematic of the laser light-induced photochemical patterning setup for the preparation of
holographic sensors. b Intensity field distribution obtained from a holographic sensor with a tilting
angle of 5°. The image corresponds to the intensity distribution I = |E|2 produced by laser light
interference inside the hydrogel, created by three beams: (1) incident beam, (2) beam reflected
from the mirror and (3) beam reflected internally at the pHEMA-water interface. ¢ Threshold of
intensity of the cross section to represent patterned and nonpatterned regions. The period of the
surface grating is 3.01 pum. Reprinted with permission from [84] Copyright 2014 Wiley-VCH
Verlag GmbH&Co. KGaA, Weinheim
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simulation, we can predict the optical characteristics such as the periodicity of the
transmission grating, regions that will be patterned at a given transmission or
absorption values and the number of multilayer gratings that will be formed during
fabrication.

2.4.2 Simulations of the Optical Readouts

The operation of the holographic sensor is governed by the periodicity of its lattice
spacing, which controls the propagation of light through the structure. The lattice
periodicity consists of an alternating pattern of mesoscale Ag” NP regions organised
in a specific direction within a hydrogel [88, 89]. If the absorption of light by the
entire structure is minimum and a contrast is present between the periodic Ag’ NP
regions, some frequencies are filtered out as they pass through the photonic
structure. The excluded group of frequencies is called the photonic band gap (PBG).
The dynamic coloration is generally obtained by altering the periodicity of nano-
particle regions either by changing the lattice spacing or the refractive index of the
multilayers through chemical reactions. Dynamic coloration in nature include fish
(e.g. Paracheirodon innesi) [90, 91], cephalopods (e.g. Euprymna scolopes) [92]
and beetles (e.g. Tmesisternus isabellae) [93]. Holographic sensors are analogous to
these structures, where the frequency range is designed for a specific PBG. For
example, for infrared frequencies, micron dimensions are required for the geometry
of the structure [94]. In holographic sensors, the Ag” NP-based multilayer structure
that was formed within the hydrogel acts as a dynamic 1D photonic crystal, which
diffracts the frequencies of electromagnetic radiation that fall within the band gap
region. When the band gap region shifts its position to higher or lower frequencies
by changing the geometry of the hydrogel, different frequencies are back scattered.
To present the principle of operation and provide evidence for subsequent opti-
misation of a holographic sensor, a finite element method based on computational
software COMSOL Multiphysics®, was utilised [82, 83, 95]. The theoretical
diffraction grating consisted of periodic layers of Ag® NPs in a hydrogel matrix. The
diffraction grating patterns consisting of stacks of randomly-sized Ag® NPs were
generated using a MATLAB®™ code. Since the hydrogel matrix has a refractive
index close to that of water, and the laser wavelength used for the photochemical
patterning was 4 = 532 nm, according to Bragg’s law, A/2n results in a lattice
constant of / = 176 nm. The 1D periodic array of stacks consisted of Ag’ NPs,
which were designed as nanospheres with different radii (Fig. 2.8a).

The simulated geometry consisted of 6 stacks with ~60 Ag® NPs per stack.
Along the vertical axis of each stack, the Ag” NPs were uniformly distributed,
whilst in the horizontal axis, the Ag® NPs were distributed within the layers defined
by the laser-induced photochemical patterning. To achieve this, a normal random
distribution was performed with the mean positions of the stacks set to a distance
equal to the lattice constant. Additionally, to obtain a realistic photonic structure in
terms of representing a holographic sensor, a normal random distribution was also
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Fig. 2.8 A simulated geometry of a holographic sensor with a multilayer grating. a Organisation of
Ag® NP stacks within a hydrogel matrix, b Forming a geometric mesh of the Ag® NP pattern. Scale
bars = 150 nm. Reproduced from [83] with permission from The Royal Society of Chemistry

used to define the radii of the Ag® NPs. The mean value of the radii was set to
4-24 nm with 6 = 5 nm. After generating the Ag® NP patterns in MATLAB®, they
were imported into COMSOL Multiphysics® for modelling. The pattern of Ag® NP
was surrounded with a square domain of a medium that is analogous to a hydrogel
matrix. The remaining Ag’ NP subdomains were set to have an electrical con-
ductivity of Ag” (61.6 mS/m). Since Ag’ NPs absorbs electromagnetic radiation, a
complex refractive index was required. This absorption does not significantly affect
the propagation of light when a small number of stacks are simulated. However, the
absorption can reduce the efficiency of diffracted light in a holographic sensor that
have a high number of Ag” NP stacks. Figure 2.8b illustrates the geometric mesh of
the holographic sensor in COMSOL Multiphysics®. The incident electromagnetic
waves were propagated from left to right along the array of Ag® NP stacks. The left
boundary of the cell was set to a scattering boundary condition. The light source
was defined as a plane wave of varying wavelengths [95]:

nx (V x H;) —jkH, = —jk(1 — k - n)H,; exp(—jkr) (2.6)

where n is the complex refractive index, H, is the magnetic field strength at position
r, k is the propagation constant, and H,, is the initial magnetic field strength.
Meshing was performed with a finite element size of ~2 nm to resolve each Ag®
NP. Once meshing was established, a computation was performed via a parametric
sweep, which allowed solving for a range of wavelengths. The wavelength
parameters set covered 400-900 nm. Finally, using “power outflow and time
average” boundary integration, the transmitted waves were collected at the opposite
side of the holographic sensor. Figure 2.9a—c illustrates the simulated geometry that
resembles the configuration of a typical holographic sensor, and Fig. 2.9d shows the
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Reproduced from Ref. [83] with permission from The Royal Society of Chemistry

transmission spectra. The spectrum for 176 nm lattice spacing showed peak
reflectivity at ~532 nm that underwent the lowest transmission due to Bragg
diffraction, which defined the diffracted green colour of the holographic sensor
(Fig. 2.9a). The colour of the holographic sensor was dictated by the spacing
between the Ag” NP stacks. The effect of expanding the Ag® NP lattice on the
reflection band gaps was analysed. The multilayer structure was expanded, while
keeping the density and diameter of the Ag” NPs constant, simulating the operation
of a holographic sensor. The lateral expansion of the polymer matrix increased the
effective-stack spacing and stack size, and it reduced the concentration of Ag® NPs
per stack (Fig. 2.9a—c). The overall effect of these changes on the wave propagation
was observed in the simulated transmission spectra, which showed a shift to longer
wavelengths in the reflection bands as the Ag® NP stack spacing was increased
(Fig. 2.9d). The expanding sensor displayed a colour change (reflection band)
across the visible spectrum from ~532 to 800 nm. As the Ag” NP stack spacing
increases, the reflection efficiency (intensity) of the sensor decreases. This may be
attributed to the decrease in the concentration of Ag® NPs present in each stack,
which reduces the contrast of the effective refractive index between the Ag® NP
stacks and the surrounding hydrogel matrix.

The effect of varying Ag®’ NP radii on the efficiency of the holographic sensor
was evaluated. Nine different geometries were generated with mean Ag® NP radii
from 6 to 22 nm, while the number of Ag® NPs per stack was kept constant at 60.
The transmission spectra showed that as the radii of Ag® NPs increased, the
intensity of the reflection band also increased, which could be attributed to the area
that these respective Ag0 NPs spread (Fig. 2.10). An increase in the contrast of the
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effective index of refraction of the Ag® NP stacks increased the reflection. There-
fore, if all these configurations have the same number of Ag® NPs, larger Ag” NPs
would cover more area within the hydrogel matrix, thus resulting in a higher
effective index of refraction. However, a photonic structure with Ag’ NPs larger
than ¢ 100 nm would induce a broad bandwidth and a redshift on the reflection
band gap [96]. The broad bandwidth can be explained by the uneven uniformity in
the width of the stacks in a holographic sensor. For example, for » = 22 nm, not all
the five stacks had the same width, because MATLAB®™ attempted to generate a
pattern, where the Ag® NPs were evenly spaced inside a stack, and hence it placed
them along the horizontal direction. The reflection band shift to longer wavelengths
can be explained by the surface plasmonic resonances of the Ag® NP [97]. The
excitation of surface plasmons arises from a collective electron oscillation within
the nanostructure induced by the incident light. This leads to an optical local-field
enhancement and a dramatic wavelength-selective photon scattering localised at
nanoscale. The plasmonic resonances were affected by the Ag’ NP radii and
geometry, and the optical properties of hydrogel matrix. The reflected light/band
gaps displayed by a holographic sensor were influenced by the plasmonic reso-
nances of the Ag” NPs. As the radii of the Ag® NPs increased, the peak plasmonic
resonance shifted to longer wavelengths. Therefore, the band gaps broadened as
they represent an effective reflection due to the periodicity of the stacks and the
surface plasmon resonances of the larger Ag® NPs. The ideal Ag® NP radius is
between 8 and 10 nm even if they produce weaker reflections than the NP with
larger radii. In this radius range, the surface plasmon resonance and the lattice
constant dictated band gaps coincide. The reflection efficiency can also be improved
by increasing the concentration of the Ag’ NPs.

The effect of changing the number of Ag® NP stacks on the efficiency of the
holographic sensor was studied. Three configurations consisting of 60 Ag® NPs per
stack with a mean radius of 10 nm and a lattice constant of 182 nm were simulated
(Fig. 2.1l1a—), and their transmission spectra were extracted (Fig. 2.11d).
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Fig. 2.11 Simulated transmission spectra for the holographic sensors as a function of the number
of Ag® NP stacks. a 4, b 5 and ¢ 6 stacks of Ag® NPs with a lattice constant of 182 nm. d The wave
propagation spectra for the transmission along the photonic structure with 4, 5 and 5 Ag” NP
stacks. Stop band is centred at ~550 nm. Reproduced from [83] with permission from The Royal
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The position of the reflection band was at 550 nm, and it did not change by adding
or removing stacks of Ag® NP with the same periodicity. As the number of Ag® NP
stacks increased, the intensity of the reflected light also increased. For 6, 5, 4 stacks,
60, 48 and 40 % reflection was obtained. At 6 stacks the reflection was stronger
than configurations with fewer stacks. Additionally, the lower the reflection, the
wider the trough was. The width at half maximum (FWHM) of the 4 stack curve
was 160 nm, whereas 6 stacks had 110 nm. Consequently, the greater the number of
Ag® NP stacks, the deeper the PBG trough and the narrower the bandwidth was.
The concentration of Ag® NPs of the holographic sensors was varied from 20 to
80 Ag” NPs per stack (Fig. 2.12a—d). Comparing the geometries of the models, as the
number of Ag® NPs per stack increased, the stacks became more uniform; resem-
bling a continuous medium with fewer voids. Hence, the effective index of refraction
of the stacks differed in each case. 20 Ag® NPs per stack produced a weak reflection
(Fig. 2.12e). With an increasing number of Ag’ NPs per stack, the reflection band
became stronger, with the deepest one reaching 65 % of reflection for 80 Ag” NPs
per stack. Increasing the number of Ag® NP increased the contrast of the index of
refraction, thus resulting in higher diffraction efficiencies. However, as the density of
Ag” NPs per stack increased, the net absorption also increased, leading to effectively
lower transmission. The position of the trough shifted to longer wavelengths when
the concentration of Ag® NPs per stack increased. At 20 Ag® NPs per stack, the dip of
the curve was located at ~ 530 nm, but for 40-60 Ag” NPs per stack, the dip was
located at ~555 nm. This shift could be due to a shift in the surface plasmon
resonance caused by the close proximity of Ag® NPs, and the overall increase in the
size of the stacks [96]. Therefore, an increase in the Ag® NP concentration per stack
resulted in an increase in the refractive index contrast of the holographic sensors.
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Inhomogeneous Ag” NP distribution through the hydrogel matrix may affect the
optical properties of the sensor. The effect of anomalies in the holographic sensor
was evaluated by simulating four configurations, in which the mean radii of the Ag”
NPs differed (Fig. 2.13). Distortions are normally present in laser-directed fabrica-
tion of holograms, since the Ag® NPs are introduced into the polymeric matrices
through a diffusion and photographic development, leading to inhomogeneous
distribution of NP regions within the hydrogel matrix [98]. The simulated geome-
tries contained six stacks, and they all began with the first stack of Ag® NP mean
radius of 10 nm. Figure 2.13a—d shows the configurations with Ag® NP mean radius
that increased by 0.5 nm per stack from 10 to 12 nm. The simulations allowed
evaluation of errors due to uncontrolled Ag® NP during holographic sensor fabri-
cation. The transmission spectra in Fig. 2.13e show a reference curve for which there
is a constant mean radius along all the stacks with the remaining curves representing
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Fig. 2.13 Simulated transmission spectra of the holographic sensor as a function of increasing
Ag® NP mean radius. Starting from 10 nm, the Ag® NP mean radius was increased by a 0.5, b 1.0,
¢ 1.5 and d 2.0 nm per stack. e Transmission spectra of these configurations as compared to a
pattern with constant mean radii. Reproduced from [83] with permission from The Royal Society
of Chemistry
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a change of mean radius size. In the worst-case scenario of an increase of 2 nm per
stack, the curve shows a trough being wider and centred at ~ 585 nm rather than
550 nm. The lattice constant of the reference curve differs from the worst-case
scenario, as the latter has a smaller effective lattice constant. In Fig. 2.13d, the
distance between the last two stacks is small, hence, the overall effective lattice
constant is smaller. Additionally, the spacing between each pair of stacks is
non-uniform, which leads to band gap overlaps, which effectively produce a wide
bandwidth. This may result in a stronger reflection from the holographic sensor, but
poor selectivity (broadband response) for an optical device that needs to exhibit
narrow-band peak.

2.5 Conclusions

This chapter described computational modelling of photochemical patterning of
recording media in Denisyuk reflection mode, and provided simulations to study the
parameters that affect the efficiency of the sensors during readouts. In the first
section, grating formation was studied. A threshold of laser light intensity must be
passed in order to photochemically pattern the recording media and form a
diffraction grating. The produced grating should be produced at the lowest tilt angle
to reduce the effect of transmission grating, which broadens the Bragg peak in the
readouts. In order to reduce the transmission grating, decane (RI: 1.41) can be used
as an index matching fluid during laser exposure, and this inert and odorless
compound does not react with hydrogel matrices. In the second part, a photonic
multilayer structure based on a stack of Ag” NP layers within a hydrogel was
computationally studied, and different parameters affecting its performance were
evaluated. An optical photonic multilayer structure based on a stack of Ag’ NP
layers within a hydrogel-based system (1D photonic structure) was computationally
studied and different parameters affecting its performance were evaluated. The
degree of Bragg diffraction and bandwidth of the holographic sensor can be con-
trolled for a desired range by modifying the geometry and distribution of the Ag®
NP within the hydrogel matrix. The intensity of the reflection band increases as the
number of Ag® NP stacks increases. The reflection intensity dramatically increases,
along with a narrowing of the bandwidth, even by the addition of two extra Ag’ NP
stacks. An increase in the number of Ago NPs is proportional to both the depth and
width of the bandwidth. The fabrication of holographic sensors by laser light allows
formation of gratings with controlled diffraction angle and pattern [84]. The model
demonstrated in this chapter can also be utilised to simulate other nanostructures
[99-101]. This theoretical approach allows designing holographic sensors with
predictive optical properties, which might reduce the barriers in their integration
with point-of-care diagnostic devices [102—105], microfluidic assays [106], con-
tact lens sensors [107] and smartphones [108, 109]. By rationally fabricating
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holographic sensors with high control over the entire system, including the size and
distribution of the Ag® NPs within hydrogel matrices, one can avoid undesirable
effects such as red-shifted diffraction and wider band gaps.
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Chapter 3
Holographic pH Sensors

Dynamic photonic structures can be modulated by changing the periodic structure
and/or the index of refraction [1-3]. These dynamic photonic structures allow
responsive capability for sensing external stimuli to control the properties of light
and act as optical transducers [4, 5]. Dynamic optical systems operating in the
visible and near-infrared region offer promise for designing adaptive materials and
sensors. Such devices have been prepared by microfabrication, self-assembly or a
combination of both [6-16]. However, achieving the attributes of a narrow-band
response with a wide operating range to construct optical sensors in a few steps in
hydrophilic polymers still remains a challenge. This chapter describes the con-
struction of holographic pH sensors by silver chemistry and laser ablation induced
in situ size reduction of Ag® NPs in hydrogel matrices using Denisyuk reflection
holography [17-19]. The holographic sensor consists of chemical-stimuli respon-
sive hydrogels with reversible narrow-band tuneability using Ag® NPs that are
organised in density-concentrated 3D regions. The optical characteristics of these
sensors were investigated by analysing the distribution of the mean diameter of Ag’
NPs, effective refractive indices of patterned polymer-NP regions, and angular-
resolved measurements. The clinical utility of the sensor for the quantification of
pH in artificial urine was demonstrated. The chapter also shows strategies for
fabricating holographic flakes and paper-based holographic sensors.

3.1 Holographic pH Sensors via Silver-Halide Chemistry

The first step in the fabrication of holographic sensors is the preparation of a
substrate, where the hydrogel matrix is deposited. 3-(Trimethoxysilyl)propyl
methacrylate in acetone (1:50, v/v) was poured onto glass microscope slides in an
aluminium tray [17, 20]. After thorough coating, the excessive acetone/silane mix
was poured off whilst slides remained in situ due to surface tension. The slides
stored in the tray overnight in the dark, before removal and dark storage at room
temperature (Fig. 3.1a). A monomer solution consisting of HEMA (91.5 mol%),
EDMA (2.5 mol%) and MAA (6 mol%) was prepared [17, 18, 20]. The solution
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was mixed 1:1 (v/v) with DMPA in propan-2-ol (2 %, w/v). An Al coated polyester
sheet, Al side facing up, was placed on a levelled surface, and the solution (200 pl)
was pipetted as a lateral blob on the surface. Silanised side facing down, the slide
was gradually lowered on the lateral blob. Bubbles were prevented by lowering one
side of the slide over the blob, then laying the rest of the slide on the lateral blob.
The system was exposed to UV light (~350 nm) for 1 h (Fig. 3.1b). The slide was
peeled off from the aluminium coated sheet, and finally rinsed with ethanol and DI
water, respectively (Fig. 3.1c). Silver perchlorate (AgClO,4) (0.3 M, 200 pl) dis-
solved in propan-2-ol and DI water (1:1, v/v) was pipetted as an elongated blob
onto a glass sheet. Poly(2-hydroxyethyl methacrylate) (pHEMA) matrix side down,
the slide was placed on the elongated blob: The slide remained in situ for 3 min to
allow diffusion of AgClO, into the pHEMA matrix (Fig. 3.1d). The slide was lifted
off and excess AgClO, solution was wiped with a squeegee. The pHEMA matrix
was dried under a tepid air current for 5 s (Fig. 3.1e). A solution consisting of
1,1'-diethyl-2,2'-cyanine iodide (1:500, w/v, 1 ml) in methanol and lithium bromide
(0.3 M, 40 ml) in methanol:H,O (3:2, v/v) was dispensed into a Petri dish. pHEMA
matrix side facing up, the slide was immersed in the Petri dish for 30 s (Fig. 3.11).
The slide was washed thoroughly with DI water for 30 s (Fig. 3.1g).

After the photosensitisation of the pHEMA matrix, a latent image can be
recorded. A levelled Petri dish, mirror in the bottom surface, was filled with
unbuffered ascorbic acid (2 % w/v, pH 2.66). pHEMA side facing down, the slide
was immersed with an inclination of 5° in the bath. The pHEMA matrix was
equilibrated in the bath for 15 min. The matrix was exposed to a single 6 ns pulse,
Q-switch delay set to 275 ps by Nd-Yttrium-Aluminum-Garnet (Nd:YAG) pulsed
laser (A = 532 nm) with a spot size larger than a microscope slide (Fig. 3.1h).
A photographic developer (pH~ 13.0) comprising of 4-methylaminophenol
sulphate (0.3 %, w/v), ascorbic acid (2 %, w/v), sodium carbonate (Na,CO3) (5 %,
w/v) and NaOH (1.5 %, w/v) was dissolved in DI water [21]. The pHEMA matrix
was submerged in the developer until no more darkening was seen (Fig. 3.1i). The
pHEMA matrix was washed thoroughly with DI water and immersed in acetic acid
solution (5 %, v/v) to neutralise the developer (Fig. 3.1j). The pHEMA matrix was
rinsed with DI water and immersed in a sodium thiosulphate (Na,S,03) solution
(10 %, w/v) mixed with ethanol 1:1 (v/v) for 15 min to remove the undeveloped
LiBr crystals (Fig. 3.1k). Finally, the pHEMA matrix was submerged in an ethanol-
water (50 % v/v) solution for 15 min to remove the cyanine dye from the polymer
matrix and this process was repeated three times (Fig. 3.11). The holographic sensor
can be bleached, which increases the diffraction efficiency. The pHEMA matrix was
rinsed with DI water and was immersed in a rehalogenating bleach solution con-
sisting of ethylenediaminetetraacetic acid iron(IlI) sodium salt hydrate (40 g),
potassium bromide, acetic acid (4:6:7, w/w/v) in DI water. The slide was removed
after 30 s of bleaching and rinsed with DI water. The bleach converted Ag® NPs to
AgBr nanocrystals, yielding an aggregation of AgBr salts in the adjacent dark
fringes (constructive interference sites).
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Fig. 3.1 Fabrication of holographic sensors through silver halide chemistry. a A glass slide was
functionalised with silane chemistry. b The monomer mixture was polymerised on the glass slide.
¢ The resulting system was rinsed with ethanol. d AgClO, solution was allowed to diffuse into the
pHEMA matrix. e The excess AgClO, solution was removed and the pHEMA matrix was dried.
f AgBr nanocrystals were formed in the pHEMA matrix. g The matrix was rinsed with DI water.
h The pHEMA matrix was exposed to a single pulse of a laser light at 5°. i The latent image sites
were developed to silver metal (Ag®). j The pHEMA matrix was neutralised. k Undeveloped AgBr
grains were removed from the pHEMA matrix using hypo. 1 The pHEMA matrix was rinsed with
ethanol solution in order to remove the cyanine dye from the matrix. Adapted from Ref. [17] with
permission from The Royal Society of Chemistry

3.2 Fabrication of Holographic pH Sensors Through
in Situ Size Reduction of Ag’ NPs

Depending on its manufacturing technique, polymethyl (methacrylate) (PMMA)
may have comparable optical properties to glass [22, 23]. PMMA was adapted as a
substrate to fabricate holographic sensors. PMMA manufactured through casting
was used since these substrates did not have birefringence and this was a
requirement in Denisyuk reflection holography. Using an O, plasma cleaner, the
substrates were treated under a vacuum of 1 torr for 3 min to render the PMMA
surface hydrophilic. On these substrates, pHEMA matrices were synthesised by free
radical polymerisation (Fig. 3.2a). AgNOj; (1 M, 200 pl) dissolved in DI water was
pipetted as an elongated blob onto a glass sheet. pHEMA matrix side down, the
slide was placed on the elongated blob and the slide was incubated in situ for 3 min
to allow diffusion of AgNO; into the pHEMA matrix (Fig. 3.2b). The sample was
dried under a tepid air current for 10 s. The pHEMA matrix was immersed in a
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Fig. 3.2 Fabrication of holographic sensors by in situ size reduction. a HEMA monomers,
ethylene dimethacrylate and methacrylic acid were copolymerised on an O,-plasma-treated
PMMA substrate. b Ag* ions were perfused into pHEMA matrix. ¢ Using a photographic
developer, Ag* ions were reduced to Ag® NPs in the pHEMA matrix. Reprinted with permission
from Ref. [18] Copyright 2014 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim. d—e Patterning
the hydrogel matrix in “Denisyuk” reflection mode using a Nd:YAG pulsed laser. Reproduced
from Ref. [24] with permission from The Royal Society of Chemistry

photographic developer until no more darkening was seen (Fig. 3.2¢). The sample
was washed thoroughly with tap water, prior to immersion in acetic acid (5 % v/v)
to neutralise the developer. A levelled Petri dish, with a silver mirror in the bottom
surface, was filled with ascorbic acid (unbuffered, 2 % w/v, pH 2.66) and with the
pHEMA side facing down, the sample was immersed in the bath at an inclination of
5. The pHEMA matrix remained in the Petri dish for 15 min to equilibrate. The
sample was exposed to a single 6 ns pulse, Q-switch delay set to 258 pus by Nd:
YAG pulsed laser (A = 532 nm, 350 mJ) with a spot size of 2.5-3.5 cm (Fig. 3.2d).
Figure 3.2e shows the laser writing setup in Denisyuk reflection mode. In order to
produce holographic flakes, the slides were immersed in water-ethanol solution
(50 %, viv) for 1 h. After the flakes floated off the PMMA slide, they were stored in
a glass Petri dish containing DI water to prevent sticking.

3.3 Characterisation of Holographic pH Sensors

Holographic pH sensors fabricated by in situ size reduction of Ag’ NP were
characterised. Optical and electron microscopes allowed investigating the size and
the distribution of Ag® NPs throughout the polymer matrix. Angular-resolved
measurements were taken to understand the sensor’s diffractive properties. Other
characterisation methods such as diffraction efficiency, index of refraction, and
surface roughness and thickness measurements were correlated with the micro-
graphs. Finally, limitations of this fabrication approach and its characterisation
methods were pointed out.
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Fig. 3.3 Optical images of the surface gratings of pHEMA + Ag° NP system, showing three spots
of different holograms. Scale bars = 10 um

3.3.1 Microscopic Imaging of Holographic pH Sensors

Optical images of the surface topography of holographic sensors were taken using a
Nikon OPTIPHOT-2 microscope in bright field mode. The surface gratings of the
holographic pH sensors were analysed by studying the images of pHEMA + Ag” NP
system (Fig. 3.3). Using the grating equation and measuring the position of the order
from the images, the grating spacing was calculated as 3.01 um. These gratings are
transmission holograms caused by the interference of the object beam and internally
reflected of light in Denisyuk reflection mode [25, 26].

Samples before (control) and after photochemical patterning were imaged.
HELIOS 600 SEM/FIB was used for scanning electron microscopy (SEM). Squares
were cut out of the matrices and stuck to a SEM Al stub using carbon tab/tape. An
Au film (~10 nm) was sputtered on the top surface to improve conductivity.
A trench was prepared using a focused gallium ion beam milling. The cleaning was
achieved through low current milling. Figure 3.4a, b illustrates cross sectional
images of the pHEMA-co-MAA + Ag® NP system before laser-induced photo-
chemical patterning (control samples), and Fig. 3.4c, d shows the system after
patterning. The Ag® NPs are situated up to ~5-6 pm below the polymer matrix’s
surface (Fig. 3.4a). However, SEM was not suitable for polymer imaging since the
electron beam generated heat as it hit the specimen, and this damaged the polymer
and generated bubbles (Fig. 3.4c, d). Additionally, the melting temperature (7y,) is
size dependent. Ag0 NPs with diameters of 5, 11, 14 and 20 nm melt at 480, 550,
580 and 650 °C, respectively [27]. Since laser-induced photochemical patterning
attenuates the size of the Ag® NPs [28], Fig. 3.4c—d have smaller Ag® NPs, hence
subject to melting as compared to the polymer matrices before patterning.

Environmental Scanning Electron Microscopy (ESEM) was used to image the
cross section of the pHEMA-co-MAA + Ag° NP system. Holographic sensors on
PMMA were cross-sectioned using a microtome. Images were obtained with a Philips
XL30 FEG ESEM, acceleration voltage = 6 kV with a working distance (WD) of
13.5 mm. An advantage of ESEM is that images can be obtained at room temperature
(24 °C). Using ESEM, dynamic swelling experiments were performed in wet mode.
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Fig. 3.4 Cross sectional images of the pHEMA + Ag° NP system, a—b before and c—d after laser-
induced photochemical patterning (control samples). The yellow dashed lines represent the surface
of the pHEMA matrix. The red dashed lines show the approximate depth of Ag0 NP penetration
into the pHEMA matrix. The contrast and the brightness were increased to distinguish the Ag® NPs
from the pHEMA matrix. Scale bars in a—¢ are 5 um and in b—d are 2 pm

The Peltier heating/cooling stage allows imaging +20 °C room temperature.
Figure 3.5a—d shows the cross sectional images of the pHEMA + Ag’ NP system.
The yellow, red and blue dashed lines represent (i) the surface of the pHEMA matrix,
(ii) the approximate depth of Ag” NP penetration into the pHEMA matrix, and (iii) the
pHEMA-PMMA interface. As the pressure was increased from 1.6 to 6.0 torr at
2-6 °C, the polymer absorbs water and expands from 8.9 to 10.1 um normal to
its underlying substrate, a change of 13.5 % (Fig. 3.5e). At 6.0 torr, the relative
humidity is 100 %.

Transmission Electron Microscopy (TEM) images were also taken. Hydrogels
were released from their substrates and transferred to dry ethanol. This was replaced
with 2 changes of acetonitrile (CH3CN) for 10 min each. They were transferred
from dry ethanol into a mixture of acetonitrile and Araldite epoxy resin (1:1, v/v).
The acetonitrile was allowed to evaporate overnight. The hydrogels were transferred
through 3 changes of Araldite for 2 h each and the resin was cured at 60 °C for 48 h.
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Fig. 3.5 Environmental scanning electron microscopy images of the holographic matrix. Under
a 1.6,b 3.0, ¢ 5.7 and d 6 torr. The yellow, red and blue dashed lines represent (i) the surface of
the pHEMA matrix, (ii) the approximate depth of Ag® NP penetration into the pHEMA matrix, and
(iii) the pHEMA-PMMA interface. The contrast and the brightness were increased to distinguish
the Ag® NPs from the pHEMA matrix. e The change in the thickness of pHEMA + Ag® NP matrix
due to an increase in pressure and water absorption

Vertical sections through the hydrogel were cut with a diamond knife (Deyemond,
Germany) using a Leica Ultracut UCT (Leica, Vienna). They were mounted on 400
mesh copper grids and viewed in a FEI Tecnai G2 (Oregon, USA) operated at
120 kV. Images were recorded with an AMT 60B camera running Deben software.
Figure 3.6 illustrates cross-sectional images of the pHEMA + Ag® NP system before
laser-induced photochemical patterning (control samples), and Fig. 3.7 shows the
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Fig. 3.6 Cross sectional TEM images of the pHEMA + Ag® NP system before laser-induced
photochemical patterning (control samples). a—d Cross sections of different samples. The yellow,
red and blue dashed lines represent (i) the surface of the pHEMA matrix, (ii) the approximate
depth of Ag® NP penetration into the pHEMA matrix, and (iii) the pHEMA-PMMA interface. The
contrast and the brightness were increased to distinguish the Ag® NPs from the pHEMA matrix.
Scale bars = 2 um

system after patterning. The yellow, red and blue dashed lines represent (i) the
surface of the pHEMA matrix, (ii) the approximate depth of Ag® NP penetration into
the pHEMA matrix, and (iii) the pHEMA-PMMA interface. The Ag’ NPs can
penetrate ~5-6 pm into the polymer matrix. TEM generates less heat than SEM,
while allowing high-resolution imaging of Ag® NPs.

The TEM images were analysed to measure the NP size distribution before and
after laser-induced patterning. Standard deviation values for the diameter of the Ag®
NPs before (Fig. 3.8a, b) and after (Fig. 3.8c, d laser patterning were 34 + 23 nm
(n = 96) and 18 £ 12 nm (n = 1162), respectively. Figure 3.8e illustrates the
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Fig. 3.7 Cross sectional TEM images of the pHEMA + Ag’ NP system after laser-induced
photochemical patterning. a—d Series of cross sections showing Ag® NP distribution. The yellow,
red and blue dashed lines represent (i) the surface of the pHEMA matrix, (ii) the approximate
depth of Ag® NP penetration into the pHEMA matrix, and (iii) the pHEMA-PMMA interface. The
contrast and the brightness were increased to distinguish the Ag® NPs from the pHEMA matrix.
Scale bars = 2 um

distribution of these Ag’ NPs across the cross section of the pHEMA matrix
(~5-10 pm below the polymer surface). The brightness difference between the
non-patterned and patterned regions might be due thermal or physical degradation
of the polymer. The NP size distribution measurements might also be influenced by
the position in the plane. The laser wavelength, power, pulse duration, NP size
and surface plasmon resonance may affect the mechanism of laser-induced
photochemical patterning and subsequent absorption by the Ag® NPs [29-31].
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Fig. 3.8 TEM images of the cross sections of the pHEMA + Ag°® NP system representing non-
patterned and patterned regions at ~5-10 um below the polymer surface. a Photographic image
image, b Threshold before laser-induced patterning, ¢ Photographic image, d Threshold after laser-
induced patterning. Scale bars 200 nm. e Size distributions of Ag® NPs before and after laser-
induced photochemical patterning in pHEMA matrix

The interaction between the laser light and the NPs in situ may also influence
particle diffusion, oxidation, structure and distribution [32—34]. The outlined factors
above contribute to organising the NPs in the polymer matrix.

3.3.2 Effective Index of Refraction Measurements

While direct measurements were taken by an Abbé refractometer with an LED,
indirect measurements were obtained using a plano-convex lens. The pHEMA
matrices were lifted off from their substrates, lubricated with an index matching fluid,
and placed on the reading plate of the refractometer. Indirect measurements of the
index of refraction were obtained by the consecutive focus point distance measure-
ments of a plano-convex lens immersed in various solutions and pHEMA layer. The
focal points at air (n = 1.00), water (n = 1.33), ethanol (n = 1.36) and decane (n=1.41)
were measured by placing the lens, convex side down, in a glass Petri dish, and
submerging the lens into these solvents. A monomer mixture consisting of HEMA
(91.5 mol%), EDMA (2.5 mol%), MAA (6 mol%) solution was polymerised with a
lens in the Petri dish, followed by the measurement of focal length of water saturated-
hydrogel system. Finally, the index of refraction of water-hydrogel system was
extrapolated based on the reference focal length measurements of air, water, ethanol
and decane. The effective index of refraction of the non-patterned hydrogel (pHEMA,
Ago NPs) was 1.46 + 0.01, and it decreased to 1.43 + 0.01 after laser-induced
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photochemical patterning. Indirect measurement of the index of refraction of water-
pHEMA system was 1.37 + 0.03, obtained using a plano-convex lens (Fig. 3.9).

3.3.3 Angular-Resolved Measurements

In order to characterise the spectral response of the underlying photonic structure, the
holographic sensor was illuminated at normal incidence and 45° from the normal
with a supercontinuum white light laser (Fig. 3.10a, b). The laser operates in the
MHz repetition rate range with picosecond pulses. Its spectral range spans from
~400 nm to visible to near-infrared. The backscatter was recorded at different angles
(0-180°) by a spectrophotometer positioned onto a goniometer, which was varied
incrementally at small angles (~ 1°). Figure 3.10c—e illustrates the spectra recorded
for different collection angles and the intensity of the peak (in violet-to-red colour
scale). The grating structure diffracts light analogous to a blazed (saw tooth) grating,
which corresponds to the transmission hologram. However, the diffraction is two
orders of magnitude more efficient at ~530 nm compared with the other diffracted
wavelengths due to the underlying multilayer structure parallel to the grazing sur-
face. The red regions in Fig. 3.10c—e show the angle positions, where the diffracted
light intensity is the highest due to the underlying multilayer structure. However, the
continuous grating green and cyan few angles away from the multilayer grating
indicate the transmission hologram. The red regions in the bottom part of the figure
show a saturated signal since at 0—5° the receiver of the spectrophotometer is satu-
rated by the laser light. The combination of these two structures effectively provides
an intense colour-selective backscatter at angles away from the sample normal.
The zero order of diffraction (0°) is saturated to highlight the presence of the first and
second orders of diffraction. The intensity is in a logarithmic scale.
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Fig. 3.10 The optical setup for angular-resolved measurements of the diffracted light from the
photonic structure. Supercontinuum white light illumination, a normal, b angle with respect to the
hologram surface. Diffraction measurements at, ¢ 0°, d 45°, e specular reflection measurements
from 0-60° angle of incidence

3.3.4 Diffraction Efficiency Measurements

The power output of the pulsed Nd:YAG laser (350 mJ specified by the manu-
facturer) was measured using a powermeter (Fieldmaster, 30 V). The beam exiting
the laser was directed by dichroic mirrors and passed through a beam expander and
a collimating lens before entering the powermeter receiver elevated 8 cm above the
optical table. The measurements were made by producing single pulses at Q-switch
values from 450 to 258 pS. Holograms comprising pHEMA + Ag’ NP were
prepared using different laser pulse energies. The samples were exposed to
subsequent (1-20) Nd:YAG laser (6 ns, 532 nm) pulses. Diffraction efficiency
measurements were conducted to find out the effect of laser light in the organisation
of the Ag® NPs. These measurements were performed at the same laser wavelength,
and the diffracted and refracted lights were measured using a powermeter. First, the
laser power output of the laser was recorded. As the quality factor decreased, the
power output of the Nd:YAG pulsed laser increased exponentially (Fig. 3.11a). The
results show that the highest diffraction efficiency was obtained after three laser
pulses (Fig. 3.11b). This may be attributed to the ability to gradually organise Ag®
NPs within the polymer matrix. However, multiple high-energy laser pulses may
damage the polymer matrix.
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Fig. 3.11 Laser power output and diffraction efficiency measurements. a The power output of the
laser as a function of quality factor. As the quality factor decreases, the power output of the laser
increases. b Diffraction efficiency of the pHEMA + Ag® NP system formed at different laser light
pulses

3.3.5 Polymer Thickness and Roughness Measurements

The profilometer is an advanced thin film step height measurement device that has a
step accuracy below 100 A to profile surface topography and waviness, as well as
measuring surface roughness in the sub-nm range. The device electrochemically
measures the sample by moving it beneath a diamond-tipped stylus. A stage moves
the sample based on a given scan length, speed and stylus force. The stylus is
mechanically attached to the core of a linear variable differential transformer
(LVDT). When the stage moves the substrate and its attached polymer matrix, the
stylus rides over the surface of the matrix. Variations in the surface roughness move
the stylus vertically, which probes an electrical signal based on the degree of the
corresponding stylus movement in LVDT. LVDT scales an AC reference signal
proportional to the position change and converts it from analog to digital format.
The profilometer was set to a mode to measure the desired range. To confirm the
accuracy of the measurement, the probe was moved at different speeds. The mea-
surements were carried out with matrices consisting of (i) pHEMA, (ii) pHEMA
impregnated with Ag® NPs and (iii) pHEMA impregnated with Ag® NPs after laser-
induced photochemical patterning in Denisyuk reflection mode. Figure 3.12a shows
the measurement locations. Batch to batch variation was also determined. The pure
pHEMA thickness was 7.82 £+ 3.12 um (n = 18) (Fig. 3.12b). This decreased to
6.26 + 1.88 um (n = 18) after the system was impregnated with Ag® NPs. After
photochemically patterning the system, the thickness was 5.20 £ 1.40 pm (n = 6).
The decrease in the polymer thickness can be attributed to a decrease in Ag® NP
size. This may be due to accommodation of attenuated particles in smaller pores.
The surface roughness of the pure pHEMA was measured to be 43.19 = 13.80 nm
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Fig. 3.12 Characterisation of pHEMA and Ag’ NPs system before and after photochemical
patterning. a The measurement zones of polymer matrices across a microscope slide in
profilometry, b Thickness and ¢ roughness measurements

(n = 9) and it decreased to 29.84 £ 9.97 nm (n = 8) after the system was
impregnated with Ag® NPs (Fig. 3.12c). After photochemically patterning the
surface roughness was 21.47 + 10.72 nm (n = 3). A plausible explanation for the
increase in the roughness after photochemical patterning is that laser writing might
damage the residual Ag® layer left on the surface of the pHEMA matrix during Ag®
NP formation.

3.4 Optical Readouts

3.4.1 Holographic pH Sensors Fabricated Through Silver
Halide Chemistry

The holographic sensor was functionalised with methacrylic acid (MAA) that
reversibly bound H* ions. The deprotonation, and hence ionisation, of carboxyl
groups, increased the Donnan osmotic pressure within the pHEMA matrix.
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Consequently, this resulted in water uptake, swelled the hydrogel and increased the
spacing of the Ag’ NPs, primarily in the vertical (and to a much lesser extent in the
lateral) direction, which shifted the Bragg peak to longer wavelengths. Holographic
sensors (0.5 x 2.5 cm) were submerged in a plastic cuvette (reservoir) for pH
measurements. After a reading was taken, the reservoir solution was removed and
the cuvette was flushed consecutively three times for each reading point. A spec-
trophotometer in reflection mode was used with a bifurcated cable to capture the
corresponding images. Figure 3.13a shows the measurements of Bragg peaks of the
holographic pH sensor fabricated using silver halide chemistry. As the pH was
increased, the Bragg peak shifted to longer wavelengths by ~280 nm (Fig. 3.13b).
An increase in lattice spacing consequently reduced the contrast of effective index
of refraction, hence the efficiency of the multilayer structure decreased. A modified
Henderson-Hasselbalch equation was adapted to determine the apparent pK, values
[35]:
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Fig. 3.13 Diffraction spectra of holographic pH sensors (6 % MAA) fabricated through silver
halide chemistry. a Visible-near-infrared diffraction spectra of a holographic sensor swollen by
different pH solutions using phosphate buffers at 24 °C, b The Bragg peak shifts over three trials,
¢ Colorimetric readouts of the holographic sensor at various pH values. Na,HPO,-citric acid
(pH 3.00-8.00), Na,HPO,4-HCI (pH 9.00), Na,HPO4-NaOH (pH 10.00) were mixed to obtain
buffers (150 mM) at desired pH values. Standard errors were calculated from the three subsequent
trials for each data point. Reproduced from Ref. [17] with permission from The Royal Society of
Chemistry
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where Agyire is the Bragg peak shift, A4 is the difference between the observed
maximum and minimum Bragg peak positions, and pK, is the acid dissociation
constant. The apparent pK, value was calculated as 6.08 using the Henderson-
Hasselbalch equation. Figure 3.13c illustrates the readouts from a digital camera
showing different colours diffracted at pH values from 3.0 to 6.0. The sensor
operated within the visible spectrum as well in the near infrared. The spectropho-
tometer had a resolution of 0.5 nm wavelength shift, which corresponded to a
minimum lattice swelling distance of 0.18 nm, obeying Bragg’s law. A ~10 um
thick hydrogel, which can theoretically accommodate ~55 fringes (or stacks),
needs to swell a minimum of ~9.7 nm in order to cause a resolvable spectral shift.
The overall error in Bragg peak measurement stemmed from multiple sources [36].
Negligible instrumental errors included the pH meter resolution (~0.05 pH) and
spectrophotometer resolution (0.5 nm) (Mettler Toledo, User Manual). Other errors
might be due to pipetting, uneven polymerisation, heterogeneity of functional
groups or the crosslinker in the monomer solution. The error of the overall system
could be mitigated by building a calibration curve with smaller pH increments,
increasing the number of replicates, and incorporating the effect of temperature and
humidity in the calibration of the holographic sensor.

3.4.2 Holographic pH Sensors Fabricated Through in Situ
Size Reduction of Ag® NPs

As the concentration of H* ions decreased from pH 4.00 to 8.00 under physio-
logical (150 mM) ionic strengths, the Bragg peak originating from the multilayer
structure systematically shifted from 495 to 815 nm (Fig. 3.14a, b). The shift in the
Bragg peak was visible to the eye throughout most of the measurement (Fig. 3.14c).
As the hologram expanded, the diffraction efficiency decreased (the intensity of the
peaks). This trend could be attributed to the decrease in the density of Ag® NPs
present in the periodic regions of the hologram, which reduced the effective
refractive index contrast between these regions and the medium. Another contrib-
uting factor was that the scattering strength of each Ag’ NP increased at Mie
plasmon resonances in the blue/green region, so the total amount of scattering
decreased as the Bragg resonance shifted to longer wavelengths [37]. The sensing
process was reversible and the same sensor might be used for multiple analyses.
Consecutive swelling/shrinking steps were reproducible to within +3 nm over
20 successive buffer changes. No hysteresis was detected. For example, a pH
change of 0.50 units from pH 5.50 to 6.00 took 50 + 10 s to reach 90 % of the
maximum signal, with a variation of Bragg peak shift of 1 nm over three trials.
The pH-sensing range and the sensitivity of the sensor can be controlled through the
variation of the ionisable co-monomer in the polymer matrix and its concentration,
respectively. For instance, to achieve sensitivity at acidic and alkaline pH, the
polymer matrix can be functionalised with MAA and 2-(dimethylamino)ethyl
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Fig. 3.14 Tuning the holographic pH sensor (6 % MAA) fabricated through in situ size reduction
of Ag0 NPs. a Visible-near-infrared diffraction spectra of the holographic sensor swollen by
different pH values using phosphate buffers (150 mM) at 24 °C. The smallest Bragg peak was at
495 nm and the largest was at 815 nm—a change of 165 %. b Sensor response over three trials.
The apparent pK, value was calculated as 5.98 using the Henderson-Hasselbalch equation.
¢ Photographs of the sensor immersed in phosphate buffers of pH 4.00-6.25. The images were
taken under white light illumination. Reprinted with permission from Ref. [18] Copyright 2014
Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim

methacrylate (pK, = 8.40) [20]. In order to extend the range, a mixture of ionisable
monomers may be co-polymerised. Such hydrogels can also be functionalised to be
highly selective to a range of stimuli [24, 38—45]. Figure 3.15 illustrates the
summary of holographic pH sensors fabricated on different substrates. The
photochemical patterning through in situ size reduction of Ag® NPs was comparable
to the previously developed silver halide chemistry-based holographic pH sensors.
However, the maximum achievable Bragg peak shifts differed in three cases
(Fig. 3.15). This might be attributed to the error in controlling MAA concentration
and degree of crosslinking in each formulation.

3.4.3 Interference Due to Metal Ions

Biological samples such as urine and blood contain a mixture of ions and other
potential interferents. The effect of these interferents on the holographic pH sensors
was evaluated. Control experiments were conducted to assess the sensitivity of
pHEMA (no MAA) to Na*, K*, Mg®" and Ca®* ions. Na* ions are the most
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Fig. 3.15 Bragg peak shifts of holographic pH sensors on glass and PMMA substrates at 24 °C.
Apparent pK, values were calculated as 6.08, 5.97, 5.98 for silver halide system on glass, in situ
size reduction of AgO NPs (ablation system) on glass and PMMA, respectively

abundant metal ion in biological fluids followed by K" ions. An increase in Na* ion
concentration from 0 to 200 mM caused a blue Bragg shift of 14 nm (Fig. 3.16a).
Similarly, an increase in K* ion concentration from 0 to 100 mM caused a blue
Bragg shift of 9 nm (Fig. 3.16a). Changes in divalent metal ions Ca** and Mg**
from 0.0-8.0 mM and 0.0-10.0 mM resulted in blue Bragg peak shifts of 2.4 and
2.9 nm, respectively (Fig. 3.16b).

3.4.4 Ionic Strength Interference in pH Measurements

The effects of the pH and the ionic strength (Na* ions) were investigated for the
pHEMA matrix with residual carboxylic acid groups. HEMA monomers may
polymerise in the absence of a stabiliser and small amounts of diethylene glycol
monomethacrylate, di(ethylene glycol)dimethacrylate, methacrylic acid, which are
included in its manufacturing to stabilise this monomer. Variation in Bragg peak
shifts up to ~6 nm was measured for each ionic strength (25-150 mM) value as the
pH was increased 4.5-7.0 (Fig. 3.17). These effects were caused both Donnan
osmotic pressure and pH changes. However, the pH effect can be minimised by
passing the monomer HEMA through an Al,O3; column.
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Fig. 3.17 Bragg peak shifts due to pH and Na* ion concentration as the molarity was changed in
pHEMA matrices with residual MAA remaining from its manufacturing process

3.4.5 Sensing pH in Artificial Urine

To demonstrate the utility of the holographic pH sensor, a clinical application to
analyse acid-base balance in artificial urine samples is described. Urine pH in a
healthy individual is in the range of 5.0-9.0 [46]. Analysis of urine pH has diag-
nostic utility in, for example, the evaluation of urinary tract infections (UTIs) [47]
and renal tubular acidosis [48]. Modification of the urine pH allows the treatment
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Table 3.1 Composition of artificial urine

Component Quantity (g) Concentration (mmol 171)
Peptone L37 1 N/A
Yeast extract 0.005 N/A
Lactic acid 0.1 1.1
Citric acid 0.4 2
Sodium bicarbonate 2.1 25
Urea 10 170
Uric acid 0.07 0.4
Creatinine 0.8 7
Calcium chloride. 2H,O 0.37 2.5
Sodium chloride 52 90
Iron II sulphate. 7H,0O 0.0012 0.005
Magnesium sulphate. 7H,0O 0.49 2
Sodium sulphate. 10H,O 32 10
Potassium dihydrogen phosphate 0.95 7
Dipotassium hydrogen phosphate 1.2 7
Ammonium chloride 1.3 25
Distilled water To 1L N/A
HCI To specific pH 1
NaOH To specific pH 1

for certain types of kidney stones [49, 50], or toxic ingestions [51]. Table 3.1 shows
the composition of artificial urine [52]. Artificial urine samples were measured from
pH 4.5 to 7.0. Figure 3.18a shows the holographic sensor’s Bragg peak shift as a
function of pH in the physiological range. The sensor had high sensitivity (48 nm/
pH unit) from pH 4.6 to 6.6. Figure 3.18b shows the corresponding colorimetric
response. This wavelength range can be tuned anywhere from UV to near infrared
by changing the concentration of buffer solution used during laser exposure.

3.4.6 Paper-Based Holographic pH Sensors

Holographic flakes can be integrated with paper-based strips to enable wicking
aqueous samples. However, the white background of the paper was not preferable
since it reflected the incident light, which interfered with the diffracted light. Hence,
a number of strategies was developed to reduce the background noise by dyeing the
paper to black. Placing the hologram on a dark surface improved the signal-to-noise
ratio, which increased the diffraction efficiency relative to the background. Paper
towel-water emulsion (1:3, w/v) was ground using a blender, and mixed with poly
(vinyl alcohol) (PVA) and Fe;0,4 (500:1:4, v/w/w). After mixing, the pulp was
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Fig. 3.18 Sensing pH changes in artificial urine solutions using the holographic sensor fabricated
through in situ size reduction of Ag® NPs. a Bragg peak shift of the sensor as a function of different
pH values of artificial urine samples over the physiological range. The apparent pK, value was
calculated as 5.20 using the Henderson-Hasselbalch equation. Standard error bars represent three
independent samples. b Photographs of the holographic pH sensor readouts to artificial urine
samples (pH 4.5-9.0). The images were taken under white light illumination. Reprinted with
permission from Ref. [18] Copyright 2014 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim

poured on a sieve constrained by a deckle and subsequently dried. The resulting
paper sheet was cut to 0.5 X 2 cm to produce paper strips. pHEMA holographic
matrices were removed from the substrate, cut into flakes, and were assembled on
iron oxide (Fe;O4) impregnated paper strips. Strips with pHEMA showed no
deterioration such as cracking and breaking (Fig. 3.19a), but flakes with pure
pHEMA-co-MAA did not attach to the surface of the paper (Fig. 3.19b, c).
However, acetic acid (1 %, v/v) facilitated the attachment when the flakes were in
contracted form. This prevented cracking of the pHEMA flakes when they were
dried on the paper surface (Fig. 3.19d).

Chromatography and filter papers, and nitrocellulose were also dyed. A dye
solution consisting of Procion MX-K and Na,COj in DI water (1:1:50, w/w/v) at 60
°C was prepared. Whatman® 1 chromatography paper, and Whatman® filter papers
(type 5, 2, 597, 4) were immersed in the dye solution for 8 h at 24 °C. Dyed
chromatography/filter papers were rinsed with DI water until excessive dye diffused
out. The same process was repeated for Remazol Reactive Black 5, but the system
was incubated at 50 °C. Two controls performed in this experiment included the
effect of adding (i) Na,CO3, and (ii) urea (CH4N,O)—dilution of Procion Black
MX-K (1:1, w/w). Sodium carbonate was essential in fixing Procion Black MX-K
to paper (Fig. 3.20a). Remazol Reactive Black 5 needed to be rinsed with water
(>1L) to remove the excessive dye (Fig. 3.20b). Urea, which normally acts as a
humectant and keeps the fibres damp to allow a greater reaction time for Procion
Black MX-K, was not necessary in dyeing (Fig. 3.20c, d) [53].
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Fig. 3.19 Assembly of holographic flakes on paper-Fe;O4 composites. a pHEMA matrices,
b pHEMA-co-MAA matrices, ¢ pHEMA-co-MAA assembled to paper-Fe;O4 composite in acetic
acid (1 %, v/v). Paper thicknesses were 0.50, 0.55, 1.10, 1.20 and 1.30 mm. Images were taken 6 h
after assembly

Fig. 3.20 Dyeing cellulose-based materials with Procion Black MX-K and Remazol Reactive
Black 5 at 24 °C. a Procion Black MX-K without sodium carbonate, b Remazol Reactive Black 5
with sodium carbonate before rinsing. ¢ Procion Black MX-K with sodium carbonate and urea
d Procion Black MX-K with sodium carbonate only

The composition of Procion MX-K was determined using thin-layer chroma-
tography. Thin layer chromatography (TLC) sheets precoated with Al were cut to
1 x5 cm. The plates were marked with a line drawn 1 cm from the bottom of the
plate. Procion MX-K was diluted to 1 % (w/v) in DI water. A glass spotter
(i.e. capillary tube with 2 1 mm) was used to deposit the dye in 1-2 mm spots on
the plate. The plates were placed in a developing chamber saturated with the
following eluents: (i) Hexane, (ii) ethanol:water (1:1, v/v), (iii) acetone, (iv) ethanol
and acetone (1:1, v/v), and (v) acetone and ethanol (4:1, v/v) (Fig. 3.21a—e). The
plate was removed when eluent front reached 25 mm from the plate top. Best TLC
results were obtained in acetone and ethanol mixture (1:1, v/v) (Fig. 3.21e). Procion
MX-K dye consists of three or more single near primary colours; each supplier has
their own proprietary recipe. TLC showed that the colour composition of Procion
MX-K consisted of near primary fibre reactive red, blue and yellow. Figure 3.21f
illustrates the absorption UV-Vis spectrum, which showed that the dye predomi-
nantly consisted of blue hues. Light scattering on Fe;O4-paper composite and
Procion MX-K dyed filter paper was determined using a reflection spectropho-
tometer: Both Fe;O,4 impregnation and Procion MX-K dyeing yielded sufficient
reduction in background noise (Fig. 3.21g). Both techniques can be adapted for
producing lateral-flow test or multiplex assays, which can be integrated with
holographic sensors. In addition to paper strips, nitrocellulose membranes were
dyed using DEKA-L fabric dye. Nitrocellulose membranes were immersed in HCI1
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Fig. 3.21 Characterisation of Procion Black MX-K using thin-layer chromatography, and UV-Vis
and reflection spectroscopy. a Hexane (R; = 0), b ethanol:water (1:1, v/v) (R; = 0.44), ¢ acetone
(Rfrea = 0.22), d ethanol:acetone (1:1, v/V) (Rgreq = 0.22, Repe = 0.04), and e acetone:ethanol
(4:1, v/V) (Rgrea = 0.66, Repie = 0.23) at 24 °C. The upper black lines on the TLC plates represent
the solvent front. f Absorption spectrum of Procion MX-K. g Reflection spectrum of Procion
MX-K dyed filter paper, and Fe;O4-paper composite

(10-100 mM) while varying the temperature from 23 to 70 °C for 5 min. DEKA-L
dye, sodium chloride and DI water were mixed with 2:1:40 (w/w/v). Nitrocellulose
membrane samples cut to 8 mm x 2.5 cm were immersed into sealed dye baths.
DEKA-L dye bath was stored at 80 °C for 2 days, and dyed nitrocellulose strips
were rinsed with DI water and dried.

Mass flow rate of the paper substrates depends on the distribution of the pore
size and hydrophilicity. Procion MX-K dyed/plain Whatman filter/chromatography
papers were cut to 8 cm x 8 mm and attached to a levelled surface. The strips were
lowered into a DI water bath with the tips immersed 3 mm and time lapse images
were taken in every 10 s (Fig. 3.22a—c). The time taken to wet a specific distance
was estimated (Fig. 3.22d). Capillary rise depended on the density and
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Fig. 3.22 Flow rates of Procion MX-K dyed/plain Whatman filter/chromatography papers.
a—c Five different types of dyed test strips (8 cm x 8 mm) along with control strips were submerged
into a water reservoir and the water front reach was recorded. Red arrows show the water front as a
function of time. d Flow rate to wet 7 cm distance for Whatman filter/chromatography papers at 23
°C, e Average flow rates of the dyed papers compared to their controls

hydrophobicity of the fibres, and the viscosity of the fluid. Dyeing paper strips with
Procion MX-K black slightly influenced capillary flow characteristics rendering the
dyed test strips more or less hydrophobic (Fig. 3.22¢).

Holographic flakes were produced by separating the polymer matrix from its
substrate. Free-floating holographic sensor flakes produced visual colour changes
due to variation in pH from 5.0 to 8.0 (Fig. 3.23a). Figure 3.23b illustrates
holographic sensors on paper strips for monitoring pH in the metabolic range.
Figure 3.23c shows the readouts for holographic pH sensor flakes in (i) free-
floating, (ii) paper- and (iii) nitrocellulose-backed forms. The holographic flakes
(6 mol% MAA) swelled ~ 120 nm as the pH was increased from 4 to 8. This Bragg
peak shift is about the half of shift obtained by the pH sensors attached to a
substrate. The difference in the Bragg peak shifts might be attributed to degree of
freedoms to expand. Figure 3.23d illustrates the geometry of a polymer matrix.
When the polymer matrix is attached to a substrate, it can only expand normal
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Fig. 3.23 Colorimetric readouts of holographic sensor flakes and their diffraction spectra as a
function of pH values. Images of a free-floating flakes, b paper strips at different pH values in
phosphate buffers (150 mM) at 24 °C. The images were taken under white light illumination.
¢ Readouts for Bragg peak shifts as a function of pH change for flakes in free-floating, paper- and
nitrocellulose-backed forms. d The reduction in the Bragg peak shift in holographic flakes. The
original holographic matrix showing the positions of two individual Ag® NP layers (red lines),
e The expansion on a plastic substrate, f in the flake form

Table 3.2 Apparent pK, values of holographic pH sensors

Substrate | MAA | Glass Glass PMMA- | Flake Paper- Nitrocellulose-
(SH) (SR) backed (SR) backed backed (SR)
(SR) (SR)
pK, 4.66 6.08 5.97 5.98 5.88 5.85 5.82
SH Silver halide chemistry

SR In situ size reduction of Ag0 NPs (laser ablation)

(x direction) to its underlying substrate (shown in green) (Fig. 3.23e). On the other
hand, holographic flakes can expand in both x and —x directions (Fig. 3.23f). For
simplicity purposes, it was assumed that the gel does not expand in the y direction.
The red lines show the position of the fringes. The expansion of the holographic
matrix on a substrate is 2d, however, the expansion in the flake form is d. Table 3.2
summarises the apparent pK, values measured from the holographic pH sensors
produced by different methods.

3.5 Discussion

This chapter demonstrated the fabrication of holographic pH sensors via silver
halide chemistry and in situ size reduction of Ag” NPs in Denisyuk reflection mode.
The use of a single laser pulse (6 ns, 350 mJ) to organise Ag’ NPs within a
hydrophilic hydrogel matrix was reported. The holographic sensor was modulated



78 3 Holographic pH Sensors

to diffract narrow-band light based on the changes in Ag® NP spacing and index of
refraction. Holographic sensors displayed reversible band gap modulation in
response to variations in pH by diffracting light from the visible to the near-infrared
region of the spectrum (Ayeax ~ 495-815 nm). The potential clinical application of
the holographic sensors was demonstrated by pH sensing of artificial urine over the
physiological range (4.5-9.0) with high sensitivity between pH 5.0 and 6.0.
Holographic sensors allow the use of a diverse array of substrates, ranging from
synthetic to natural polymers. The Bragg diffraction angle and holographic pattern
within the matrix can also be controlled depending on the desired application.
Additionally, other metal NPs and dyes can be used in forming well-ordered
diffraction gratings with this method [24]. Holographic sensors have attractive
attributes such as fabrication without requiring clean room facilities, flexible
characteristics desirable for printing with potential scalability. The demonstrated
fabrication strategies of holographic sensors in hydrophilic matrices may lead to
applications from printable diffraction gratings to rapid colorimetric sensors.

pH sensors are employed in applications from environmental to biomedical
samples. There is a range of pH sensors such as dye/molecular interaction-based
sensors, fluorescent sensors, electrochemical sensors and hydrogel-based optical
sensors [54]. The most commonly used sensor is based on the pH indicator
colorimetric dye (Litmus paper), which is blue in a basic solution (pH > 7.0), while
it is pink or red in an acidic solution (pH < 7.0) [55]. However, the colour change is
not obvious (light green to dark green) for 6.5-8.0, which might cause subjective
interpretation by eye. Dye-based indicators require about a minute for colour
development, and they do not provide accurate results (+0.25 pH units), never-
theless they are suitable for quick measurements. The holographic sensors
demonstrated in this chapter overcomes the listed issues by allowing the sensor
display colour in the order from shorter to longer wavelengths in the entire visible
spectrum. The present sensor can diffract colours such as magenta, cyan and yellow,
unlike dye-based pH indicators. Additionally, holographic sensors allow continuous
measurements. Accurate measurements can be achieved using electrochemical pH
meters. These sensors consist of pH combination electrodes, where both the ref-
erence electrodes such as Ag/AgCl and a glass membrane are integrated into an
electrode body [56]. The glass membrane consists of a composition that can
permeate H3;O" ions. Electrochemical pH sensors are calibrated using three-point
reference solution, and they provide rapid measurements. These sensors also have a
wide working range (0.00-14.00) with a pH resolution of 0.01. However, they also
have disadvantages such as (i) having a rigid design, hence mechanically fragile,
(ii) being susceptible to electrical interference, and (iii) being interfered in the
presence of highly alkaline solutions and fluoride ions [54]. Electrochemical
sensors are also not suitable for long-term measurements due to the drift in the
electrode signal. Their other drawbacks include not being suitable to measure low
sample volumes. The holographic pH sensors avoid complex electronic circuitry
required for electrochemical sensors, and it utilises diffraction of light, which does
not require electricity to operate. In terms of accuracy, the present holographic pH
sensor showed 48 nm Bragg peak shift per pH unit when read by a
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spectrophotometer with + 0.5 nm resolution, which is comparable to the accuracy of
electrochemical sensors. However, the sensitivity of the present sensors can be
improved by reducing the concentration of the crosslinker or increasing the
carboxylic acid groups in the polymer matrix [20].

In addition to colorimetric dyes and electrochemical sensing, optical sensors
have been developed. Sensing platforms in this area include absorption- and
luminescence-based optical systems, fibre-optic and planar waveguide-based
sensors, and hydrogel-based systems that utilise diffraction and localised surface
plasmon resonance [54, 57, 58]. Other sensors include optical devices coupled with
pH indicators, which are based on weak organic dyes or changes on their optical
properties when they are protonated or deprotonated. For example, their absorption
or fluorescence properties change in the presence of acidic or basic solutions, which
can be correlated with the concentration of H3O" ions. Optical sensors do not
require a separate reference sensor, and they can be easily miniaturised down to
1-10 pm. Additionally, they do not suffer from electromagnetic interferences, and
they can be used for remote and continuous measurements. However, the draw-
backs of the listed optical sensors include limited long term stability caused by
photobleaching or leaching of the sensing materials while also being affected from
temperature changes [54]. Notably, a change in ionic strength can alter the activity
coefficients and shift of the calibration plot [59]. Hence, corrections are required to
compensate for the ionic strength. Moreover, their operating pH range can be
extended; indicators with multiple pK, values or a group of receptors at different
pK, values have been used to improve their working range [60-62]. Artificial neural
networks (ANN) were developed to improve their dynamic range from pH 2.0 to
12.0 [63]. Such developments included optical pH sensor arrays [64, 65]. Holo-
graphic sensors have advantages over other optical sensors since the characteristics
of the diffraction grating such as the angle of Bragg angle can be controlled using
arrangement of optical equipment and the nature of the laser light. Additionally, the
laser writing method described in this chapter can allow patterning nanostructures
such as carbon nanotubes, graphene and nanopillars [66, 67]. Laser manufacturing
stands out as an efficient approach to mass produce optical sensors.

The silver-halide chemistry-based fabrication of holographic sensors requires
about 10 steps, and its reduction to 2—4 steps by alternative approaches such as
in situ size reduction of metal NPs can enable faster fabrication [18]. Another
critical step that will accelerate the interpretation of these sensors includes response
time, which should be achieved within a few seconds. The development of theo-
retical approaches to shorten the turnaround time will be helpful in the analysis of
any hydrogel-based sensor. Holographic pH sensors developed in this chapter can
be multiplexed with other holographic sensors on paper- or PDMS-based micro-
fluidic devices or on contact lenses [68—74]. Since the readouts are colorimetric,
they can be quantified by smartphones and wearable devices [75, 76]. Additionally,
trials with clinical samples and comparison of the performance with commercial
sensors can prove the feasibility of holographic sensing for applications in medical
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diagnostics, veterinary testing and environmental sensing. The development of
holographic sensors will enable practical and quantitative readouts at point-of-care
settings.
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Chapter 4
Holographic Metal Ion Sensors

The quantification of metal ions has applications in medical diagnostics, veterinary
screening and environmental monitoring. This chapter describes the development of
a holographic metal ion sensor through photopolymerisation. In contrast to the
nanoparticles (NPs) in silver halide chemistry, porphyrin molecules were chosen for
the construction of metal NP-free holographic sensors. A porphyrin derivative with
acrylate groups was synthesised to crosslink 2-hydroxyethyl methacrylate mono-
mers [1]. The porphyrin derivative also served as the light-absorbing material and
cation chelating agent. A single pulse of a Nd:YAG laser (A = 532 nm, 6 ns,
350 mJ) in Denisyuk reflection holography mode allowed formation of Bragg
diffraction gratings within the porphyrin cross-linked polymer matrix. Holographic
sensors had a reversible narrow-band tuneability within the visible spectrum to
report on organic solvents in water as a proof of concept, and concentrations of
metal cations such as Cu®* and Fe** in aqueous media. The quantification of Cu>*
ions has a potential application in the diagnosis of Wilson’s disease, a genetic
disorder in which copper accumulates in the tissues [2]. Similarly, the measurement
of Fe’* ions may help the diagnosis of hemochromatosis, hemolytic anemia,
paroxysmal nocturnal hemoglobinemia, and impaired biliary clearance [3].

The feasibility of incorporating chelating agents has been demonstrated in
crystalline colloidal arrays [4-6]. In holographic sensors fabricated through the
silver halide chemistry, incorporation of chelating agents into recording media was
investigated to develop ion-selective hydrogel matrices [7]. To incorporate crown
ethers in holographic sensors, functional groups allowing co-polymerisation of
crown ethers into the polymer matrices were needed [7]. These studies involved the
synthesis of methacrylate esters of homologous series of hydroxyether crown ethers
and their copolymerisation with hydroxyethyl methacrylate in the presence of a
crosslinker (i.e. ethylene dimethacrylate) to form a chelating hydrogel matrix. The
crown ethers tests included 12-crown-4, 15-crown-5, and 18-crown-6 pendant
functionalities, and they responded alkali and alkaline earth ions with varying
specificity [7]. For example, holograms comprising of 18-crown-6 linearly
responded to K* ions over the physiological range while the readouts were not
affected by physiological variations in background Na* ion concentrations ( ~ 130
—150 mM). The optimised hologram containing 18-crown-6 (50 mol%) showed
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swelling behaviour as a function of complexation in the presence of <30 mM metal
ions exhibiting <200 nm of Bragg peak shift within 30 s, showing its potential to be
used in the quantification of electrolytes in biological samples. However, the
selectivity of the other crown ether derivatives was shown to be limited. Another
study demonstrated that a holographic sensor based on copolymers of acrylamide
with ionogen comonomers was sensitive to Pb%* and Co*" ions (1()75 M), whereas
the sensor’s sensitivity to Mn** and Sr** ions was two orders of magnitude lower
[8]. Additionally, the response to alkali metal ions (Na*, K*) was an order of
magnitude lower than Pb** ions. Further studies in holographic sensing with
chelating agents investigated incorporation of a methacrylated analogue of imino-
diacetic acid (IDA), which was copolymerised with 2-hydroxyethyl methacrylate
(HEMA) to form a sensor for the detection of divalent metal ions such as Ca?*,
Mg**, Ni**, Co** and Zn* [9]. Sensors containing >10 mol% chelating monomer
and 6 mol% crosslinker shifted the Bragg peak by 46.3 nm within 30 s at an ion
concentration of 0—40 mM. The relative selectivity of the holograms had a hier-
archy of Ni**> Zn** > Co** > Ca®* > Mg?* ions. The real-time reversible response
of the sensor was demonstrated in monitoring Ca* ion efflux during the early stages
of germination of Bacillus megaterium spores [9].

4.1 Fabrication of Holographic Metal Ion Sensors
via Photopolymerisation

Porphyrins have a versatile nature in coordination with the analytes and synthetic
modularity [10]. They have been used in organic solar cells [11], non-linear optics
[12], catalysis [13] and odour visualisation [14]. In the present study, a porphyrin
derivative was used as a dye pigment in the fabrication of the holographic sensor. To
achieve homogenous solubility, these molecules have been further modified with
acrylate groups to serve as a crosslinker as well as laser-light interactive pigments.
Tetra carboxyphenyl porphyrin (TACPP) 1 was synthesised as reported previously
[15], and it was further condensed with 3-(4-hydroxy-phenoxy)propyl acrylate to
obtain the desired product (Fig. 4.1). p-Carboxybenzaldehyde (4.00 g, 26.5 mmol)
was mixed in propanoic acid (~200 mL) in a round-bottom flask fitted with a
condenser. The reaction mixture was heated under reflux for 1 h followed by the
successive dropwise addition of pyrrole (1.9 mL, 26.5 mmol) via a syringe. The
resultant dark mixture was refluxed with continued stirring for ~3 h under a constant
flow of air. The product was separated from the reaction mixture by hot filtration and
washed with warm dichloromethane (DCM) followed by a small amount of cold
methanol. The filtrate was collected, dried under vacuum and purified by recrystal-
lisation from methanol/DCM (50:50, v/v), desired product 1 was obtained as a purple
solid (Fig. 4.1). Yield: 1.5 g, 28 %. 'H NMR (500 MHz, DMSO): 5 -2.94 (s, 2H, NH),
7.30—7.32(m, 8H, ArH). 8.37—-8.41 (m, 8H, ArH), 8.65 (s, 8H, pyrrolic-3-CH), and
13.32 (s, 4H, COOH). FT-IR (cm™"): 3435, 3061, 1685, 1600, 1285, 782. TACPP 1
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Fig. 4.1 Synthetic scheme of TACPP 2 a propanoic acid, reflux 3 h and b dichloromethane, DCC,
DMAP, stir room temp., 48 h. Reproduced from Ref. [1] with permission from The Royal Society
of Chemistry

(1.00 g, 1.2 mmol) was dissolved in cold DCM (~ 100 mL) followed by N,N'-
dicyclohexylcarbodiimide (DCC) (1.06 g, 5.1 mmol) and 4-(dimethylamino)pyridine
(DMAP) (0.62 g, 5.1 mmol) addition. The resultant mixture was stirred below room
temp (<24 °C) for 1 h followed by the addition of 3-(4-hydroxyphenoxy) propyl
acrylate (1.13 g, 5.1 mmol). The mixture was left in dark under constant stirring and
nitrogen atmosphere for 48 h. The reaction mixture was then filtered, evaporated
under reduced pressure and purified by flash column chromatography eluted with
DCM on silica gel. The major fraction was a deep red colour and was evaporated to
dryness to yield a shiny purple solid of 5,10,15,20-tetrakis[4"-(3"'-(acryloyloxy)
propoxy)phenyl-4'-car-boxyphenyl] porphyrin (TACPP) 2.

A monomer solution consisting of HEMA (99.5 mol%) and TACPP 2 (0.5 mol
%) in tetrahydrofuran (THF) were mixed (1:1, v/v) with 2-dimethoxy-2-pheny-
lacetophenone (DMPA, 2 %, w/v) in THF. Poly(methyl methacrylate) (PMMA)
substrate surface was treated with O, plasma under a vacuum (1 torr, 30 s) to render
the PMMA surface hydrophilic. The monomer mixture (~ 100 pl) was deposited on
an Al coated polyester sheet. The PMMA substrates, O,-plasma-treated side facing
down, were positioned on the solution. Silica beads (~210 pm) were used to
control the thickness of the monomer mixture. The samples were subsequently
exposed to UV light (A = 350 nm) for 20 min to initiate free-radical polymerisation,
in which TACPP 2 served as the cross linker. The final polymer matrix had a
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thickness of 10 + 2 pm. Higher concentrations (1—2 mol%) of TACPP 2 may be
preferred for designing more rigid polymers. Fabrication of diffraction grating
consisted of passing a laser beam through a pHEMA-co-TACPP matrix, which was
aligned with an object (i.e. planar mirror) behind. In “Denisyuk™ reflection mode,
incidence and reflected beams formed constructive wave interferences [16, 17]. The
pHEMA-co-TACPP matrix was selectively patterned at the antinodes of the
standing wave, where the energy of the laser light was maximum, to form a
photonic structure, which acted as a narrow-band Bragg reflector. The laser energy
absorbed by the pHEMA-co-TACPP matrix depends on the laser wavelength,
power, pulse duration, dye’s thermal (absorption), physical and chemical charac-
teristics. The photonic structure consisted of a periodic grating organised roughly
half of the wavelength of the laser light that was used to produce the grating. When
the system was exposed to the laser light, the pHEMA matrix was further cross-
linked with the help of the TACPP molecules at the antinodes of the standing wave.
UV-Vis absorption spectrum shows TACPP 2 molecules in THF with peaks at
422 nm (Soret band) and 453 nm (Fig. 4.2a). UV-Vis absorption spectra showed
that TACPP 2 molecules covalently bound to pHEMA matrix before and after laser-
induced photochemical patterning (Fig. 4.2a). The lattice spacing and the refractive-
index contrast of the sensor was modulated by external stimuli, which systemati-
cally shifted the Bragg peak from shorter to longer wavelengths when the hydrogel
expanded in the direction normal to underlying substrate (Fig. 4.2b).
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Fig. 4.2 Characterisation and principle of operation of a porphyrin-functionalised holographic
sensor. a TACPP 2 in UV-Vis spectroscopy showing peaks at 422 nm (Soret band) and 453 nm.
TACPP 2 molecules covalently bound to pHEMA matrix before and after laser-light exposure.
b The sensor comprised pHEMA (1) crosslinked with TACPP (2) was immediately ready to sense
the target (3). Swelling of the sensor in response to external stimuli shifted the Bragg peak from
shorter to longer wavelengths as the pHEMA-co-TACPP matrix expanded normal to its underlying
substrate. Reproduced from Ref. [1] with permission from The Royal Society of Chemistry
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4.2 Optical Readouts

4.2.1 Organic Solvents in Water

To demonstrate the tuneability of the porphyrin-based sensor, its response to
ethanol, methanol, propan-2-ol and dimethyl sulphoxide (DMSO) in DI water
(0.0—10.0 %, v/v) was investigated. An increase in the solvent concentrations
systematically swelled the hydrogel matrix. Figure 4.3a shows a typical Bragg peak
shift from shorter (~520 nm) to longer (~ 620 nm) wavelengths as a function of
solvent concentration (e.g. ethanol). As the lattice spacing increased, the diffraction
efficiency of the periodic structure decreased. This may be attributed to the decrease
in the effective refractive index contrast in the expanding hydrogel matrix. The
expanding photonic structure displayed a colorimetric response in the visible
spectrum throughout the measurement (e.g. ethanol, Fig. 4.3b). The sensor response
to solvents was fully reversible and rapid with 90 % of the equilibrium response
measured within 1 min. Figure 4.3c illustrates the Bragg peak shifts as a function of
ethanol, methanol, propan-2-ol and DMSO concentrations over three trials, which
exhibited £3 % variation. The Bragg peak shifts for 10.0 % (v/v) ethanol, methanol,
propan-2-ol and DMSO were 100, 48, 162 and 56 nm, respectively. Consecutive
swelling/shrinking processes were reproducible over 30 successive changes without
hysteresis. Response time and recovery times for 10.0 % (v/v) ethanol, methanol,
propan-2-ol and DMSO were ~ 50, ~60 s; ~30, ~40s; ~50, ~50 s; and ~ 10,
~20 s, respectively (Fig. 4.3d). The water-alcohol solutions penetrated into the
hydrogel matrix and caused swelling, which increased with the alkyl chain length of
the alcohol [18]. In this respect, for example, water-ethanol mixture was more
effective than water-methanol mixture of the same concentration. This may be
attributed to an increase in hydrophilicity due to the increase in alkyl chain length.
The sensor response to pure organic solvents was also investigated. Bragg peak
shifts were recorded at —38, —24 and 37 nm from a starting peak wavelength of
~ 520 nm for pure DCM, chloroform and THF, respectively. DCM and chloroform
caused a contraction. This may be attributed to the capacity of DCM and chloro-
form to expel the water molecules (RH 60 %) from the pHEMA matrix.

4.2.2 Quantification of Cu** and Fe’* Ions in Aqueous
Solutions

The pK, values of mesoporphyrins are <6.5 [19]. Upon changing the pH of the
pHEMA-co-TACPP matrix from 7.0 to 3.0, the absorption peak shifted from
420 nm (pH 7.0) to 425 nm (pH 3.0) (Fig. 4.4a). The apparent pK, values of the
pHEMA-co-TACPP matrix were ~3.14 and ~6.59 determined using the
Henderson-Hasselbalch equation (Fig. 4.4b). A typical porphyrin molecule has four
pyrrole rings linked via methine bridges, resulting in a stable structure and aromatic
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Fig. 4.3 Modulation of the porphyrin-functionalised holographic sensor due to external stimuli.
a Bragg peak shift due to an increase in the solvent (e.g. ethanol) concentration from shorter to
longer wavelengths (~520—620 nm), b Colorimetric response to a variation in ethanol
concentration (10.0 % v/v), ¢ Sensor response as a function of ethanol, methanol, propan-2-ol
and DMSO concentrations over three trials, d Response time and reversibility. Organic solvents
(10.0 %, v/v) were introduced to the holographic sensor, and replaced by DI water. Reproduced
from Ref. [1] with permission from The Royal Society of Chemistry

character (Fig. 4.4c) [20]. The nucleus of the porphyrin molecule is a tetradentate
ligand, which allows chelating a coordinated metal with a diameter of ~3.7 A [21].
When a cation binds to the cavity, two protons are removed from the pyrrole
nitrogen atoms and two nitrogens share their lone pair of electrons, resulting in
complexation. Hence, to increase the chelation, the cavity of the porphyrin was
deprotonated by increasing the pH above 7.0 (Na,CO3;-NaHCOj buffer at pH 9.2,
100 mM, 24 °C), followed by a rinse with DI water (Fig. 4.4d).

Porphyrins are macrocyclic chelating agents for multivalent metal cations. Most
divalent metal ions form 1:1 complexes with porphyrins. Chelation with divalent
metal ions results in a tetracoordinate chelate with no residual charge, where metal
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Fig. 4.4 Determination of the apparent pK, value and activation of TACPP cavity. a Ultraviolet-
visible spectra of pHEMA-co-TACPP matrix.As the pH was changed from 7.0 to 3.0, the
absorption peak shifted from 420 to 426 nm. b The apparent pK, values for the porphyrin-
crosslinked pHEMA matrix were calculated using the Henderson-Hasselbalch equation. TACPP
states in ¢ neutral, d deprotonated, and e chelated with a divalent cation. Reproduced from Ref. [1]
with permission from The Royal Society of Chemistry

atoms are located below and above the macrocycle plane of the porphyrin
(Fig. 4.4e) [20]. After the cavity of TACPP was deprotonated, the pHEMA-co-
TACPP matrix was saturated with mono/divalent ions (1.0 M) in buffer solutions.
In response to metal cations, the Bragg peak of the pHEMA-co-TACPP matrix blue
shifted (Fig. 4.5a, b). The shrinkage in the matrix was due to (i) electrostatic
interactions, which decreased the Donnan osmotic pressure, and (ii) TACPP and
metal cation chelation that changed the conformation of the molecule. By rinsing
the system with DI water, the electrostatic interaction was eliminated, which
allowed the measurement of the relative blue Bragg shift due to the chelation
(Fig. 4.5¢). The blue Bragg shifts for Cu?* and Fe** ions were 5.24 and 4.66 nm,
which were more pronounced than other mono/divalent cations. When the system
was rinsed with the carbonate buffer and pure DI water, the Bragg peak shifted back
to its original position (~ 523 nm). In the readouts, the absorption of Cu®* and Fe**
ions in the polymer matrix was negligible as compared to the Bragg peak shift.
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Fig. 4.5 Readouts for the porphyrin-functionalised holographic metal ion sensor. a, b The
shrinkage of the pHEMA-co-TACPP matrix due to Donnan osmotic pressure (dominant) and the
chelation effect at 24 °C in citric acid-Na,HPO, buffers. ¢ Blue Bragg shifts due to metal cation
chelation. The sensor displays a higher blue Bragg shifts for Cu®* and Fe®* cations than
monovalent and other divalent cations at 1.0 M. d Blue Bragg shifts as a function of Cu’* and Fe**
cation concentrations. Reproduced from Ref. [1] with permission from The Royal Society of
Chemistry

The sensor’s response to Cu®* and Fe?* ions with 200 mM increments was mea-
sured over three trials (Fig. 4.5d). The stability constant of the cavity of TACPP
with cations depends on the chelate effect (entropy) [22], macrocyclic effect [23],
geometrical factors [24], classification of donor atoms [25] and ionic radius [26].
For example, Cu”* ions have a greater capacity to bind to the cavity of TACPP than
other cations [26]. In terms of response time, for example, a variation in Cu”* ion
concentration from 0 to 200 mM, followed by the rinsing step, required ~30 s to
equilibrate (+sub nm). The sensor response was reversible without hysteresis.
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Table 4.1 Recent approaches to metal ion sensing

Sensing mechanism References
Fluorescent chemosensors [41-52]
DNA-based detection [53-60]
Paper-based electrochemical sensors [61]
Silica nanotube-based sensors [62]
Optical cage sensors [63, 64]
Optical nanosensors [65]
Crystalline colloidal arrays [5, 66]
Plasmonic resonance energy transfer-based nanospectroscopy [67]
Quantum-dot-labeled DNAzymes [68]
Polydiacetylene-liposome microarrays [69]
Catalytic nanomotors [70]
Click chemistry-based detection [71]
Graphene-based sensors [72-74]

4.3 Conclusions

Metal cation sensors have a wide array of applications from in vitro diagnostics,
assessing the quality of water to intracellular sensing [27-32]. Advanced techniques
for quantifying concentrations of metal cations are based on high resolution
inductively coupled plasma mass spectrometry and atomic absorption or emission
spectroscopy [33-35]. However, these techniques are high cost, require significant
instrumentation and are non-portable. In contrast, the holographic sensors
demonstrated in this chapter offers miniaturisation, however, it does not overcome
the problem of equipment requirement since the readouts are taken by spectro-
photometers. Other methods involve quantifying the concentration of metal cations
using fluorescence [36, 37]. Such techniques do not require high-temperature
atomisation sources, but require sample preparation involving organic solvents to
allow binding of complexation agents to cations. Holographic metal ion sensors
overcome this limitation since they do not require complex sample preparation
steps. Practical solutions involve ion-selective electrodes (ISEs) that can provide
high selectivity and sensitivity for the detection metal ions such as Na*, K*, Pb**
and Cd** [38, 39], while being amenable to miniaturisation in battery-operated
devices. Although electrochemical sensors require reference solutions and custom
readout equipment to calibrate the electrodes, holographic sensors do not require
calibration. The need for improving the performance has motivated the investiga-
tion of numerous other approaches (Table 4.1). These studies have achieved
quantification of metal cations at trace concentrations. However, the attributes of
being colorimetric, label/equipment-free, low-cost, lightweight, reusable or
disposable in a single metal cation sensor; while also being amenable to mass
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manufacturing remains a significant challenge. Improvement of such technologies
can enable rapid point-of-care diagnostics, particularly in the developing world,
where rapid tests are not affordable. For example, Abbott Laboratories markets the
i-STAT system, a handheld device that integrates microfluidics and electrochemical
detection to analyse blood chemistry [40]. i-STAT quantifies analytes such as
electrolytes, metabolites, and gases, while also having the capability to perform
immunoassays. However, its high price and dependence on cartridges limits its
potential for low-cost rapid diagnostics.

In this chapter, a porhyrin derivative was synthesised to produce a NP-free
holographic metal ion sensor. The porphyrin molecule served purposes such as
crosslinking of the HEMA monomers, light absorption during grating fabrication, as
well as chelating agent for cation sensing. The holographic sensor was fabricated with
a fraction of time and complexity when as compared to other grating fabrication
techniques [75-78]. The sensor was used to quantify the concentrations of organic
solvents in water, and used porphyrin as a chelating agent to quantify Cu®* and Fe**
ions in solutions. The sensor diffracted narrow-band light in the visible region
enabling visual readouts for solvent measurements in water. However, the sensor was
insensitive to low concentration of metal cations since the amount of porphyrin
derivative in the polymer matrix served as the chelating agent as well as the cross-
linker, which limited the swelling of the polymer matrix. The design of pendant
porphyrin derivatives may increase the sensitivity and allow the pHEMA matrix
swell to enable colorimetric readouts in the entire visible spectrum. In terms of
fabrication flexibility, the diffraction angle and the holographic pattern (e.g. photo-
masks) can be controlled depending on the desired application. Additionally, the laser
writing technique described in this chapter can be used to pattern nanostructures on
various surfaces [79, 80]. Holography also allows fabrication and printing of sensors
in three-dimensional networks of hydrophobic materials (e.g. poly(dimethylsiloxane)
(PDMS)) and polyacrylamide or hybrid polymers [81-84]. Holographic sensors can
be functionalised to be sensitive to many analytes such as pH, metal ions, glucose,
lactate and fructose [85-89]. It is envisioned that holographic sensors will be
incorporated in multiplex microfluidic devices, contact lenses and wearable devices
[40, 90-93]. Since holographic sensors are colorimetric, they might be quantified
using smartphones and smartwatches [94, 95]. Holographic sensing is label-free,
which not only serves as an analyte receptor, but also an optical transducer for
colorimetric readouts. The porphyrin-based holographic sensor may find applications
from environmental monitoring to biochemical detection.
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Chapter 5
Holographic Glucose Sensors

Rapid glucose sensors have applications in the screening, diagnosis and monitoring
of diabetes at point of care. This chapter demonstrates the design, fabrication
and clinical trial of reusable holographic glucose sensors. Holographic sensors
comprised boronic acid derivative functionalised acrylamide matrices, which con-
sisted of Bragg diffraction gratings that colorimetrically report on the concentration
of glucose in aqueous solutions [1]. The optical properties of the sensor were
designed and characterised by computational analysis. The sensors were fabricated
by combining the advantages of multi-beam interference and in situ size reduction
of silver metal (Ag”) nanoparticles (NPs) by single-pulse laser writing [2].
Fully-quantitative narrow-band (monochromatic) readouts were attained through
spectrophotometry. The advantages of holographic sensors over other sensing
mechanisms are (i) reusability, (ii) amenable to mass manufacturing through laser
writing, (iii) readouts in visible as well as near-infrared regions of the spectrum, and
(v) reproducibility to sense glucose concentrations up to 400 mM using a low
sample volume (<500 pl). Interference due to other metabolites such as lactate and
fructose was also evaluated. Trials of the sensor in the urine samples of diabetic
patients demonstrated that the sensor had improved performance as compared to
Multistix® 10 SG read by CLINITEK Status®, while having comparable perfor-
mance with fully-automated Dimension® Clinical Chemistry System. Holographic
glucose sensors may have clinical applicability for diabetes screening or diagnosis
of bacterial urinary tract infections.

5.1 Diabetes Mellitus

Diabetes is one of the most challenging health problems of the 21st century. The
global prevalence of diabetes has increased dramatically, and is now a worldwide
public health concern [3, 4]. Currently, 382 million people live with diabetes. This
epidemic on the rise all over the world, and it has overwhelmed the healthcare
systems. The number of people with diabetes is estimated to reach 592 million in
less than 25 years [5]. In 2035, one in ten people is likely to have diabetes. Diabetes
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has been known to be ‘a disease of the wealthy’. However, today 80 % of people
with diabetes live in low- and middle-income countries, and the socially disad-
vantaged in any country are the most vulnerable to the disease. The number of
people with diabetes is rapidly increasing in the Middle East, Western Pacific,
sub-Saharan Africa and South-East Asia, where economic development has trans-
formed lifestyles. These rapid transitions have resulted in high rates of obesity and
diabetes; developing countries are facing a healthcare challenge coupled with
inadequate resources to protect their population. According to International
Diabetes Federation, in sub-Saharan Africa, where resources lack and governments
may not prioritise screening for diabetes, this proportion is as high as 90 % in some
countries [5]. The new estimates show an increasing trend towards younger people
developing diabetes [5]. The financial burden of diabetes is annually 548 billion
dollars, which is 11 % of the global healthcare expenditure [S]. Yet, it is estimated
that 175 million people are undiagnosed today [5]. This is because there are few
symptoms during the early years of type 2 diabetes, or those symptoms are not
recognised as being related to diabetes. Type 2 diabetes can go unnoticed and
undiagnosed for years. In such cases, those affected are unaware of the long-term
damage being caused by diabetes.

Diabetes can be screened with blood glucose meters and urine strip tests. These
tests are low cost, but considering that 1 billion people live on less than $1.25 a day,
they are not affordable [6]. For example, glucometers ($40), a lancing device ($15),
lancets (10¢) and test strips (50¢) can cost up to ~$100 for testing hundred people
in a developing world country. On the other hand, the urine dipstick test, which
costs about 50¢, has low sensitivity and often provides erroneous results due to
subjective reading. The development of diagnostic devices that are low cost,
reusable, user friendly, non-invasive and reliable will help deprived communities.
Once diagnosed, the management of diabetes becomes a liability for diabetics. Most
diabetics exhibit hypo/hyperglycemia requiring tight control of blood glucose
concentration. In diabetes management, diabetics need to regularly measure their
blood glucose by finger pricking up to five times a day to control the concentration
of glucose in blood, which requires at least three insulin injections daily. This
invasive practice reduces the rate of patient compliance and results in less effective
glycaemic control. In particular, young adults have lower compliance as compared
to older patients in providing samples to healthcare workers and self-managing their
diabetes. Measuring the concentration of glucose in urine is a less accurate way of
estimating the concentration of glucose in blood since urine tested is produced
several hours before the test. Currently, there is an ever-increasing need for low-
cost sensors to non-invasively manage diabetes. An ideal glucose sensor should
operate under physiological pH, ionic strength (IS) and in the presence of biological
fluids, and measure glucose concentrations with high accuracy both within and
outside the normal blood glucose concentration range (4.2—-6.7 mM) [7] with a
quick turnaround time (<5 min). Development of non-invasive and accurate diag-
nostics that are easily manufactured, robust, and reusable will provide monitoring
high-risk individuals in any clinical or point-of-care environment, particularly in the
developing world.



5.2 Holographic Glucose Sensors 103

5.2 Holographic Glucose Sensors

Optical sensors consisting of polyacrylamide (pAAm) matrices have been
functionalised with boronic acid derivatives. 3-(Acrylamido)phenylboronic acid
(3-APB) forms a reversible covalent bond with cis diol [8]. Boronic acid
(pK, = ~8.8) at low pH values is in an uncharged and trigonal planar configuration
(1); while at higher pH values (pH > pK,), the trigonal form reacts with OH  to
form the more stable negatively charged tetrahedral state (2), which can bind to cis
diol groups more readily (3—4) (Fig. 5.1a) [9, 10]. The binding of cis diols forms
boronate anions, and subsequently swells the hydrogel through a Donnan osmotic
pressure increase [11]. This swelling increases the lattice spacing, which shifts the
Bragg peak to longer wavelengths (Fig. 5.1b—d).

Holographic sensors comprising of 3-APB have been fabricated and their sensi-
tivity was optimised for glucose detection [12]. Maximal sensitivity was measured at
a 3-APB concentration of ~20 mol% [8, 13]. The hologram displayed a red Bragg
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Fig. 5.1 Principle of operation of a Bragg grating-based glucose sensor. a Simplified illustration
of the complexation equilibrium between the boronic acid derivatives and glucose. Glu = Glucose,
b Reversible swelling of the sensor by glucose modulates both the Ag® NP distribution spacing
and the refractive-index contrast, and systematically shifts the Bragg peak from c shorter to
d longer wavelengths as the hydrogel expands in the direction normal to the underlying substrate
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peak shift as a function of glucose concentration (2—10 mM) across the physiological
range. When the glucose molecules perfuse into the polymer matrix, the pK, of the
boronic acid-glucose complex systematically decreases through the stabilisation of
the charged tetrahedral phenylboronate anion. As a result of producing charged
groups, the Donnan osmotic pressure of the polymer matrix increases, leading to the
hologram to imbibe more water. Therefore, the hologram swells and its Bragg peak
shifts to longer wavelengths. The glucose-cis diol binding is reversible due to the
formation of the covalent bond in aqueous media. When the hologram is rinsed with
glucose-free medium, the hologram contracts and returns to its original Bragg peak
position [13]. Such a capability allows the sensor to be used in continuous sensing of
dynamic changes in glucose concentration. However, 3-APB also binds to other cis
diol containing species such as fructose and lactate in the biological fluids [14]. For
example, the presence of fructose or lactate in blood and its interaction with the
phenylboronic acid may lead to an artificially elevated glucose readout. An additional
limitation of hydrogel-based holographic sensors is the dependency on IS; solutions
with higher IS contract the matrix [15]. In order to overcome these challenges,
holographic sensors incorporating new boronic acid derivatives that bind to glucose
at physiological pH conditions have been developed. For example, 2-acrylamid-
ophenylboronate (2-APB) was synthesised and its principle to binding glucose was
investigated [16, 17]. 2-APB predominantly adopts a zwitterionic tetrahedral form at
physiological pH values and it has a tendency to complex with glucose rather than
lactate. The binding mechanism of 2-APB to glucose was also unaffected by the pH
variation within the physiological range. Other studies investigated strategies to
reduce the fructose interference. For example, the incorporation of tertiary amine
monomer or quaternary monomer such as 3-(acrylamidopropyl)trimethylammonium
chloride (ATMA) into holographic sensors containing phenylboronic acids improved
the selectivity for glucose [18, 19]. This synthesis approach was used to quantify the
concentration of glucose in blood in vitro [20]. This study involved a hologram
comprising of 3-APB, and ATMA to measure human blood plasma samples at
glucose concentrations of 3-33 mmol/L over an extended period for application in
continuous monitoring (Fig. 5.2). The sensor had a performance comparable to an
electrochemical sensor. The measurement accuracy was not affected in the presence
of common antibiotics, diabetic drugs, pain killers and endogenous substances [21].
Table 5.1 summarizes the tested holographic sensors, their experimental conditions,
and their respective wavelength shifts.

HE00000)

Concen. gg g 136 210 268 362 514 556
(mgl/dl)

(o 640 612 607 506 588 577 571
Fig. 5.2 A holographic glucose sensor in serum samples. The holographic matrix comprising of
MBA (3 mol%), 3-APB (12 mol%), ATMA (12 mol%) in human blood plasma as a function of
glucose concentration (pH 7.4 and 37 °C). Reprinted with permission from [20] Copyright 2007
American Association for Clinical Chemistry
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The need for minimally invasive, easy to use glucose sensors has motivated
investigation of ophthalmic glucose sensors, allowing the detection of glucose in
ocular fluid such as tears [22]. The feasibility of non-invasive monitoring of the
concentration of glucose was investigated by incorporating a 3-APB-based holo-
graphic sensor into a contact lens [23, 24]. Another experiment was conducted
through implanting the hologram subcutaneously just below the eye of a rabbit,
followed by xylazine-containing anaesthetic, which increased the concentration of
glucose in blood [25]. In ~3 min, the Bragg peak shifted by 25 nm, which was
correlated with simultaneous measurement of glucose (~ 10 mg%) in the blood.
Such a sensor can also be fabricated to semi-quantitatively measure the concen-
tration of glucose by displaying different colours or images [26]. However,

Table 5.1 The compositions of holographic glucose sensors and their Bragg peak shifts

Ligand (mol%) pH Concentration (mM) References
[Bragg peak shift (nm)]

3-APB (12) 7.4 2 (20), 11 (70) [13]
3-APB (20) 7.4 2 (50), 11 (220) [13]
3-APB (25) 7.4 2 (40), 7.4 (120) [8]
3-APB (12) 7.4 2 (20), 11 (70) [8]
3-APB (20) 7.4 2 (60), 11 (220) [8]
5-F 2MAPB (15) 7.4 2 (30), 11 (120) [8]
2-APB (20) 7.1 2 (0), 12 (0) [17]
2-APB (20) 5.8 2 (-5), 12 (-23) [17]
2-APB (20) 6.5 2 (-5), 12 (—23) [17]
2-APB (20) 7.0 2 (=5), 12 (-23) [17]
2-APB (20) 7.8 2 (-5), 12 (-23) [17]
3-APB (12) 5.8 2 (—3), 12 (-6) [17]
3-APB (12) 6.5 2 (-5), 12 (-12) [17]
3-APB (12) 7.0 2 (—15), 12 (=35) [17]
3-APB (12) 7.4 2 (—17), 12 (—45) [17]
3-APB (12) 7.8 2 (—10), 12 (-25) [17]
3-APB (12) 7.4 2 (20), 9 (70) [18]
3-APB (12) + DAPA (16) 7.4 2 (—30), 11 (—60) [18]
3-APB (12) + ATMA (12)* 7.4 4.9 (—60), 8.9 (—=70) [20]
2-APB (20) + ATMA (3) 7.4 2 (8), 9 (30) [28]
2-APB (20) + PEG (3) 7.4 2 (6), 9 (20) [28]
2-APB (20) + AETA (3) 7.4 24,917 [28]
2-APB (20) 7.4 2(3),9 (15) [28]
2-APB (20) + ATMA (9) 6.5 2 (—4), 11 (-7) [28]
2-APB (20) + ATMA (9) 7.0 2 (=4), 11 (=7) [28]
2-APB (20) + ATMA (9) 7.4 2 (—4), 11 (-7) [28]
2-APB (20) + ATMA (9) 7.8 2 (—4), 11 (-7) [28]

IS of 150 mM at 30-37 °C
% blood glucose
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controversy still remains whether the concentration of glucose in tear fluid and
blood is correlated [27]. Tear fluid composition is subject to change based on the
method of sample collection. Erroneous sample collection methods have caused
disagreement about the concentrations of analytes in tear fluid [22].

5.3 Computational Modelling of Holographic Glucose
Sensors

Computation of the interaction between a Bragg grating and an electromagnetic
field using finite-difference time domain algorithms as the numerical analysis
provided a theoretical model of the optical properties for the holographic sensor.
The simulated geometry consisted of a computed photonic structure, which had
superpositioned laser beam interference inside a theoretical Ag® NP impregnated
PAAmM matrix, created by three beams: (1) incident beam (reference), (2) beam
reflected from the mirror (object) and (3) beam reflected internally at the pAAm
matrix-water interface. Assuming that the photonic structure only consisted of a
multilayer diffraction grating with a lattice spacing of A/2, the optical properties
were defined based on angular-resolved measurements and effective index of
refraction of the pAAm matrix. Figure 5.3 shows the computed spectral response as
a laser beam (532 nm) based on the wave equation was propagated onto the

Fig. 5.3 Simulated optical response of patterned Ago NP impregnated pAAm matrix. A coherent
source / of an incident wave (A = 532 nm) originating from air is propagated onto the sensor. The
photonic structure reflects 3, refracts 4 and diffracts 2, which allows offsetting the diffraction for
reporting on the concentrations of analytes. The colours represent the phase of the electromagnetic field.
Scale bar: 2 nm. Reprinted with permission from [29] Copyright 2014 The American Chemical Society
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photonic structure along the pAAm matrix’s transversal section confined within a
20 x 10 pm? area. The colours from blue to red represent the phase of the elec-
tromagnetic field. Fresnel’s law describes the paths of the incoming 1, reflected 3
and the refracted waves of light 4. The diffracted wave 2 observed at angles away
from specular reflection, obeying Bragg’s law, Apeac= 24sin(0), where Apca is the
wavelength of the first order diffracted light at the maximum intensity in vacuo, ngy
is the effective index of refraction of the recording medium, A is the spacing
between the two consecutive recorded NP layers, and 6 is the Bragg angle. The
offset diffraction from the device produced a narrow-band readout signal, allowing
the differentiation of small changes in optical properties of the device due to
different types and concentrations of analyte. These simulations allow designing
holographic sensors with predictive optical properties. For example, simulations
can be used to estimate the angle of diffraction or the diffraction efficiency required
for a specific application.

5.4 Fabrication of Holographic Glucose Sensors

The monomer mixture (5 mmol) consisted of acrylamide (AAm), N,N'-methylene-
bisacrylamide (MBAAm) and 3-APB (Table 5.2). The solution was mixed (1:1, v/v)
with DMPA in DMSO (2 %, w/v). The mixture was copolymerised on an
O,-plasma-treated PMMA substrate (Fig. 5.4a). Ag" ions were perfused into poly
(AAm-co-3-APB) matrix, and they were reduced to Ag” NPs in situ using a pho-
tographic developer (Fig. 5.4b). A holographic sensor was formed by photochem-
ically patterning the matrix via a single 6 ns Nd:YAG laser pulse (A = 532 nm,

Table 5.2 Composition of - -
glucose-responsive hydrogels Monomer | Molecular weight (g/mol) Molarity (%)

AAm 71.08 75-80

MBAAm 154.17 1.5

3-APB 190.99 10-20

DMPA 256.30 2 (Wt%) in DMSO
(a) m; - (b) (c) ;::;‘; *F 532 nm

ltl"ll‘ll 3 ? ;
o el _rm

Ag® Nanoparticles

Fig. 5.4 Fabrication of holographic glucose sensors. a Free radical copolymerisation of AAm,
MBAAm and 3-APB, b perfusion of Ag" ions into the poly(AAm-co-3-APB) matrix and
formation of AgO NPs using a photographic developer, and ¢ formation of diffraction gratings in
Ag® NP impregnated matrix
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350 mJ), directed at the sample elevated at 5° from the surface plane and backed by a
mirror (object) (Fig. 5.4c).

Analysis of the NP size distribution, angular measurements and determination of
apparent pK, value of the hydrogel matrix in combination with computational
modelling of optical properties allowed optimisation and utilisation of the diffrac-
tion properties for sensing applications. TEM imaging was used to estimate the NP
size distribution in the matrix. The holographic glucose sensor had a diffraction
grating consisting of Ag’ NPs (~¢ 15-25 nm) organised by the multi-beam
interference of a single 6 ns laser (A = 532 nm, 200 mJ) pulse within a ~ 10 pm
thick pAAm matrix functionalised with 3-APB. Figure 5.5a, b illustrates the cross
sectional images of Ag’ NP impregnated poly(AAm-co-3-APB) matrix before and
after photochemical patterning, respectively. The Ag” NPs after single-pulse laser-
induced photochemical patterning reduced in size as illustrated by the TEM images
of the transverse plane of the matrix. Figure 5.5¢, d shows the NP thresholds set for
size distribution analysis for Fig. 5.5a, b, respectively. Figure 5.5e-i illustrates the
matrix before and after patterning, respectively. Figure 5.6 shows the distribution of
Ag® NPs across the cross section of the matrix. The images of the Ag® NPs in situ
showed the reduction of size from ¢ 17 £ 11 nm (n = 83) to ¢ 10 £ 9 nm (n = 221)
before and after patterning, respectively. The changes in particle size, density and
periodicity of the Ag’ NPs defined the sensor’s spectral response to the intensity
and diffraction at different wavelengths.

5.5 Holographic Glucose Sensors for Urinalysis

The measurement of urine glucose has diagnostic applicability in a number of
clinically relevant conditions [30]. Under normal conditions, the excretion rate of
glucose in urine ranges between 0.30 and 1.70 mmol/24 h [7]. Since most filtered
glucose is normally reabsorbed, an elevated urine glucose concentration indicates
either impaired tubular reabsorption of glucose (e.g. familial renal glycosuria), or
more commonly, hyperglycemia that exceeds the kidney’s reabsorptive capacity
(e.g. diabetes mellitus) [31, 32]. Conversely, a low concentration of urine glucose
may be found in urinary tract infections due to the bacterial metabolism of glucose
[33]. Existing colorimetric and electrochemical tests are based on the glucose
oxidase reaction [34, 35]. However, their performance in detecting undiagnosed
diabetes is limited due to low sensitivity (i.e. correctly identified patients with
disease), which ranges from 21 to 64 % [36—39]. False negative readings occur due
to high detection limits and interference from medications (Table 5.3) [40, 41].
While low-sensitivity tests may be useful [42], false negatives can lead to a false
sense of safety among users, and more critically delay correct diagnosis and early
treatment [38, 43].
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Fig. 5.5 TEM images of the transversal section of Ag® NP impregnated poly(AAm-co-3-APB)
matrix a, e before and b, f-i after exposure to the laser pulse showing reduction in the diameter of
Ag® NPs at patterned planes. The NPs with reduced diameter (o) are indicated by the arrows in
b. ¢, d illustrates the NP thresholds set for size distribution analysis for a, b. Scale bars a, b, ¢, d,
g =100 nm, e, f =200 nm, h = 20 nm, i = 10 nm. Reprinted with permission from [29] Copyright
2014 The American Chemical Society
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Fig. 5.6 Size distribution of
Ag® NPs before and after
laser-induced photochemical
patterning in the poly(AAm-
c0-3-APB) matrix
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Table 5.3 Inhibition of glucose oxidase due to various drugs and chemical agents [41, 44]

Chemical

Brand name

Use

Mecetronium ethylsulphate

Sterillium

Disinfectant

Sodium
2-mercaptoethanesulphonate

Uromitexan and Mesnex

An adjuvant in cancer chemo-
therapy involving cyclophos-
phamide and ifosfamide

Nitrofurantoin

Niftran, Furadantin, Furabid,
Macrobid, Macrodantin, Nitro-
fur Mac, Nitro Macro, Nifty-SR
and Martifur-MR

Antibiotic used in treating
urinary tract infections caused
by E. coli

Acetylsalicylic acid

Aspirin

An analgesic to relieve minor
aches and pains, as an antipy-
retic to reduce fever, and as an
anti-inflammatory medication

Phenazopyridine Azo-Standard®, Baridium®, Alleviates the pain, irritation,

hydrochloride Nefrecil®, Prodium®, Pyri- discomfort, or urgency caused
date®, Pyridium®, Sedural®, by urinary tract infections, or
Uricalm®, Uristat®, Uropyrine® | injury to the urinary tract
and Urodine®

Levodopa Sinemet, Parcopa, Atamet, Clinical treatment of

Stalevo, Madopar and Prolopa

Parkinson’s disease and
dopamine-responsive dystonia

5.5.1 Holographic Glucose Sensor Readouts

The response of the holographic sensors was first tested in phosphate buffers. As the
concentration of glucose increased from 0.1 to 10.0 mM under physiological
conditions (pH 7.4, IS = 150 mM), the Bragg peak originating from the structure
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Fig. 5.7 Readouts of a holographic sensor due to variation in the concentration of glucose.
a Diffraction spectra of a holographic sensor swollen by different glucose concentrations in
phosphate buffers (pH = 7.4, IS = 150 mM, 24 °C). The largest Bragg peak shift is at 775 nm
(10.0 mM glucose) and the smallest is at 505 nm (glucose-free). b The Bragg peak shift due to
10.0 mM glucose as a function of glucose concentration over three trials, ¢ Bragg peak shifts of a
holographic sensor swollen by contact with different glucose concentrations <I mM over the
physiological range, d The Bragg peak shifts over three trials as a function of glucose
concentration <1.0 mM. Standard error bars represent three independent glucose samples

systematically shifted from 505 to 775 nm (Fig. 5.7a). As the hologram expanded
normal to the underlying substrate, the diffraction efficiency of the peaks decreased.
This behaviour can be attributed to the decrease in the density of Ag® NPs present
in the periodic regions of the hologram, which reduces the effective index contrast
between the patterned regions and the poly(AAm-co-3-APB) matrix. The Bragg
peak shift over three trials as a function of glucose concentration is shown in
Fig. 5.7b. The sensing mechanism was reversible; the Bragg peak shifted to shorter
wavelengths as the glucose concentration was decreased. During the readouts, the
sample solutions were kept at 24 °C, and agitated using a magnetic stirring bar
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(micro flea, 2 mm). The sensor was reset using acetic acid (10 mol%, v/v). Other
acids that will decrease the pH can also be used. The same sensor may therefore be
used for repeat analyses. To demonstrate the sensitivity of the sensor, concentra-
tions <1.0 mM were analysed. As the concentration of glucose increased from 0.0
to 1.0 mM under physiological conditions (pH 7.4, IS = 150 mM, 24 °C), the Bragg
peak of the holographic sensor systematically shifted from 507 to 532 nm
(Fig. 5.7¢). The Bragg peak shift and glucose concentration are linearly correlated
(Fig. 5.7d), allowing the determination of glucose <1.0 mM.

The readouts of the holographic glucose sensor were reproducible. Consecutive
swelling/shrinking steps were reproducible to within £3 nm over 10 successive
buffer changes after equilibrium was reached. No noticeable hysteresis was
detected. Additionally, the sensor’s response was measured in real time for both 1.0
and 10.0 mM glucose (Fig. 5.8). Measurements at low glucose concentrations
(<1 mM) required ~ 70 min to reach ~90 % equilibrium, whereas measurements at
higher glucose concentrations (>1 mM) required shorter times (~ 50 min) to reach
~90 % equilibrium. The Bragg peak returned to the original position when PBS
was added and equilibrated in ~ 1 h. The apparent pK, value of the poly(AAm-co-
3-APB) matrix was ~ 8.5 based on the Henderson-Hasselbalch equation, while the
sensor displayed improved sensitivity as the pH was increased from 7.0 to 9.5
(Fig. 5.9, see inset for the colorimetric readouts).

5.5.2 Holographic Glucose Sensor Readouts in Artificial
Urine

Artificial urine solutions were prepared as reported previously [45]. Two stock
solutions (500 mL) of artificial urine were prepared with and without glucose
(10.0 mM). The solutions were filtered (pore size = 0.22 pm). The pH was adjusted
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Fig. 5.9 Determination of apparent pK, value of the poly(AAm-co-3-APB) matrix. The pK, value
was calculated using the Henderson-Hasselbalch equation, where Agyin, 020 = step Bragg peak
shift, Ao = initial wavelength, and AA = (A,.x — Ao) overall Bragg peak shift difference (n = 48).
The inset shows colorimetric readouts of the sensor as a function of pH. Standard error bars
represent three independent samples. Reprinted with permission from [29] Copyright 2014 The
American Chemical Society

using HCI (1 M) and NaOH (1 M). The glucose-containing solution was serially
diluted with the glucose-free solution to obtain standard concentrations of
0.1-10.0 mmol/L glucose at a constant IS (~210 mmol/L). Artificial urine solu-
tions containing lactate and fructose were prepared using the same protocol in the
concentrations of 0.2-10.0 mM and 0.1-2.0 mM, respectively. The artificial urine
solutions were immediately used and fresh solutions were prepared for each trial.
The sensor’s response to an increase in clinically relevant concentrations of glucose
(1.0-10.0 mM) in artificial urine showed a red Bragg shift under physiological
conditions (pH 7.40). Figure 5.10a illustrates a typical narrow-band spectral readout
at pH 7.40, indicating a decrease in the diffraction efficiency and peak broadening
exhibited by the photonic structure as the concentration of glucose increased in
artificial urine.

The trend of the readout was asymptotical due to an inverse correlation between
the concentration of Ago NPs and their lattice spacing (A) in the poly(AAm-co-3-
APB) matrix. Hence, the maximum peak intensity (/,.x) and its corresponding
wavelength Ay Was inversely correlated to the periodicity of the Ag’ NP regions
because of the reduction in the contrast of the effective refractive index during
lattice expansion. This relation can be expressed as I .x = ¢/Anax, Where ¢ is a
constant, assuming that asymptotes approach zero. However, in the poly
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Fig. 5.10 The response the holographic sensor (20 mol% 3-APB) to variation in the concentration
of glucose below 1.0 and 10.0 mM in artificial urine at 24 °C. a An increase in the glucose
concentration of artificial urine solutions (pH 7.40, 24 °C) swelled the poly(AAm-co-3-APB)
matrix, thus red shifting the Bragg peak, while also showing a correlation between the intensity
and the wavelength measured (n = 7). Constants for the fit: ¢ = 260 nm, Ay = 366 nm, I, = 0.32,
and a.u. = arbitrary units. b Spectral readout at pH values from 6.50-8.00 (n = 126). The inset
shows the colorimetric response at pH 7.40. ¢ A typical sensor response to variation in glucose
concentrations <1.0 mM. d The Bragg peak shift as a function of glucose concentration <1.0 mM
shows reproducibility (=~ 5 nm) over three trials. The inset shows the colorimetric response at pH
7.40. Standard error bars represent three independent samples. Reprinted with permission from
[29] Copyright 2014 The American Chemical Society

(AAm-co-3-APB) matrix, where the expansion was finite and the asymptotes did
not approach zero; the maximum intensity (/,,x) at a given Apax:

imax - /10
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where Iy and Ay represent the asymptotes of the curve and A is 2rnAcos(6),
obeying Bragg’s law, in which n is the effective index of refraction, and & is the
angle of illumination from the normal. Additionally, the displacement of
the asymptotes regarding the first order could be attributed to other factors such as
the scattering strength of each Ag® NP, which increased at Mie plasmon resonances
in the blue/green region, hence the total amount of scattering decreased as the Bragg
resonance shifted to longer wavelengths. The Bragg peak was ~565 nm for
glucose-free artificial urine, and additions of up to 10.0 mM glucose shifted this
peak systematically by 21, 81, 356, 379 and 420 nm, at pH values of 7.00, 7.25,
7.40, 7.75 and 8.00 (Fig. 5.10b); with the limit of detections of 0.61, 0.50, 0.41,
0.36, 0.26 mM, respectively. The limit of detection represents three times average
standard deviation divided by the slope. The diffraction exhibited green, yellow,
orange and red light before moving into the near-infrared region with further
increases in glucose concentration (inset in Fig. 5.10b). Therefore, at an apparent
pK, of 8.5, the glucose bound with the tetrahedral form with degrees of ionisation
of 0.4,3.2,4.9, 17.8 and 25.7 % at pH values of 7.00, 7.25, 7.40, 7.75 and 8.00 and
subsequently reached equilibrium. At low concentrations, glucose bound with the
boronic acid groups in a tetrahedral coordination form, in which the binding
transformed, although kinetically slower, to a trigonal planar form at higher
concentrations [46]. A decrease in the slope was consequently observed at the
higher concentration range. Another explanation for the change in the slope was
that as the hydrogel matrix expanded, the rate of swelling slowed down due to a
decrease in the elasticity. The potential clinical utility of the sensor in detecting
hypoglycosuria associated with urinary tract infections was tested by quantifying
glucose concentrations below 1.0 mM. When bacteria are present in urine, they
metabolise existing glucose, decreasing its concentration below 1.0 mM [47].
Therefore, measuring low concentrations of urine glucose can be used as a surro-
gate for rapid screening of urinary tract infections [33]. The detection and early
treatment of urinary tract infections may reduce the risk of chronic kidney failure
due to renal scarring [48, 49]. Figure 5.10c shows quantification of the glucose
concentration from 0.0 to 1.0 mM in artificial urine solutions (pH 7.40) by the
systematic shift of the Bragg peak to longer wavelengths, displaying a typical
narrow-band spectral readout. Figure 5.10d illustrates quantification of the glucose
concentration from 0.0 to 1.0 mM in artificial urine solutions at different pH values
(see inset in Fig. 5.10d for colorimetric response). A Bragg peak shift from 3 to
120 nm with a systematic increase in pH from 7.00 to 8.00 provided concentration
detection limits ranging from 240 to 90 puM, respectively.

5.5.3 Lactate and Fructose Interference

The cis diol groups of 3-APB can competitively bind to lactate and fructose. Lactate
is present at low concentrations in urine 0.00-0.25 mmol/L [50] and it may increase
during physical activity. Through its a-hydroxy acid, lactate can competitively bind
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Fig. 5.11 Holographic sensor (20 mol% 3-APB) response to variation in the concentration of
lactate at 24 °C in artificial urine. a, ¢ An increase in the concentration (10.0 mM) of lactate in
artificial urine (pH 7.40) shifted the Bragg peak from ~563 to ~689 nm, b, d Lower lactate
concentrations (0.0-10.0 mM) shifted the peak from ~563 to ~578 nm (see upper inset) (n = 39).
The lower inset shows the colorimetric readouts. Standard error bars represent three independent
samples. Reprinted with permission from [29] Copyright 2014 The American Chemical Society

with boronic acid groups in the hydrogel. While at low concentrations (<1.0 mM)
of lactate, a Bragg peak shift of ~15 nm was measured (Fig. 5.11a), at high
concentrations (10.0 mM), a shift of ~125 nm was measured (Fig. 5.11b).
Figure 5.11c, d shows the readouts over three trials, and the lower inset in
Fig. 5.11d illustrates the colorimetric response. At lactate concentrations of
~1.0 mM in urine [7], the corresponding interference of lactate shifts the Bragg
peak by 15 nm. The measurement errors due to lactate interference for the diagnosis
of glucosuria (10.0 mM) and urinary tract infections (<1.0 mM) were ~4.2 and
~13.6 %, respectively.
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Fig. 5.12 Holographic sensor (20 mol% 3-APB) response to variation in the concentration of
fructose at 24 °C in artificial urine. a An increase in the concentration (1.0 mM) of fructose in
artificial urine shifted the Bragg peak from ~ 565 to ~678 nm (n = 39). b Fructose response up to
2.0 mM over three trials. The inset shows the colorimetric readouts. Standard error bars represent
three independent samples. Reprinted with permission from [29] Copyright 2014 The American
Chemical Society

Competitive 3-APB binding to fructose was evaluated. Normal fructose excretion
in urine is 37.7 = 23.0 umol/day [51]. The concentration of fructose in urine may be
elevated due to excessive dietary carbohydrate intake. Both natural and added sugar
contain significant amounts of fructose [52], and dietary sugar consumption is
proportional to the urinary excreted fructose [53] since a fraction of ingested fruc-
tose escapes hepatic metabolism and passes into the systematic circulation, where it
is excreted in the urine [54]. To assess its interference, the holographic sensor
(20 mol% 3-APB) was tested with different concentrations of fructose in artificial
urine. Bragg peak shifts of ~115 and ~260 nm in the presence of 1.0 and 2.0 mM
fructose were measured (Fig. 5.12a). The sensor response over three trials was also
evaluated (Fig. 5.12b). Inset in Fig. 5.12b shows the colorimetric response.

5.5.4 Interference Due to Osmolality

By decreasing the IS of artificial urine samples (1.0 mM glucose, pH 7.4) through
serial dilution, the effect of the salt concentration on the sensor response was
assessed. As the IS of the artificial urine samples decreased from 250 to 25 mM, the
Bragg peak red shifted by ~75 nm due to an increase in Donnan osmotic pressure
(Fig. 5.13).
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5.5.5 Tuning of the Wavelength Shift Range
of the Holographic Glucose Sensor

The crosslinking density and the concentration of 3-APB of the holographic sensor
can be varied to control the range of the Bragg peak shift. Figure 5.14a illustrates
the Bragg peak shifts of the sensor that consisted of 5.0 mol% MBAAm and 20 mol
% 3-APB as the concentrations of glucose were increased up to 50 mM in artificial
urine. However, Fig. 5.14b shows the Bragg peak shifts of the sensor with reduced
3-APB concentration (10 mol%). Both of these approaches allowed sensing glucose
up to and over 50 mM. In the approach involving the reduced concentration of
3-APB, the cis diols in tetrahedral coordination was the limiting factor, which also
defined the sensitivity of the sensor.

5.5.6 Exposure Bath to Tune the Base Position of the Bragg
Peak

Before exposing the hologram to laser light, any agent, which swells the hydrogel
matrix will shrink the finished lattice spacing. This tuning mechanism is the
opposite effect of that measured in the readout with the same agent. Glucose
variation in the exposure bath during laser writing allowed adjusting the Ag® NP
lattice spacing and tuned the base position of the Bragg peak. As the glucose
concentration of the bath solution was increased from 0.5 to 4.0 mM, the Ag® NP
distribution densities (~A/2) were recorded at an increasing degree of swollen state
of the polymer. After the laser exposure, the initial wavelength was measured in
artificial urine solutions (pH 7.4) containing no glucose. The Bragg peak
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Fig. 5.14 Tuning the sensor’s Bragg peak shift range by changing the concentration of the
crosslinker and the 3-APB. The Bragg peak shifts of the holographic sensor due to variation in the
concentration (1.0-50.0 mM) of glucose at pH 7.40 (n = 7) at 24 °C. The compositions of the
sensors consisted of a AAm (75.0 mol%), MBAAm (5.0 mol%) and 3-APB (20.0 mol%), b AAm
(85.0 mol%), MBAAm (5.0 mol%) and 3-APB (10.0 mol%)

(~560 nm) shifted to shorter wavelengths (~430 nm) as the concentration of the
glucose in the exposure bath was increased (Fig. 5.15). Hence, Ag® NP distribution
densities with a lattice constant <A/2 can be obtained, and the Bragg peak shift

range of the sensor can be tuned.

Fig. 5.15 Tuning the
sensor’s base position of the
Bragg peak by changing the
composition of the exposure
bath. Standard error bars
represent three independent
samples (n = 27)
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5.6 Kinetic Theory for Hydrogel Swelling

The capability for the glucose binding to occur is associated with the amount of cis
diols available within the polymer matrix and the concentration of glucose in the
sample measured. A change in the number of molecules bound #(?) is:

() o< BN — n(0)) = s OV — (1) (52)

where # is the measurement time, £ is the concentration of glucose, N is the number
of cis diols (bound and not bound), #(#) is the number of cis diols already bound
with glucose molecules, and c¢; is a constant. This expression implies that the
concentration S is a constant, in other words, the amount of glucose molecules is in
excess than the amount of cis diols and therefore, it is assumed that the concen-
tration does not decrease. This relationship can be expressed as:

n(t) = N — cpe 1P (5.3)

Figure 5.16a shows a typical simulated readout from a holographic sensor. When
the Bragg peak measurement is taken from the poly(AAm-co-3-APB) matrix, the
binding process may have already started, in such a case, the initial measurement is
not ¢ = 0 but an arbitrary #. The difference of #(f) from a fixed # to the next
measurement time ¢z can be expressed as:

An(t) = n(t) — n(t;) = cre P (1 - e,clm,,,,.)) =c3(1 — e @Pu=1)y  (5.4)
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Fig. 5.16 The systematic approach to extrapolate the readouts using kinetics of hydrogel swelling.
a A typical sensor response showing the correlation between time (min) and Bragg peak shift (nm).
As the time increases, the Bragg peak shift saturates after a time point. b The initial calibration
curves set for the measurements
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The cis diol-glucose binding expands the volume of the hydrogel matrix normal
to its underlying substrate. The matrix is constrained in its movement since it is
attached to a plastic or glass substrate. When the system expands homogeneously
normal to its substrate, a change in #(t) alters the thickness x of the matrix:

An(t) o< Ax = csAx (5.5)
Equation (5.5) is based on the assumption that the cis diols are homogeneously

distributed throughout the matrix. A change in the periodicity of the multilayer
structure 4y, tilted by an angle 6 with respect to the normal surface is:

Ay x Axcos(0) = csAxcos(0) (5.6)

This expression implies that the entire matrix expands homogeneously, and the
shift in the Bragg peak A is proportional to Ay:

AL o< Ady, oc Axcos(6) oc An(r) cos(0) o< e (1 — e~ Pi=t)) cos(0)  (5.7)
Hence, for measurements developing on time with a fixed sample:

A=+ 06(1 — e_“/}(t_”)) (5.8)

If this curve has a Bragg peak position at the infinite Aco; Cg = Aoo — A, Which can
be expressed as:

A= oo (1 — ce 1P (5.9)
Ai
¢ = (1 —~ ,1_> 1P (5.10)

Using Eq. (5.10), it is possible to fit a series of measurements developing in time
and retaining specific features for all the constants except for ¢;. The value of ¢; does
not have a specific meaning since it involves # and /;, and although they are known
values in the measurements, they have their associated uncertainties. When these
values are fixed, for instance, with the initial (base) Bragg peak measurement and an
initial time of ¢ = 0, it implies no uncertainty in this specific measurement, and c;
becomes a fixed value. When ¢, = 0, the value ¢; = 1 — 4;/4o. It can be inferred from
this hypothesis that Ac, does not provide useful information since it is only related to
N, but not to the concentration of glucose. Therefore, the final Bragg peak mea-
surement saturates after an infinite time. When the time for multiple glucose mea-
surements is constrained, the Bragg peak can correspond to different values at a
specific time point while they all approach to an equilibrated Bragg peak Aco.
Figure 5.16b illustrates the theoretical calibration curves for the initial and final
measurement times. However, if the reading is taken too early or too late, it may not



122 5 Holographic Glucose Sensors

be possible to have a clear distinction between the measurements. By focusing on
the constant ¢y, the glucose concentration S can be correlated with a Bragg peak
shift. The constant ¢, is generally related to the complexion capacity of the cis diol
groups of 3-APB with glucose molecules.

When a Bragg peak shift in time (0-5 min) is measured, the rate of Bragg peak
shift decreases as the time increases based on the decrease of cis diol groups in the
tetrahedral coordination form. As the time lapses, the binding mechanism trans-
forms from tetrahedral from to trigonal planar form, which is kinetically slower.
Therefore, the rate of change of bound molecules rn(f) is proportional to the total
number of glucose N, molecules and the total number of cis diol groups Ng:

dr;—(tt) o (Ng — n(t)) (Ny — n(1)) = a(Ng — n(t)) (Ny — n(?)) (5.11)

When the Bragg peak shift is proportional to the amount of binding of cis diol
groups to glucose molecules, this expression can be reduced to:

da(r)
dt

< (G~ M) (G — AH0) = al(C — M) (G — AdD)  (5.12)

where C, and C; are constants with proportionality to cis diol and glucose groups
present. The solution of this equation is nontrivial to be fitted with the experimental
data; instead, the numerical solution of dA(f)/dt has been obtained from the data.
Thus, two values were plotted, and a quadratic solution was fitted to the equation to
obtain the variables C, and C;. As the solution was commutable (changing the order
of the operands does not change the result), the minimum value was considered as C,.
Other factors such as a potential decrease in the elasticity of the polymer matrix might
influence the projected decrease of the Bragg peak shift. Figure 5.17 shows three
independent measurements with urine samples of diabetic patients at different glu-
cose concentrations. The increase in the slope of the fit can be correlated with the
concentration of carbohydrate (mainly glucose) in the urine samples.

5.7 Quantification of Glucose Concentration in Urine

Anonymised urine samples (n = 33) were collected from diabetic patients attending
the Wolfson Diabetes and Endocrine Clinic (Addenbrooke’s Hospital, Cambridge,
UK) in February 2014 under the Human Tissue Act 2004 (c 30) of the UK. Urine
samples were frozen immediately for glucose, fructose and lactate testing. Samples
were thawed and kept at 4 °C, and centrifuged (1 min, 10,000 rpm) to remove any
precipitates prior to testing. For holographic glucose sensor measurements, the
urine samples had a pH of 5.96 + 0.11 and it was adjusted to 7.40 by adding NaOH
(2.0 M) while monitoring the pH using an electrochemical pH meter. The mea-
surements of Bragg peak shifts from the holographic sensor allowed inferring the
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Fig. 5.17 Bragg peak measurements of the holographic sensor for three independent (random)
urine samples of diabetic patients (pH 7.4). The increase in the slope shows an increase in the
concentration of the carbohydrate in the urine samples. The sensor was reset in ~ 10 s, and the
Bragg peak baseline was 519 + 5.8 nm

concentrations of glucose in urine samples. The values were correlated to the
concentration of glucose found with Multistix® 10 SG (GOx method, Siemens)
strips with CLINITEK Status® + Analyzer and the fully-automated Dimension®™
Clinical Chemistry System (hexokinase-glucose-6-phosphate dehydrogenase
method (HK/G6P-DH), Siemens). Analyses with the urine strip tests were
performed by briefly (~ 1 s) dipping the Multistix™ 10 SG test strip into the urine
sample and ensuring that all test areas were moistened. While withdrawing the test
strip from the urine sample, the edge of the test strip was wiped against the rim of
the recipient to remove excess urine, followed by 1 s blot drying. After 60 s of
reaction time, the test strip was analysed with CLINITEK Status® + Analyzer. As a
control, the reaction colours of the test strips were also compared to the reference
chart provided by the supplier. The sensitivity of HK/G6P-DH glucose assay was
0.056 mmol/L [55]. Hexokinase catalyses the phosphorylation of glucose in the
presence of adenosine-5'-triphosphate (ATP) and Mg>* ions to form glucose-6-
phosphate (G-6-P) and adenosinediphosphate (ADP). G-6-P is then oxidised by
glucose-6-phosphate dehydrogenase (G-6-PDH) in the presence of nicotinamide
adenine dinucleotide (NAD") to produce 6-phosphogluconate and nicotinamide
adenine dinucleotide hydride (NADH). One mole of NAD" is reduced to one mole
of NADH for each mole of glucose present. The absorbance due to NADH (hence
glucose concentration) was determined using a bichromatic (340 and 383 nm)
endpoint technique. Reagents in HK/G6P-DH method included HK (15 U/mL,
liquid, yeast sourced, well 1), G-6-PDH (30 U/mL, yeast sourced, wells 2), NAD*
(8 mmol/L, well 3), ATP (15 mmol/L, well 4), Mg2+ ions (7.4 mmol/L, well 5), and
stabiliser and buffer (well 6).
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2+
Glucose + ATp M Glucose-6-phosphate + ADP

Glucose-6-phosphate + NAD™" G-6- DU 6-phosphogluconate + NADH + H*

Assay Quality Control was achieved by analysing at least two levels of a serum-
based material (Chem 1 Calibrator) with known glucose concentrations. The con-
centrations and their corresponding standard deviations were 3.4 + 0.3 and
14.6 + 0.7 mmol/L, respectively. The assay range was 0.1-27.8 mmol/L. The
calibration scheme was based on three levels in triplicate. The assigned coefficients
were Cy = 0.000 and C, = 0.880. The Dimension® Clinical Chemistry system ran a
sample (3 pL) along with reagent 1 (56 pL) and diluent (321 pL) at 37 °C.
Sampling, reagent delivery, mixing and processing were performed by the
Dimension™ system. The samples with concentrations greater than 28 mmol/L were
diluted (1:10, v/v) in PBS and retested. A limitation of the testing mechanism is that
metronidazole (an antibiotic) of 2.34 pumol/L increases glucose readouts by
0.37 mmol/L at a glucose concentration of 1.11 mmol/L [56].

The inferred glucose concentrations showed an agreement between the holo-
graphic glucose sensor and Dimension® Clinical Chemistry System, while no false
negatives were observed. The holographic glucose sensor had an improved corre-
lation coefficient (R?) of 0.79 as compared to Multistix® 10 SG (0.28) (Fig. 5.18).
Multistix® 10 SG reported lower concentrations of glucose than Dimension”
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Fig. 5.18 Readouts of glucose concentrations using the holographic sensor in urinalysis as
compared to Multistix® 10 SG read by CLINITEK Status®, and Dimension® Clinical Chemistry
System. The x-axis is based on the Dimension® system; and black square represents readouts from
Multistix® 10 SG, and red circle represents inferred readouts from the holographic sensor.
Reprinted with permission from [29] Copyright 2014 The American Chemical Society
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Fig. 5.19 Readouts for glucose, lactate and fructose concentrations in urinalysis. Measurements
of a glucose, b lactate and ¢ fructose concentrations in urine samples. The secondary axis shows
the predicted Bragg peak shifts from the holographic sensor measurements in artificial urine. Data
points represent individual urine specimens (n = 33)

Clinical Chemistry System and the holographic sensor. Figure 5.19a shows the data
points obtained from the holographic sensor, Multistix® 10 SG strips with CLIN-
ITEK Status® + Analyzer and Dimension® Clinical Chemistry System.

5.8 Lactate and Fructose Interference

The lactate assay is based on a modified Marbach and Weil method [57], which
employs the oxidation of lactate to pyruvate, and its analytical sensitivity is
<0.3 mmol/L. Rabbit muscle lactate dehydrogenase (LDH) catalyses the oxidation



126 5 Holographic Glucose Sensors

of L-lactate to pyruvate with simultaneous reduction of nicotinamide adenine
dinucleotide (NAD™). One mole of NAD™ is converted to one mole of NADH for
each mole (equivalent) of lactate present.

L-lactate + NAD* 5 Pyruvate + NADH + H*

Hydrazine is used to trap the pyruvate (hydrazone) as it is formed, thus driving
the reaction to completion. The absorbance due to NADH is directly proportional to
the concentration of lactate and is measured using a two-filter (340-383 nm) end
point technique. Reagents included NAD* (2.0 uM, tablet, wells 1, 2), dihydrazine
sulphate (3.7 uM, liquid, wells 3, 4), LDH (40 U, liquid, sourced from rabbit, wells
5, 6) and tris buffer (0.24 mM, liquid, wells 7, 8). Hydrating, diluting and mixing
were automatically performed by the Dimension® System. Volumes of sample,
reagent 1, 2, 3, 4 and diluent volume were 4, 158, 20, 75, 20, and 197 pL,
respectively. Experiments were carried out at 37 °C. The assay range was
0.3-15.0 mmol/L and calibration scheme was based on 3 levels (n = 3). Calibrator
concentrations were 0, 8 and 15 mmol/L. The assigned coefficients were
Cp=—1.156 and C; = 0.0451. Two levels of a quality control material with known
lactic acid concentration were analysed without dilution.

The fructose assay was based on the enzymatic conversion of free fructose to
B-glucose, which was then specifically converted to a product that reacted with
10-acetyl-3,7-dihydroxyphenoxazine (H,0, probe, OxiRed ™) to generate a colour
(A =570 nm) [58]. The kit was stored at =20 °C and protected from light. The assay
buffer was allowed to warm up to room temperature (24 °C) before use. All small
vials were briefly centrifuged prior to opening. Phosphoglucose isomerase (EC
5.3.1.9, fructose converting enzyme) was only stable in ammonium sulphate
((NH4),S0,) solution. A required amount (450 pl) for each assay (10 pL for each
well) was centrifuged for 5 min at 10,000 rpm. The supernatant was removed and
reconstituted with same volume of assay buffer. The enzyme mix was dissolved in
220 pL assay buffer separately. The samples (50 pL) were added into a 96-well
plate. Fructose standard solution (100 mM) was diluted to 1 mM by adding 10 pL
of fructose standard to 990 pL of assay buffer and mixed. The standard solution
(1 mM) was serially diluted 1:2 (v/v) in assay buffer to give standard solutions (500,
250, 125 pumol/L), which were added in a series of wells. Enough reagent was
mixed for the number of assays to be performed. For each well, reaction mix (50
pL) contained assay buffer (36 pL), OxiRed  Probe (2 pL), enzyme mix (2 pL)
and fructose converting enzyme (10 pL). The solution was mixed by a vortex
mixer. Reaction mix (50 pL) was added to each well containing fructose standard
and test samples. The resulting solution was mixed on the orbital plate shaker. The
reaction was incubated for 30 min at 37 °C and protected from light using Al foil.
Optical density (OD)sso nm Was measured for the colorimetric assay in a microplate
reader. Due to the OxiRed"" probe, glucose generates background, which was
subtracted by conducting a control without phosphoglucose isomerase in the
reaction. The background was corrected by subtracting the value from the zero-
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Fig. 5.20 Assessment of lactate and fructose interference in urinalysis. Measurements of a lactate
b fructose concentrations middle horizontal lines in (a, b) are means. Error bars represent upper
and lower 95 % confidence intervals of the mean. Comparison of ¢ lactate and d fructose
concentrations with inferred glucose concentrations from the holographic sensors. Reprinted with
permission from [29] Copyright 2014 The American Chemical Society

fructose control from sample readouts. The fructose standard curve was plotted, and
the fructose concentrations of test samples were read from the standard curve.
Figure 5.19b, ¢ shows the lactate and fructose measurements for each sample.
The secondary axes in Fig. 5.19b, ¢ show the predicted Bragg peak shifts for lactate
and fructose measurements, respectively. Figure 5.20a illustrates scatter dot plot of
the measured lactate concentration values (U = 0.27 mM, 95 % Clj.
high = 0.16-0.37 mM), while Fig. 5.20b shows the measured fructose concentration
values (u = 23.18 pM, 95 % Cliow-nigh = 16.93-29.43 uM). Such concentrations
caused slight interferences of 3.48 + 0.01 % (lactate) and 2.90 + 0.44 % (fructose)
in the presence of urine glucose. However, for the present analysis, it was redundant
to calibrate the sensor due to lactate and fructose measurements since the inter-
ference due to these analytes was negligible. Figure 5.20c, d shows the inferred
glucose values from the holographic sensor readouts plotted against lactate and
fructose measurements using Dimension® Clinical Chemistry System and
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phosphoglucose isomerase-based assay (Abcam), respectively. The results show no
correlation between the predicted glucose concentrations versus lactate and fructose
assays.

5.9 Conclusions

A holographic sensor with point-of-care clinical applicability for diabetes screening
or diagnosis of urinary tract infection was demonstrated. The holographic sensor
was fabricated by using a single 6 ns laser pulse to produce Bragg gratings
consisting of periodic Ag® NP distribution regions that are separated ~ A/2 apart in
a poly(AAm-co-3-APB) matrix. The sensor displayed Bragg peak shifts in the
visible spectrum and near infrared, while also being suitable for multiple analyses.
The shifts in the Bragg peak allowed predicted measurements over the physio-
logical glucose concentrations up to 375.0 mM. When the cis diols of the sensor
bound to the glucose molecules, the Bragg peak of the sensor shifted to longer
wavelengths, which produced visual colour changes. Additionally, the interference
due to lactate and fructose was evaluated. For the quantification of glucosuria
(>10.0 mM glucose), the interference from normal urinary lactate and fructose were
1.57 and 0.32 % of the readouts, respectively. However, for monitoring of urinary
tract infections (<1.0 mM glucose), the interference from normal urinary lactate and
fructose were 6.21 and 1.33 %, respectively. Table 5.4 shows the selectivity of the
holographic glucose sensor in urinalysis. The readouts were obtained within 5 min
with a reset time of ~ 10 s. In the detection of glucosuria in urine samples, the
holographic sensor showed improved performance as compared to Multistix® 10
SG strips with CLINITEK Status® + Analyzer, while showing comparable per-
formance with the fully-automated Dimension® Clinical Chemistry System. In the
realisation of the holographic glucose sensors, the pH of urine can be corrected
using analytical methods, while the osmolality may be standardised using glucose/
creatinine ratio. Furthermore, the cis diols of 3-APB in the holographic sensor bind

Table 5.4 Selectivity assessment of the holographic sensor in urine samples

Concentration Aghife (nm) Interference (%) Interference (%)
<1.0 mM glucose 10.0 mM glucose
(~85 nm) (~355 nm)
Lactate Normal 5.7 6.21 1.57
0.27 mM
Abnormal 6.7 7.22 1.84
0.37 mM
Fructose Normal 1.16 1.33 0.32
23.18 uM
Abnormal 1.47 1.68 0.41
29.43 uM
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to glucose, lactate and fructose molecules as well as other carbohydrates such as
xylose, galactose, maltose, ribose, mannose, lactose and sucrose [18]. Urine
consists of many carbohydrates including maltose, lactose, b-mannose, D-glucose,
D-ribose, D-xylose, L-arabinose and D-galactose [59]. The Bragg peak shift in
holographic sensor readouts can be expressed as:

A;Ltot == A/Ahglu + A/Ahlact + A;Lfru + A/lcarbo - A/ALIS (513)

where Adpe, Adfue and Adeapo are the red Bragg peak shifts due to glucose,
lactate, and fructose and other carbohydrates, and Alg is the blue Bragg peak shift
due to increase in IS from a standard molarity reference. Since the Bragg peak shift
readouts were a combination of many other carbohydrates, elimination of these
interferents may be required for accurate analyses.

Glucose sensors comprising of optical transducers embedded into analyte-
responsive materials are attractive for the development of healthcare monitoring
systems [46, 60]. The advantages of optical sensors over traditional dyes [61],
fluorescent molecules [62, 63] and electrochemical [64—67] assays are that they:
(1) are not affected by electromagnetic fields, (ii) are label-free, (iii) enable sterile
remote sensing, (iv) are amenable to miniaturisation and multiplexing, and (v) are
able to be used in real-time continuous monitoring [68]. Notable optical sensors
have included photonic structures such as plasmonic nanomaterials [69], hybrid
nanogels [70], photonic crystalline colloidal arrays [71], and inverse opal hydrogels
[72]. These analyte-responsive polymers have the added advantage of fine tuning
through a change in periodic structure, index of refraction and/or localised surface
plasmon resonance. Although these polymeric optical sensors can be microfabri-
cated, self-assembled or a combination of both; there is currently no rapid, low-cost
and generic sensor fabrication technique capable of producing narrow-band,
uniform, reversible colorimetric readouts with a high-tunability range. The chapter
showed a holographic sensor, which was fabricated using laser light to allow
forming Bragg gratings in a rapid manner. While the range of spectral readouts was
finely controlled by changing the wavelength of the laser light and the chemistry of
the exposure bath; the sensitivity of the photonic sensor was modulated by varying
the concentration of the crosslinker and the functional groups in the hydrogel
matrix. The kinetic theory developed in this chapter is based on the correlation of
slope with the final readout, and it is the first proposed methodology for inferring
concentrations of target analytes within minutes. This approach can be applied to
any hydrogel-based sensor or polymeric nanoparticle-based drugs for the optimi-
sation of binding kinetics. Many diagnostic approaches have utilised boronic acid
derivatives in the development of fluorescence, colorimetric, electrochemical and
optical sensors [46, 60, 73, 74]. The advantage of the present study over these
sensors is that holographic sensors produced by the rapid photochemical patterning
offers routes to incorporate two or 3D images into the hydrogel matrix. For
example, photomasks or 3D objects can be used during laser writing to produce
user-friendly fool-proof text/quantity-reporting capabilities. The holographic sens-
ing platform has flexibility in controlling the angle of off-axis diffraction precisely
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as well as the diffraction pattern, while offering a narrow-band response for
semi-quantitative visual colorimetric readouts, and fully-quantitative readouts.
Nanosecond laser writing of holographic sensors has the potential for producing
equipment-free, reusable and scalable analytical devices. Additionally, the pulsed
laser writing can allow patterning other nanostructures [75, 76]. The glucose sen-
sors demonstrated in this chapter can be multiplexed with pH and metal ion sensors
[2, 77-79]. These sensors can be printed in array format and multiplexed using
microfluidics [80-86], and readouts may be obtained by smartphone applications
and wearable devices [87, 88]. The technology is applicable to in vitro diagnostics
as well as implantable in vivo sensors since it can operate in both visible and
infrared regions. It is envisioned that holographic glucose sensors will enable the
development of colorimetric tests for screening diabetes and urinary tract infections
at clinical settings and point-of-care.
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Chapter 6
Mobile Medical Applications

The development of medical smartphone applications (apps) can allow quantifi-
cation of rapid diagnostics at point-of-care and enable clinical data collection in real
time. Mobile medical apps can reduce the erroneous subjective readouts, and create
a standard readout platform with connectivity options at low cost. This chapter
demonstrates the development of an app algorithm that utilises the camera of the
Android and iPhone smartphones to read colorimetric tests. This smartphone app
can be used with dipsticks, lateral-flow and flow-through assays as well as aqueous
colorimetric tests that are typically read by spectrophotometers or microplate
readers. The mobile app was designed to provide on-site quantitative screening
when rapid diagnosis is needed. The utility of the smartphone app was demon-
strated through quantifying pH, the concentrations of protein and glucose in
commercial urine test strips, which had linear responses in the ranges of 5.0-9.0,
15-100 and 50-300 mg/dL, respectively. The app can be adapted for semi-quan-
titative analysis of commercial colorimetric tests, rendering it an inexpensive and
accessible alternative to more costly commercial readers.

6.1 Global Health and Mobile Medical Applications

Decentralisation of healthcare through low-cost and highly portable point-of-care
diagnostic devices has the potential to revolutionise current limitations in patient
screening, particularly in the developing world, where the diagnosis is hindered by
inadequate infrastructure and shortages in skilled healthcare workers [1, 2]. Over-
coming such challenges by developing accessible diagnostics could reduce the large
burden of disease [3, 4]. Currently, diagnostic devices such as strip tests (dipsticks)
and lateral-flow tests are widely used to measure the concentration or detect the
presence of various target analytes [5]. Such tests are employed for urinalysis,
immunoassays, veterinary screening, food quality tests, environmental monitoring,
biothreat detection and drug abuse screening. Dipstick and lateral-flow test formats
are ubiquitous because of their portability, compactness, ease-of-use and equipment-
free approach; rendering them universally applicable platforms for simple,
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multiplexed, qualitative or semi-quantitative low-cost point-of-care applications [6].
Whilst historically the lateral-flow format has been optimised for qualitative point-
of-care diagnostics, the dipstick format has been designed for semi-quantitative
measurements. For example, urine dipsticks are widely used in clinical practice in
screening for renal, urinary, hepatic and metabolic disorders. Table 6.1 shows
commercial semi-quantitative urine dipsticks in the market. Colorimetric tests are
typically read by comparing the developed reaction zones with a reference chart.
However, subjective interpretation may result in erroneous diagnosis, limiting the
accuracy of colorimetric tests. To increase the accuracy of the measurement, colori-
metric tests can be analysed using benchtop equipment such as spectrophotometers, or
automated test-specific readers such as CLINITEK Status® + Analyzer (Siemens) or
Urisys 1100® Urine Analyzer (Roche). Recently, these devices have been offered with
connectivity options including data management solutions, such as data transfer
through serial, Ethernet and wireless connection, barcode data entry, and support for
healthcare connectivity protocols such as Health Level Seven (HL7) and point-of-care
testing POCT1-A2 standards. However, these dipstick readers have a number
of limitations that reduce their utility in resource-poor settings: (i) High retail price
(>$1,000), (ii) requirement for reader-specific test strips, (iii) poor portability, and (iv)
external power supply requirement.

The high mobile phone penetration and rapidly growing telecommunications
infrastructure represent an unprecedented opportunity for reading and transferring
point-of-care diagnostic data [7]. Global mobile-cellular subscriptions have grown
70 % over the last 5 years, reaching 7.3 billion as of 2014 (Fig. 6.1) [8]. Hence, taking
advantage of the mobile phone infrastructure to monitor health conditions and the
environment will provide low-cost screening for existing and emerging diseases, and
improve the diagnostics at point-of-care setting. In telemedicine, a healthcare worker
can capture the image of the rapid test (e.g. colorimetric) and send it to a server at a
centralised facility [9]. The server running imaging software can analyse the image
based on greyscale or RGB/chromaticity values, which can be correlated with the
concentration of the analyte tested. The use of smartphone cameras has been
proposed for diagnostic applications in dermatology [10], microscopy [11-13],
ophthalmology [14], chemical analyses [15, 16] and paper-based microfluidic
devices [17, 18]. However, smartphone cameras have standardisation challenges in
optical analysis of colorimetric assays. For example, integrated colour balancing
functions of camera phones are optimised for photography in bright ambient light.
Recently, there have been several approaches to address the issues related to ambient
light variability during colorimetric test readouts. For instance, a housing unit has
been built to eliminate the variation in lighting conditions and positioning of the
camera. These solutions required a phone-specific external housing unit and other
components such as batteries, LED arrays (for reflection and transmission) and lenses
[19]. In another study, a calibration chart and test assay images were captured using
the phone camera, and the chromaticity diagram-based image processing was per-
formed externally with a computer [20]. Fully-integrated smartphone apps that
quantify different types of colorimetric tests on both iOS and Android platforms are
needed to facilitate rapid screening at point-of-care settings.
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6.2 A Smartphone Algorithm for the Quantification
of Colorimetric Assays

6.2.1 Calibration of the Application

The smartphone app measured the electromagnetic radiation from the colorimetric
test zones with the complementary metal-oxide-semiconductor (CMOS) sensor
present in the smartphone camera. The algorithm processed the colorimetric data as
concentrations of the analytes in each test zone, and then the app displayed the
corresponding value on the smartphone screen. The sensitivity of the measurement
was based on the accuracy of the CMOS sensor, the colour uniformity of the
reactions, and the number of calibration points. In testing a colorimetric urine test
strip (Fig. 6.2a), the app stored a calibration curve for the assay and the ambient
light condition. The user inputted (i) the sensor type, (ii) target analytes, (iii) units
of the concentration, (iv) number of reference data points, and (v) the images of the
calibration points were captured. The smartphone was perpendicularly positioned
over the assay at 5 cm, which was kept constant to match the colorimetric zones
with the evaluation area defined by the software (Fig. 6.2b). The measurements
were carried out at room temperature (24 °C). Calibration was performed
within ~ 1 min, and it was stored in the smartphone memory.

The app was calibrated for pH, glucose and protein measurements based on 5, 4
and 5 data points, respectively. The app located the reference colours (100 pixels),
transformed and averaged the CMOS data into non-linear red, green, blue (RGB)
values (R., G, B.) for each pixel. Subsequently, the app linearised the RGB values
(R, Gy, B) [22]:
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(a) (b)
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\ “28¥ Reference ]
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Fig. 6.2 Quantifying colorimetric tests through a smartphone reader. a A commercial dipstick
widely used for measuring concentrations of pH, protein and glucose in urine samples. These
semi-quantitative tests are low-cost and easy-to-use. Their interpretation is based on visual
inspection of the developed reaction patches and comparison to a colour reference chart. b The
smartphone captured and processed the image of the test zones, reducing time and errors related to
subjective interpretation. Reprinted from Ref. [21], Copyright (2014), with permission from
Elsevier
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Linear RGB values were converted to tristimulus values, X, Y, Z [22]:

X = 0.1805B; 4+ 0.3576G; + 0.4124R, (6.4)
Y = 0.0722B; + 0.7152G; + 0.2126R, (6.5)
Z = 0.9505B; + 0.1192G; 4 0.0193R,; (6.6)

Finally X, Y, Z tristimulus values were converted to the 2D (x, y) International
Commission on [llumination (CIE) 1931 chromaticity space:

X

X 6.7

YVTXTY+z (6.7)
Y

TX+Y+2Z
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After defining the values of x; and y; for the jth concentration data point Cj, the
app saved the data points in an internal database to complete the calibration before
returning to the main screen.

6.2.2 User Interface of the Smartphone Application

The i0OS (Fig. 6.3a—e) and Android (Fig. 6.3f—j) apps were designed to direct the
user in all the steps necessary to perform an analysis of a point-of-care diagnostic
test. First, the user might choose functions from sample testing, system calibration,
sensor type selection and test history viewing (Fig. 6.3a, f). Before sample testing,
the user first calibrated the system by choosing ‘calibration’; this allowed capturing
and processing a set of reference images of the required concentration range. The
calibration was recorded under a given ambient light condition. When the ambient
light changed (e.g. colour, intensity and tone), the reader needed to be recalibrated.
For sample testing, the user selected ‘sensor type’ function to specify the type of
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Fig. 6.3 Screenshots of the i0S (iPhone 5, 8 MP camera) and Android (Samsung 15500 Galaxy 5,
2 MP camera) apps, which quantify the colorimetric test strip for urinalysis. a Main menu
displaying sample testing, calibration and test history viewing. b The app displays sensor types.
¢ User captures the image of the test zones. d The diagnostic test results are displayed to the user.
e The information received from the physician displayed on the final screen include user-specific
instructions. f—j Android version of the same steps a—e, respectively. Reprinted from Ref. [21],
Copyright (2014), with permission from Elsevier
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colorimetric test to be performed (Fig. 6.3b, g). Once the sensor type was selected,
the user captured the image of the corresponding test zones (Fig. 6.3c, h). The app
processed the image information and transformed it into analyte concentrations by
comparing the measured value with the calibration curve. Then, it displayed the
results in the subject’s report (Fig. 6.3d, i). This report contained personal data
(including, but not limited to name, age, weight, patient ID number and contact
phone number) along with the medical information that might be uploaded, synced
and transmitted to an offsite doctor’s office. Following review, the doctor might
resend the report and any additional comments back either to the patient or to a
referring practitioner (Fig. 6.3e, j).

6.2.3 Colorimetric Measurements

The app was tested on both iPhone 5 (8§ MP camera) and Samsung 15500 Galaxy 5
(2 MP camera) using a colorimetric urine test strip (Cobas®™ Combur® Test™, Roche).
This three-patch test strip is normally used for semi-quantitative determination of pH,
protein and glucose in urine samples. Table 6.2 shows the sensing principles and
limitations of the assay [23, 24]. Artificial urine samples were prepared as described
previously [25]. The test strips were submerged into a range of artificial urine solu-
tions, and the images of the test zones were analysed with the smartphone app. The
calibration was performed using the colour reference chart on the product package
provided by the supplier. The user captured the image of the target assay using the
same conditions as for the calibration points (e.g. distance, lighting and temperature),
and the app followed the same steps performed for the calibration. The images were
taken at a fixed distance under an ambient fluorescent light source, whose output was
measured as 10 + 1 uW using a powermeter. The app converted the CMOS data to
RGB, which were linearised, converted to tristimulus values that were expressed as
measured 2D chromaticity values (x,, y,). Figure 6.4 shows the 2D chromaticity
chart used by the app to store the calibration curve and to calculate the concentration
of the target analytes.

The app computed the final measurement by comparing the target data values
with respect to the calibration curve by an interpolation algorithm analogous to the
nearest neighbour problem in computational geometry. For each point in the cali-
bration curve (j), the shortest distance from the measurement value to the calibration
point was determined:

de =/ (k= 07 + (3 — v (6.9)

where & is an integer and goes from 1 to the number of stored x and y pairs
(points) in the calibration curve, i.e. k = j. The algorithm stored two shortest
distances to the sample point: d;, and d. Their x and y values obtained by
Eqgs 6.7-6.8, together with their concentrations C were stored in the app memory.
The concentration range, d,, of the nearest two data points:
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location of an unknown data point. b The use of the near neighbour problem to obtain the position
of a data point based on the calibration

dc = |Crs — Css| (6.10)

where Cy, and Cy,, are the concentrations of the points corresponding to d;, and
dis The distance in x and y coordinates on the chromaticity space between the two
nearest points on the calibration curve to the measurement point:

dx)’ = \/(xks - kaS)2 + (yks - ykss)2 (611)

The app then calculated the shortest distance from that measurement point to the
line between the two calibration points:

|(xkss - xks)(yks - ym) - (-xkss - xm)<yks - ykss)l
\/(xkss - xks)2 + (ykss - yks)z

dyy = (6.12)

The largest among d, dis or dy; was determined and stored. The =+ variation, v.,
was calculated as a ratio or proportion, given the concentration range d,. for the
largest distance as:

dpdc
dyy

V4 = (613)
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Fig. 6.5 Analyses of dipstick tests (cobas®™ Combur3 Test®, Roche) by iPhone 5 (shown in red)
and Samsung 15500 Galaxy 5 (shown in black)for a pH, b protein and ¢ glucose measurements in
artificial urine. Standard error bars represent three replicates. Reprinted from Ref. [21], Copyright
(2014), with permission from Elsevier

where d,,, is the largest among dy, dis and d,. By using a similar proportionality
approach, the distance from one of the corresponding calibration points to the point
on the line to where d,, was measured, was computed as the concentration (C,,):

_ dp dc
= —dxy

4= \J&, - &, (6.15)

C,, was located within the concentration range previously calculated, but it
varied based on the distance between the measurement point and the calibration
curve. After the algorithm ended, the app displayed the diagnostic results for the

C, (6.14)



6.2 A Smartphone Algorithm for the Quantification of Colorimetric Assays

145

Table 6.3 Standard deviations of residuals (sy), slope (s,), intercept (s,) and limit of detection for
the pH, protein and glucose measurements

Assay Smartphone | Std. of resid- Std. of Std. of inter- Limit of
uals (s,) slope (s,,,) cept (sp) detection
pH Android 0.459 0.068 0.0161 1.66
iPhone 0.311 0.046 0.0048 1.21
Protein Android 11.44 0.077 12.21 41
(mg/dL) iPhone 8.95 0.060 7.51 33
Glucose Android 27.48 0.060 53.69 92
(mg/dL) iPhone 20.19 0.044 20.47 69

analyte concentrations. Figure 6.5 illustrates standard curves associated with pH
(5.0-9.0), protein (0—100 mg/dL) and glucose (0-300 mg/dL) measurements. These
concentration values were within the physiological range. The variation in the
distance, if any, was negligible as corroborated by the error in the measurements.
Standard deviations of residuals (sy), slope (s,,), intercept (s,), and limit of detection
for the pH, protein and glucose measurements are shown in Table 6.3. The app
displayed accurate readouts of the respective analyte concentrations in artificial
urine, demonstrating the app’s potential for reading colorimetric assays.

The sensitivity of the colorimetric measurement depends on the resolution of the
camera’s CMOS sensor, colour uniformity of the assay reactions and the number of
calibration points. The CMOS sensor registers the amount of light (electromagnetic
radiation) from bright to dark without colour information, and assigns R, G, B values
for each pixel. There are 256 (0-255) integer values per colour channel (R, G, B)
yielding 16,777,216 different colours that can be captured by the smartphone camera.
The app converts the RGB data, which can be represented in a 2D x,y plot on a
chromaticity diagram (CIE 1931) with a total of 65,537 different colour values.
However, the colorimetric readouts are based on a calibration in the chromaticity
diagram. In terms of electromagnetic radiation received by the camera’s CMOS
sensor, the spectral range of a typical CMOS sensor is between ~ 350 and 1,150 nm,
which can be transformed to RGB and 2D x,y values. Theoretically, for each of the
total different colour values in a 2D X,y plot, there is a corresponding ~2.2 nm
(i.e. 800 nm/~ 362) per colour value (maximum sensitivity). More accurate esti-
mations can be obtained by calculating the length of the parabolic calibration curve.

6.3 Conclusions

Smartphones have the potential to serve as point-of-care readers for colorimetric
assays. This chapter demonstrated an algorithm that allows the smartphone camera
to read semi-quantitative tests rapidly with inter-phone repeatability and minimal
operator intervention. The app utilised the smartphone hardware to quantify pH and
the concentrations of protein and glucose. The method of quantification was
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reproducible and sensitive in Android and iOS platforms. The technology has utility
in resource-limited settings, where trained healthcare professionals are scarce.
While this chapter demonstrated an equipment-free smartphone reader under
controlled conditions, advanced apps need to be developed to automatically com-
pensate for measurement variability due to changes in focus, angle, lighting con-
ditions, shadow effects and sensor type. Additionally, a step forward in this process
is the design of algorithms that process data efficiently into actionable information
for the user. The colour conversion method demonstrated in this chapter is not
limited to urinalysis, but is also applicable to other colorimetric assays such as
colloidal gold, latex labels, aqueous tests, as well as emerging technologies such as
holographic sensors [26-32], optical devices [33-35], plastic/PDMS-based micro-
fluidic devices [36—42], multiplex paper- and nitrocellulose-based microfluidic
devices [43, 44]. Furthermore, cloud computing can be adapted for transferring the
medically-relevant data to a centralised facility, and it may be used for endemic or
pandemic surveillance. The app will facilitate less expensive laboratory testing in
the developed nations and enable automated readouts of point-of-care diagnostics in
resource-limited settings. However, successful commercialisation of mobile medi-
cal applications will require clinical trials and FDA clearance to ensure patient
safety [45].
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Chapter 7
The Prospects for Holographic Sensors

The development of rapid and low-cost optical sensors can enable monitoring of
high-risk individuals at point of care. This thesis described the design, fabrication
and optimisation of holographic pH [1, 2], divalent metal cation [3], and glucose
sensors [4]. Holographic sensing is an emerging analytical platform that allows
semi-quantitative colorimetric readouts by eye and fully-quantitative results by
spectrophotometry. They have the added advantage of being rapidly fabricated
using laser light and having precise control over the optical characteristics as
compared to other optical sensors. This chapter discusses potential areas of research
in (i) fabricating holographic sensors, (ii) functionalising the hydrogel matrices to
increase the capabilities and the performance, (iii) multiplexing holographic sensors
through microfluidics, and (iv) extracting quantitative readouts via smartphone and
wearable devices. Additionally, this chapter identifies the gaps within the field,
outlines the strategies to overcome the perceived limitations of holographic sensors,
and includes challenges to scaling up and commercialisation.

7.1 The Development of Fabrication Approaches

To design analytical devices with predictive optical characteristics and optimise the
parameters that influence the sensing performance, the holographic sensors were
evaluated using computational simulations through finite element modelling [2]. The
simulated sensor consisted of a multilayer structure with alternating refractive indices.
The model allowed the analyses of optical properties on varying the pattern and
characteristics of the Ag” nanoparticle (NP) arrays within a theoretical hydrogel
matrix. Factors such as variation in Ag’ NP diameter and distribution within the
hydrogel matrices were computationally studied to analyse the properties of reflected
and absorbed light. The geometry of the photonic structure can be modified to obtain
optical sensors with desired degree of diffraction angle and bandwidth. The simula-
tions showed that the intensity of the reflection band increased as the density of Ag®
NPs increased within the polymer matrix up to a point, where insufficient light was
able to reach all the multilayer gratings. In addition, the model also showed that the
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density of Ag” NP was correlated with both the depth and width of the spectra. It was
feasible to use commercial simulation software as compared to the analytical solution
since, the device geometry consisted of Ag® NPs with different sizes. COMSOL
Multiphysics® allowed having control over the design of the multilayer structure with
easily varying the size and spatial distribution of Ag” NPs. Understanding the design
parameters and their relation to optical characteristics of the proposed sensor allowed
the rational design of sensors with control over the entire mechanism. This has
advantages in estimating the diameter and distribution of Ag® NPs and avoiding wider
band gaps to obtain precise and tuneable optical devices. Many further applications
can follow from these simulations ranging from photonic structures, where specific
optical properties can lead to unique light-diffraction spectra. A limitation of the finite
element modelling in this thesis was that reflection (or absorption) simulations were
performed at small geometries due to limitations in the computational memory. For
accurate analysis, diffraction profile should be simulated at large geometries.

The sensors were fabricated through silver-halide chemistry [2], in situ size
reduction of Ag” NPs [1, 4], and photopolymerisation [3] to form holographic poly
(2-hydroxyethyl methacrylate) (pPHEMA) and polyacrylamide (pAAm) matrices. A
technique was developed to deposit recording media on poly(methyl methacrylate)
(PMMA) substrates. This involved O, plasma treatment of PMMA to render its
surface hydrophilic. In holographic pH sensors, a monomer mixture consisting of
2-hydroxyethyl methacrylate (HEMA), ethylene dimethacrylate (EDMA) and
methacrylic acid (MAA) were UV-initiated free-radical copolymerised using
dimethoxy-2-phenylacetophenone (DMPA) on PMMA substrates. In holographic
glucose sensors, the polymeric backbone was formed from acrylamide, N, N
"-methylenebisacrylamide (MBAAm) and 3-(acrylamido)phenylboronic acid
(3-APB), which were copolymerised on PMMA substrates. The next step in the
holographic sensor fabrication involved doping hydrogel matrices with Ag® NPs
(# 10-100 nm). This was achieved by perfusing silver ions (Ag") into the hydrogel
matrices, and subsequently reducing Ag* ions to Ag’ NPs using a photographic
developer, which acted as a reducing agent. After the recording medium was
prepared, the diffraction gratings were formed within the hydrogel matrices, which
reported on the concentration of target analytes. For creating Bragg gratings,
holography was chosen due to its low cost and amenability to mass manufacturing.
A single pulse of a laser (6 ns, 532 nm, 350 mJ) in “Denisyuk” reflection mode
formed diffraction gratings consisting of ordered Ag” NPs embedded within the
hydrogel matrices [1, 4]. This laser writing involved the use of the standing wave,
where the energy at the antinodes reduced the size distribution of Ag® NPs
from ~10-100 to ~ 15-30 nm. Upon illumination with a while light source, the
fabricated photonic structure diffracted monochromatic (narrow-band) light. The
optical characteristics of the diffracted light depended on the wavelength of the laser
light, which was used to produce the grating. The novelty of the platform concerned
the use of a single 6 ns highly-intense laser pulse (350 mJ) to reduce directly the size
distribution of Ag® NPs at the constructive interference sites (antinodes) in hydrogel
matrices. This created ablated and non-ablated planes within the hydrogel matrix,
producing a refractive index contrast in the form of a multilayer diffraction grating.
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This method was fundamentally different from silver halide chemistry, in which the
latent image (small cluster of Ag” atoms) on photosensitive silver bromide (AgBr)
nanocrystals was photographically developed to form a multilayer diffraction grating
[5]. In TEM images, there was a distinction in the reduced size of Ag® NPs in
hydrogel matrices before and after photochemical patterning. Based on the angular-
resolved measurements, it was inferred that the photochemical patterning formed
Bragg diffraction gratings as well as a blazed grating (tooth saw) or a transmission
grating, as predicted by the simulations based on the superposition of waves [1].
While the optical microscopic images of the surface gratings supported the simulated
results, no direct evidence of the multilayer structure was found in SEM, ESEM and
TEM images. This could be attributed to a low density of Ag® NPs within the
hydrogel matrices, which might be due to the low (<1 %) diffraction efficiency of the
photonic structure. However, the period (~3 pm) inferred from the transmission
gratings indirectly supported the existence of the multilayer structure [6, 7].

An advantage of holographic sensors fabricated through in situ size reduction of
Ag” NPs is that this method does not require a gentle reduction step after laser
exposure. This allows the use of any reducing agent, not limiting the reduction
process to weak developers. For example, non-aqueous agents (e.g. hydroquinone
in THF) can be used, and tedious control over exposure parameters and Ag’ NP
growth is not needed. The present technique shows that Bragg diffraction gratings
can be produced quickly with reduced complexity as compared to silver-halide
chemistry-based fabrication. This opens holographic sensors into a broader range of
applications and materials. For example, gold, copper or iron NPs can be used to
produce the multilayer gratings. A limitation of the present photochemical pat-
terning of Ag® NPs is that the photonic structure is not compatible with bleaching
with bromine (Br,), chlorine (Cl,), and iodine (I5). This may be attributed to the
uncontrolled growth of AgBr nanocrystals at the antinode as well as the node
regions. Another explanation for this phenomenon is that the Ag® NPs, which may
be burnt in the hydrogel matrix by the high-power of the laser light, become
detached from the matrix so that they loose their spatial integrity. Therefore, it may
not be possible to fabricate Ag® NP holograms with diffraction efficiency >10 %.
This is also a limitation in sensing samples with divalent cations such as Cu**,
which cause a decrease in the diffraction efficiency due to bleaching. The future
work may explore titanium(IV) oxide NPs, which have a refractive index of ~2.8
at 632.8 nm [8, 9]. These particles may be incorporated into the hydrogel matrices
to form diffraction gratings. Other attractive materials and structures might include
graphene [10, 11], nanocones [12], graphite and carbon nanotubes [13]. The per-
fusion of Ag™ ions into hydrogel matrices and subsequent reduction in situ allows
forming Ag” NPs in the upper half of the hydrogel matrix (~5-10 um) down to
5-6 nm from the hydrogel-air surface [14]. There are two main contributors to this
issue: (i) The depletion of the developer strength as it perfuses into the hydrogel
matrix, and (ii) the use of Ag” ions dissolved in aqueous solutions, which may not
allow the Ag™ ions to diffuse throughout the matrix. Hence, methods to obtain Ag®
NPs throughout the hydrogel matrix should be developed to increase the number of
multilayer gratings, which will increase the diffraction efficiency. A plausible
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approach is to synthesise monomer mixtures that incorporate metal NPs in organic
solvents (0.1-1 mg/mL) produced by pulsed laser ablation [15, 16].

Another fabrication approach that has been explored in this thesis was to
synthesise porphyrin derivatives that function as the crosslinker, the light absorbing
material, and the component of a diffraction grating. The use of this multifunctional
porphyrin permitted rapid fabrication of a photonic structure, which diffracted
narrow-band light. The sensor was fabricated in Denisyuk reflection mode, how-
ever, no NP formation was required. As opposed to physical size reduction of Ag’
NPs; in photopolymerisation, the porphyrin molecule absorbs the laser light and
further polymerises the hydrogel matrix at the antinode regions. This creates a
refractive index contrast of alternating polymerised and highly polymerised layers.
Since photopolymerisation is NP-free, it substantially reduces the requirements for
fabrication and eliminates the bleaching issues [17-20]. Photopolymerisation will
play greater roles in the optimisation of the performance of holographic sensors and
reduce batch to batch variability.

Printing techniques or the use of photomasks during fabrication can introduce
user-friendly fool-proof text/quantity-reporting capabilities. Printing of recording
media is an untapped way of depositing the monomer solution and photosensitive
materials on substrates. This approach has practicality, miniaturisation capacity and
scalability in the deposition of holographic materials and construction of holo-
graphic arrays. For example, various polymers can be loaded on a cartridge that can
be fit to noncontact, contact or airjet dispensers. As the monomers immobilise on
the surface of the substrate at room temperature or through UV-initiated free-radical
polymerisation, holographic arrays consisting of different analyte-sensitive mate-
rials can be constructed with controlled size. Since this approach minimises the
required volume of the monomer solutions, it has the potential to enable mass
production. Printing can also allow depositing holographic sensors on implantable
chips and contact lens sensors [21]. Furthermore, holographic sensor fabrication is
based on the use of a planar mirror, which produces an angular intolerant hologram
that limits the angle of view to £10°. Diffusers or lenses can be used to improve the
angular tolerance; however, holograms produced by this method have low-dif-
fraction efficiency (<5 %) [22]. Additionally, digital holography (no real object
requirement) may increase the diffraction efficiency, and allow multiplexing
through superpositioning of images [23, 24].

7.2 Ligand Chemistry

This thesis described the ligands for holographic pH [1, 2], metal cation [3] and
glucose sensors [4]. In sensing pH, the pHEMA matrix incorporated carboxylic acid
groups. When ionisable groups are copolymerised with other monomers, their
individual functions dictate the degree of pH-sensitivity of the pHEMA matrix. The
holographic pH sensors were tested in phosphate buffers and artificial urine to show
their putative clinical application. The Bragg grating was finely modulated to
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diffract narrow-band light based on the volumetric changes of the matrix, Ag® NP
spacing, and index of refraction. When the pendant functional groups were ionised
(e.g. deprotonating carboxylic acid groups), the polymer swelled due to the elec-
trostatic and Donnan osmotic pressure forces that drew in or expelled counterions
along with water molecules, which altered the periodicity (lattice spacing) of the
diffraction grating. An increase or decrease in the lattice spacing shifted the
diffracted light to longer or shorter wavelengths. This systematic lattice modulation
consequently allowed a quantitative readout through wavelength changes of the
diffracted light, enabling spectroscopic measurement of colour changes as a func-
tion of pH. These sensors produced visually perceptible and reversible colour
changes at either side of the apparent dissociation constant (pK,) as a function of the
pH. The holographic sensors diffracted narrow-band light from the visible region to
the near-infrared region (Apeax ¥ 495-815 nm). The clinical application of the
diffraction gratings was demonstrated by pH sensing of artificial urine over the
physiological range (4.50-9.00), with a sensitivity of 48 nm/pH unit between pH
5.0 and 6.0. As the pH was increased, the Bragg peak shifted to longer wavelengths
while the intensity decreased. This was attributed to a decrease in the effective
refractive index contrast since the expanding structure lowered the density of Ag®
NPs present within a given volume. This was predicted by the model; both simu-
lations and experimental readouts showed agreement about the Bragg peak shift of
the diffracted light based on the lattice expansion and contraction.

In addition to holographic sensors, several advances in pH sensing have been
demonstrated. Electrochemical and field-effect transistor based pH sensors have
utilised carbon fibre [25] and carbon/metallic [26] nanostructures, respectively.
Recent fluorescent sensors based on Forster resonance energy transfer using syn-
thetic DNA [27], genetically encoded red protein [28] and an antibody-conjugated
pH dependent dye [29] have been employed for intracellular monitoring. These
sensing mechanisms have selectivities down to 0.01 pH units from pH 2.0 to 12.0
[30]. Holographic sensors have a comparable accuracy to these sensors in the range
from pH 5.0 to 6.0; however, the dynamic range of holographic sensors needs to be
improved by incorporating different functional groups to induce a Bragg shift in the
desired dynamic range. The range of the pH sensitivity can be tuned by selecting
the desired acidic or basic monomers to cover the pH range of the application of
interest. For example, other functional groups can be chosen from trifluoromethyl
propenoic acid (TFMPA), dimethylaminoethyl methacrylate (DMAEM), and vinyl
imidazole to achieve a pH range from 2.0 to 9.0. In comparison to other colori-
metric sensors, for example, pH dependent dye-based sensors can only be used
once, while holographic sensors have the capability of being used for multiple
non-consumptive analyses. As opposed to electrochemical sensing, holographic
sensors do not require external power to operate for visual readouts. Additionally,
since the laser light forms the image of a planar mirror, the resulting photonic
structure produces an unidirectional diffraction, allowing readouts up to a meter
away. Dyes and fluorescence risk losing distinct signal, and remote wireless
readings are not feasible.
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For sensing metal cations, a porphyrin derivative was synthesised to function as
the chelating agent in the hydrogel matrix. The Bragg diffraction gratings in the
polymer matrix were formed through photopolymerisation. As a proof-of-concept,
the new sensing platform was characterised through its reversible colorimetric
tuneability in response to variation in the concentrations of organic solvents in
water (i.e. 10 %, v/v, ethanol, methanol, propan-2-ol and DMSO) within the visible
region of the spectrum (A, & 520-680 nm) with a response time within 50 s. The
sensing mechanism allowed measuring Cu®* and Fe** cations from 50.0 mM to
1.0 M; however, pw/nm concentrations were not able to be detected with the sensor.
This can be attributed to the porphyrin derivative, which served as the crosslinker as
well as the chelating agent. Therefore, the concentration of porphyrin derivative
within the hydrogel matrix was limited by the maximum amount of crosslinker that
could be accommodated, which in turn reduced the elasticity of the matrix. In
contrast, the synthesis of pendant porphyrin compounds can enhance the sensitivity
of the holographic sensor. In addition to the porphyrin-based sensor, other chelating
agents such as 8-hydroxyquinoline [31-34] and 4-acryloylamidobenzo-18-crown-6
[35] can be incorporated in pAAm matrices for sensing metal cations.

Glucose sensors were fabricated through in situ size reduction of Ag’ NPs.
Glucose was measured from 0.1 to 10.0 mM with a minimum detection limit of
90 uM. However, the sensor response required ~1 h to saturate due to slow
binding kinetics of cis diols of 3-APB with glucose molecules. This was a limitation
as compared to electrochemical sensors, which could provide readouts under a
minute. A theoretical kinetic model was developed to correlate the speed (slope) of
Bragg peak shift with the concentration of glucose in the sample. The model
assumed that the sensor would reach a saturation point, and based on the slope, it
assigned a value for the concentration of glucose. The same model can be applied to
any hydrogel-based sensor in order to decrease the turnaround time, where the
receptor-analyte (or matrix effects) binding occurs at a slow rate. The range of
sensor response and the sensitivity of the hydrogel were modulated by varying the
concentration of the MBAAm and 3-APB in the hydrogel matrix, respectively. The
sensor response can also be accelerated by copolymerising n-hexylacrylate into an
acrylamide-bisacrylamide hydrogel to obtain a microporous hydrogel, which may
reach equilibrium under 3 min [36].

Clinical trials in the urine samples of diabetic patients have shown that the sensor
could respond to glucose at concentrations up to 375 mM within 5 min with a reset
time to the baseline in ~ 10 s. Measurements indicated that the holographic glucose
sensor had an improved R? value (0.79) as compared to commercial urine test strips
read by their associated readers (0.28), while showing comparable accuracy
(y = 1.2x) to the fully-automated analytical instruments. Interference due to pH,
lactate, fructose and osmolality were also investigated. Although the interference
due to lactate and fructose were less than 3 % in the urine samples, the sensor’s
specificity in measuring glucose in other biological fluids such as blood poses a
challenge since fructose may be present at higher concentrations. A number of
strategies have been developed to increase the specificity to glucose, and in
particularly reducing the interference from lactate. Phenyl boronic acid derivatives,
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such as 2-(acrylamido)phenylboronate (2-APB) [37], 2-acrylamido-5-fluor-
ophenylboronic acid (5-F-2-MAPBA) [38], 4-vinylphenylboronic acid (4-VPBA)
[39], and their combinations with other comonomers [40, 41] can be used to
improve specificity to glucose.

Like other hydrogel-based optical sensors, holographic sensors suffer from low
selectivity, which stands out as an issue for the development of products that can
compete with molecular dyes, electrochemical sensors and lateral-flow assays.
Therefore, the emphasis on the functionalisation and the optimisation of holo-
graphic recording media needs to be increased. This requires further investigations
in the design of new receptors that can selectively bind to target analytes. Under-
standing the fundamentals of binding kinetics and reversibility will allow
constructing assays with improved control for real-time continuous monitoring
applications. Studies on hydrogel dynamics and characteristics including expan-
sion, shrinkage, diffraction efficiency, control over NP size distribution, hydrogel-
analyte interactions, surface energy, release characteristics, reversibility, control of
hydrogel pore size, polymer decay, effect of porous and solid nanodopants, and
effect of temperature and moisture will be explored in the realisation of holographic
sensors. The quality and shelf life of the holographic sensor after long-term storage
also require investigations.

7.3 Multiplexing Holographic Sensors with Microfluidic
Devices

This thesis also described the initial steps towards using holographic sensors in the
flake form and their integration with strip substrates. Paper matrices and nitrocel-
lulose membranes were utilised as wicking substrates to produce test strips. Three
techniques were developed to reduce the background noise due to reflection from
the substrate: (i) Impregnating paper with Fe;O,, (ii) dyeing chromatography and
filter papers to black with Procion Black MX-K, and (iii) dyeing nitrocellulose
membranes with DEKA-L fabric dyes. The resulting strip membranes were used to
wick and deliver the sample to holographic pH sensor flakes to produce visual
colour changes. The test strips can be patterned by printing wax and be assembled
with lamination sheets to form multiplex paper-based microfluidic assays
(Fig. 7.1a—d). In constructing high-throughput devices, any colorimetric sensor can
be multiplexed; however, they require physical separation, multiple dyes and
fluorophores, which are (i) not directional, (ii) work in different wavelength ranges,
(iii) may have cross talk either chemically or optically. Hydrogel-based sensors in
the present work can be multiplexed such that these complications are avoided.
Furthermore, in sensing glucose, the pH of the urine was corrected to 7.40 using an
alkaline solution, which might not be feasible at point-of-care settings. Addition-
ally, the holographic sensors can be affected from the variation in ionic strength;
therefore, pH and ionic strength sensors may be multiplexed with other sensors
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using microfluidics, and the readouts may be corrected [5, 42]. Moving forward,
practical approaches require a lab-on-a-chip assay to achieve a commercial device
[43—47]. Figure 7.1e-h illustrates a range of holographic sensors that can be inte-
grated with paper-based microfluidic devices. Figure 7.1i shows a lab-on-a-chip
device that allows multiplexing holographic sensors.

7.4 Readouts with Smartphones and Wearable Devices

Medical smartphone app readers can enable the decentralisation of healthcare
through low-cost and highly portable point-of-care diagnostics. A generic smart-
phone algorithm was developed and tested for the quantification of colorimetric
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Fig. 7.2 A prototype of a holographic paper-based microfluidic device interpreted with a
smartphone application. a Capturing image from the assay, and b Displaying the results

assays [48]. The app allowed automated analysis of the colorimetric tests. It utilised
the nearest neighbour problem approach to estimate the pH, protein and glucose
concentrations in artificial urine solutions using commercial test strips. The app
used the phone’s camera to convert colorimetric data from the assay into numerical
concentration values on the phone’s screen. It performed this by comparing the
colorimetric data with a pre-recorded calibration by locating the position of the
colour point data in the model and assigning it a concentration value. The app was
tested with both an Android phone and an iPhone, showing comparable accuracy.
The results can be stored, sent to a healthcare professional, or directly analysed by
the phone for diagnosis. The app allows users to collect quantitative data and
submit the results to clinicians for immediate review. By quickly getting medical
data from the field to doctors or centralised laboratories can slow or limit the spread
of pandemics. Future work in this area should address automated compensation for
measurement variability (e.g. focus, angle, lighting conditions, shadow effects and
sensor type). Advanced algorithms should eventually produce actionable informa-
tion for the user while also ensuring patient safety [49]. Investigations of data
processing strategies and auto-compensation capabilities to mitigate errors due to
colorimetric interference will be valuable contributions to the field. Such devel-
opments may create solutions for reducing interference from the background colour
of the samples (e.g. blood). Quantitative data processing on mobile devices such as
smartphones, tablets, smartwatches, Google Glass should enhance the compatibility
and feasibility in developing integrated holographic diagnostic devices. Figure 7.2
illustrates the prototype of an app that allows reading paper-based holographic
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devices. Although significant time has been devoted to spectrophotometric read-
outs, the attribute of being equipment-free should not be overlooked. The use of
external readers is a barrier for the existing assays, yet this will be a greater
challenge in adopting holographic diagnostics. In addition to the app described in
this thesis, there are newer apps that might compensate for the lighting conditions
[50] and location identification of multiple colorimetric sensors [51]. Direct com-
petition of the app developed in this thesis is handheld readers. Commercial readers
such as RDS-1500 Pro (Detekt Biomedical, Austin, TX), Defender TSR™ R-5001
(Alexeter Technologies LLC, Wheeling, IL), LFDR101 (Forsite Diagnostics Ltd,
York, U.K.) and UNISCAN™ Immunoassay Rapid Test Reader (Unison Biotech,
Taiwan) can read colorimetric and fluorescent assays. Currently, LRE and Wiagen
readers lead the market in fidelity and sensitivity. These semi-quantitative lateral-
flow assay readers offer adequate sensitivity, but are high cost ($1-$2 k). All the
readout devices outlined are test-strip specific, in other words not standard reading
platforms. The smartphone application described in this thesis has the potential to
contribute to the development of universal and connected readout devices.

7.5 The Vision for Holographic Sensors

Sensing mechanisms for point-of-care tests are primarily based on gold colloids
with antibody/antigen interactions, molecular-dye-based sensors and electrochem-
istry [52]. These formats are ubiquitous and universally applicable for the use of
simple, qualitative and low-cost point-of-care applications, while also having
enough capability to be utilised in sensitive, quantitative and multiplex assays.
Therefore, academic efforts should focus on holographic sensing applications that
are not currently feasible with the existing sensing platforms and explore areas in
great need. These niche areas are reusable, implantable, wearable, wireless and
powerless devices, possibly targeting analytes at p/mM concentrations. The ulti-
mate challenge will be to justify the performance and the cost to attain a potential
“killer” application, which was achieved through urine dipstick of molecular-dye-
based sensing, pregnancy test of NP-based assays, and blood glucose monitoring of
electrochemical sensing. Other commercialisation routes may require the devel-
opers to embrace the holographic sensors as an enabling platform, which might be
an integral part of another sensing technology. The holographic sensors offer
unique attributes since they not only provide the interrogation and reporting
transducer, but they also have the analyte-responsive hydrogel, rendering them
label-free and reusable with remote sensing capability [53]. The single-pulse laser
patterning represents the first step towards producing multiplex hydrogel-based
holographic sensors that can display 3D images. The future of holographic sensing
is at the interface of photopolymerisation, printing, digital holography and inte-
gration with microfluidic devices, implantable chips and contact lenses. It is
envisioned that holographic sensors will find applications from in vitro diagnostics
to dynamic displays to security devices (Fig. 7.3).
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