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ABSTRACT

Chronic kidney disease (CKD) has become a medical problem that threatens public health across
the world. Nowadays, the increasing prevalence of other diseases like diabetes, heart disease, and
hypertension, along with factors like societal pressure, aging populations, and environmental
pollution are all contributing to the global incidence of CKD. What is worrying is that symptoms are
non-existent or minimal in the early stages of CKD until a significant amount of renal function loss.
Therefore, screening and monitoring CKD becomes a crucial work in medical care with the highest
priority at the initial stage. Human serum albumin (HSA) as an effective urinary biomarker is widely
used to detect and determine the levels of albuminuria in CKD because it is utilized to define and
measure the filtration capacity of the glomerulus in CKD owing to its concentration variation. At
present, traditional techniques like colorimetry-based assays and immunoassays have mature
standard operating procedures and extremely high popularity, but under the increasingly complex
detection scenarios and the diverse requirements of different populations, there is still a need to
develop other long-term and stable detection technologies. Fluorescence, as a rapidly emerging
technology in recent decades, has attracted widespread attention on biological and chemical sensing,
among which aggregation induced emission (AIE) based biosensors probably become a new
solution for HSA detection in medical applications due to the advantages of simple operation, rapid
response, high sensitivity, and cost efficiency. Certainly, despite researchers have reported
numerous successful instances of HSA detection using AIE biosensors, this type of technique is still
subject to many challenges, including external interference, restricted sensitivity, loss of FL signal,
inconvenience of detection, high reagent consumption, reusability, etc. Given the aforementioned
issues, it is great potential for AIE products to further modify their functionalities and achieve higher
standard requirements in future medical research through engineering designs. In this work, novel
AIE biosensors have been reported to achieve HSA detection and their corresponding applications
in human urine at which experimental results demonstrate satisfactory FL behaviours. Afterwards,
two different engineering designs, hydrogel platform and metasurface platform, are conducted to
realize better performances on the basis of AIE biosensors. Ultimately, the results illustrate that some
specific characterizations of HSA detection using AIE biosensors can be improved significantly via
engineering designs, which means engineering improvement is a feasible and promising

enhancement strategy of AIE biosensors for biomarker detection in the fields of fluorescence.
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INTRODUCTION

Research background

Kidney disease

Kidney disease is defined as the dysfunction of kidney due to the damage in some ways, resulting
in impaired filtration (Levey et al., 2005), and it is divided into two branches (Figure 1): acute kidney
injury (AKI) and chronic kidney disease (CKD). This is always a global public health problem across
the world over centuries and it is currently the seventh most common cause of death worldwide due
to its rising prevalence (Francis et al., 2024). The estimated global population with kidney disease is
850 million, the majority of whom reside in low-income and lower-middle-income countries (LICs and
LMICs), and a significant fraction of these people do not have access to kidney disease diagnosis,
prevention, or treatment (Jager et al., 2019; Stanifer et al., 2016). Furthermore, kidney disease
prevalence is expected to further rise due to demographic trends, the obesity epidemic, and the
effects of climate change. This will have a significant impact on quality of life, survival, and health
care costs globally. More crucially, the burden of kidney disease is largest among historically
marginalized people, who frequently lack access to the best treatments available for kidney disease
(Gonzalez-Bedat et al., 2020). This significantly adds to the socioeconomic gaps in health outcomes

that exist today.

As the top five non-communicable diseases (NCDs) causing premature mortality and disability, the
WHO has identified heart disease, stroke, cancer, diabetes, and chronic lung disease (Organization,
2022). However, kidney disease, no matter which CKD or AKI, from this list is missing. It should be
noted that CKD is more common in those with AKI and vice versa (Coca et al., 2012). In addition,
renal iliness frequently coexists with major NCDs and increases the risk of these conditions, including
diabetes, cancer, peripheral vascular disease, ischemic heart disease, and stroke (Bikbov et al.,
2020). Considering about the significant impaction of kidney disease, supported by three other
regional nephrology societies, the joint statement from the International Society of Nephrology,
European Renal Association, and American Society of Nephrology calls for kidney disease to be
included in the current WHO statement on major non-communicable disease drivers of premature

mortality (Francis et al., 2024).
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Figure 1 lllustration of kidney disease.

Chronic kidney disease

Generally, AKI will show more relatively obvious adverse symptoms due to its early pathogenesis,
whereas CKD will present with few or no symptoms in the early stages, but severe signs emerged
after losing the majority of kidney functionality (Kalantar-Zadeh et al., 2021). Due to the fact that
many regions of the world lack early kidney disease identification and screening programs, CKD has
a more significant impact on public health (Murphy et al., 2016). The number of patients requiring
costly kidney replacement treatment (KRT) and experiencing renal failure would inevitably rise if
CKD is mostly undiagnosed and treated as a result. According to statistics globally, an estimated
700 million people are thought to suffer from CKD (Jager et al., 2019). The mortality rate from CKD
has been increasing compared to that from respiratory, cardiovascular, and stroke diseases (El
Nahas & Bello, 2005). It is predicted that by 2040, CKD would rank as the world's fifth leading cause
of years of life lost (YLL, Figure 2) (Foreman et al., 2018). Moreover, the Global Burden of Disease
(GBD) research estimates that between 1990 and 2017, the prevalence of CKD rose by 33%



worldwide (Bikbov et al., 2020). Crucially, the majority of CKD patients—nearly one-third of them—
live outside of high-income countries (HICs), with China and India alone accounting for the majority
of the rise in CKD burden for prevalence and mortality simultaneously (Francis et al., 2024). The
worldwide risk of kidney disease is elevated by a plethora of additional social, environmental, and
economic factors beyond population dynamics. Besides, the most well-known factors influencing the
development of CKD, particularly in areas with developed economies, are population increase, aging,
and the rising prevalence of diabetes, heart disease, and hypertension (Jha et al., 2013). Hence,

screening and monitoring CKD becomes a very crucial work in medical care.
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Figure 2 Predicted years of life lost from CKD by 2040 (Francis et al., 2024).

Proteinuria and albuminuria

Proteinuria is defined as the total amount of urinary protein excretion (=150 mg/day) (Zhang & Huang,
2012). It is a typical symptom of CKD in pathophysiology where the mechanism is induced by
enlarged permeability of glomerular capillary wall and Impaired reabsorption in proximal tubule
epithelial cells, resulting in abnormal transglomerular passage of proteins (D'amico & Bazzi, 2003).
Generally, normal persons excrete small amounts of proteins into urine (30-130 mg/day), whereas
the existing large amounts of proteins in blood, such as albumin, globulins, mucoproteins, etc., leak
into urine from proteinuria patients (Figure 3A) (Viswanathan & Upadhyay, 2011). The progression
of kidney disease is highly positively correlated with the magnitude of proteinuria (Hemmelgarn et
al., 2010). However, selecting total urine protein as the monitoring and screening biomarker is still



the source of controversy for CKD. Urinary proteins include many irrelevant proteins regarding CKD,
which cannot be diagnosed accurately (Wu et al., 2012). Based on that, it is particularly crucial to

locate the content of a specific component related to CKD within the scope of proteinuria.

Albuminuria is a reflection of CKD traditionally (GUH, 2010) and it is an associated symptom of
proteinuria because the predominant urinary protein in kidney disease is HSA, which accounts for
approximately 20% of total proteins (Kim, 1988). Concretely, albuminuria, as shown in Figure 3B, is
defined as the total amount of urinary albumin excretion (=30 mg/day) and it is invariably linked with
clinical proteinuria (de Jong & Curhan, 2006). The percentage of urine albumin increased when urine
total protein increased. Generally, individuals with albuminuria will excrete HSA with different extent.
Therefore, HSA concentration is treated as the standard for evaluating the severity of albuminuria

and albuminuria is highly correlated with proteinuria further to indicate the progression of CKD.
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Figure 3 lllustration of (A) proteinuria and (B) albuminuria.



Research object

HSA as an important biomarker for CKD

Human serum albumin (HSA) is the most abundant protein in human blood plasma, accounting for
55-60% of the measured serum proteins (Nicholson et al., 2000). As the major soluble protein
component in human serum, it has many physiological functions. For example, HSA maintains 80%
of normal plasma colloidal osmotic activity. Besides, due to the existence of Gibbs-Donnan effect, it
provides an attractive force for the retention of positively charged solutes in blood vessels (Nicholson
et al., 2000; Prakash, 2017). Thanks to the existence of abundant reduced sulfhydryl groups, HSA
also has good free radical scavenging ability (Levitt & Levitt, 2016). In terms of the structure of HSA,
it is composed of three a-helical domains I, Il and Ill, with each one contains two subdomains A and
B (Fanali et al., 2012). Due to the different helical structures, the subdomains show different ligand
binding affinity, endowing HSA with good binding capability towards various endogenous and
exogenous ligands. As a result, HSA can bind with many substances including bilirubin, vitamin D,
thyroxin, etc., and adjust their biologic activity, distribution, and rate of clearance (Kragh-Hansen,
2013; Lee & Wu, 2015; Tong et al., 2017; Yang et al., 2014).

Since certain diseases may alter the distribution of albumin between the intravascular and
extravascular compartments (Nicholson et al., 2000), detecting HSA level in biological fluids is
clinically used for the diagnosis of many diseases, such as cancer, diabetes, liver disease,
inflammation, rheumatic disease, cardiovascular diseases, etc (Anraku et al., 2001; Rosenoer et al.,
2014; Yao et al., 2021; X. Zhang et al., 2020). For example, urinary albumin is deemed as an
important clinical indicator of CKD. For healthy people, very little albumin leaks through glomerulus
into the urine, with a urinary albumin level less than 20 mg/L. However, in end-stage kidney failure
(the last stage of CKD), a large amount of albumin will be spilled into the urine, resulting in a urinary
albumin concentration greater than 200 mg/L. Therefore, screening and monitoring HSA in

albuminuria accurately is critical to the diagnosis and treatment of CKD at the early stage.



Detection methodology

Fluorescence technology of HSA detection with aggregation induced emission
features

Fluorescence method as a novel technology for detecting HSA has several unique advantages that
is suitable in biological and chemical sensing. In the first place, the fluorescence emission is only
induced by excitation, which is specific to a particular biomarker. Generally, different FL probes can
be designed to adapt to biomarkers such as HSA to trigger its significant fluorescence. In the second
place, FL reaction allows images and signal to have contrast. This is the key point to make the
detection happen successfully. In the third place, the photostability of fluorescence signal can
maintain accurate HSA detection results under different scenarios. This indicates that phenomena
are reliable and reproducible in the same conditions. In the fourth place, the intensity of fluorescence
can be linked with the concentration of HSA analyte. In other words, the establishment of standard
curve provides an effective quantitative method to determine the concentration of HSA and to
describe the correlation between fluorescence and analyte concentration. In the final place, the
detection cost is inexpensive and the majority of expense is mainly focusing on FL bioprobes or
biosensors (Ligler, 2008). Based on such background, fluorescence based strategies have attracted
increasing attention from the biosensing field, due to the advantages of simple operation, rapid
response, high sensitivity, and cost efficiency (Kobayashi et al., 2010; Jing Liang et al., 2015; Ju Mei
et al., 2015). Among various fluorescent probes, the aggregation induced emission (AIE)-based
fluorescent probe demonstrated outstanding performances, such as application to a broad
concentration range, good photostability, low background noise, large Stokes shifts, etc (Xinggui Gu
et al.,, 2017; Hong et al., 2009, 2011; Hong et al., 2012; Kwok et al., 2015). Unlike other FL
phenomena, AIE phenomenon occurs through the restriction of intramolecular movement among FL
molecules because of the introduction of HSA. FL molecules experience the process of energy
absorption and release, thereby fluorescence is the end product during this process that can be
observed and measured. The simplicity of the triggering circumstances is a benefit of the AIE
biosensors. To be more specific, AIEgens exhibit non-emissive (normally no or little FL signal) in
solutions when they are individuals, but they will emit intense fluorescence once interacting upon
HSA as the aggregation state. Besides, biocompatibility and modifiability are characteristics of
AlEgens to meet HSA detection (Duo et al., 2023). AlEgens and albumin can be connected
successfully through electrostatic interaction, hydrogen bonding, non-covalent bonding, hydrophobic
interaction, etc., while the activity of HSA is unchanged after reactions (Ding et al., 2013). Hence,

fluorescence with AIE features has the ability to achieve HSA detection effectively.

Current situation of HSA detection using AIE FL biosensors

Most of AIE biosensors are derived from the typical framework tetraphenylethylene (TPE) and its
derivatives (Wirthner, 2020). For HSA detection, numerous researchers have chemically modified

and changed on the basis of this structure to form a stable binding between HSA and AIE biosensors.



At present, biosensors with AIE features (Hong et al.,, 2009) become one of the most effective
fluorescent methods for albumin detection due to its high sensitivity, rapid response, specific
selectivity, operational simplicity, cost-efficiency and real-time & in-vitro sensing (Gao et al., 2019;
Hong et al., 2010; Klymchenko, 2017; Liang et al., 2021). Numerous research focuses on the novel
synthesis of AIE biosensors and the regular evaluation of their performance on fluorescent kinetics,
thermodynamics, proteomics, imaging optics, etc (Ding et al., 2013; LU et al., 2019; Wang et al.,
2024). Depending on the purposes and designs of the experiment, there are certain differences in
the test target and environment. HSA detection using AIE biosensors can be divided into the
following categories (Figure 4). It is obvious that the majority of HSA detection is conducted in the
deionized water because biospecimens of HSA are all agueous solutions and there are no other
interfering substances in the water. The data from water can intuitively reflect the detection
performance of AIE biosensors under ideal conditions. Generally, the best FL response is obtained
from pure water environments. As for buffers, the typical buffer systems are phosphate buffer,
bicarbonate buffer, tris buffer and citrate buffer (Xie et al., 2019). They are another option to support
HSA detection where the pH will not change dramatically on the introduction of external reagents or
the function of dilution. More importantly, it can avoid the variation of the performance of AIE
biosensors caused by pH change. Among these systems, PBS buffer system is the most popular
choice of HSA detection for maintaining a neutral environment. Artificial urine contains the main
chemical components of urine as simulated biological samples to further evaluate accuracy and
limitation of AIE biosensors. The chemical ingredients added to artificial urine are constant
meanwhile actual urine samples include too many unknown information (Sarigul et al., 2019).
Therefore, the impact of the AIE biosensors’ sensitivity towards primary urinary interferences is more
easily identified in artificial urine. On the contrary, HSA detection becomes particularly complicated
in biological samples. In serum samples, HSA content keeps an extremely high level of 35-50 g/L
(Fanali et al., 2012), which masks the effects of other blood substances on AIE biosensors. Plasma
detection of albumin focuses on detection stability, repeatability and biocompatibility rather than its
sufficient sensitivity. In urine, due to its complex matrices and the very low HSA content in healthy
individuals, the detection sensitivity of AIE biosensors becomes a crucial factor for achieving
successful detection. Under such background, to evaluate the performance of AIE biosensors,
researchers use not only HSA, but also BSA (75.8% endogenous structure of HSA) as a substitute
for HSA considering about testing costs. A series of spiking testing is completed to establish a
standard procedure, then are validated further in spiked/original samples. Based on current reported
research on HSA detection using AIE biosensors, the number of studied cases decreases as the

complexity of the solution matrix increases.
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Figure 4 Differential HSA detections using AIE biosensors.



Gap and challenge

Considering the current status of HSA detection, there are still following gaps and challenges using
AIE biosensors in this process. Firstly, protocols in most of research are designed under ideal
solutions, and a few cases are extended on biological samples. One reason of this is that, with a
comparatively straightforward experimental setup, fluorescence performance can be more readily
verified. However, the complexity of biological samples itself places more requirements on the
detection capabilities of AIE biosensors. Secondly, it is challenging to identify traces of albumin in
urine samples, and urinary interferences will somewhat affect the AIE biosensors' sensitivity for HSA
detection. It is a fact that most AIE fluorescent biosensors do not have significant ability to detect
trace albumin in urine (Miller et al., 2009). Thirdly, the delivery system is not efficient enough because
the reaction relies on traditional fluorescence titration (Mei et al., 2017). Fluorescence testing has a
short window period, but manual preparation takes time. Additional techniques are needed to shorten
the liquid delivery time. Fourthly, there is a delay in the test, which might lead to inconsistent findings.
This delay results from the necessity to monitor the analyte delivery system and the fluorescence
sensing& imaging using distinct equipment. In most FL setup, these terminals are not integrated
together. Although FL signal remains stable during short-term detection, it is unavoidable to totally
eliminate non-uniform background noise from transferring, artifacts, or other time-dependent
phenomena like autofluorescence or fluorescence quenching in practical scenarios (Gao & Tang,
2017), which further leads to variations in trace HSA detection outcomes. Fifthly, the detection
platform is one-time use and cannot be reused. This not only increases the cost of the test, but in
some cases the samples need to be recalibrated before testing. Sixthly, large sample volume and
long-term testing necessitate a high number of reagents of AIE biosensors, which substantially raises
running costs. In many kinetic experiments, it is necessary to add an excess of fluorescent reagents
to ensure that the protein is completely reacted. Seventhly, the majority of studies don't go beyond
front-end research, which is limited to evaluating and testing biosensor itself. There is a gap of
specific engineering design to extend and develop it onto the deeper applications. Eighthly,
measurements can only be performed under laboratory equipment. This study aims to explore in situ
detection as one of its development. Ninthly, biocompatibility and environmental friendliness are also
important considerations for biological sample testing. Most current research still relies on a large
number of disposable plastic or metal containers, which is bound to impose a burden on the
environment. Tenthly, light signal can be improved by reducing light loss during measurement.
Typically, most of optical instruments collect light signals from fixed light sources in a stable and
controllable manner through preset optical paths and enclosed compartments. In that case, it is
acceptable to lose some optical signal since the ratio of the output optical signal to the total optical
signal can be set within a rational range. Nevertheless, light loss is difficult to be compensated

because the default detection program has already excluded it.



Research route

Based on the above-mentioned research outline, the research routine has been illustrated in Figure
5. Chronic kidney disease has been modelled as the basis for this research, and albuminuria is its
typical symptom where albumin is the most important biomarker to reflect the level of CKD. HSA
detection is carried out using FL biosensors with AIE features. Through a systematic understanding
of AIE biosensors, gaps and challenges during the detection process are defined in three categories:
convenience, performance, and sustainability. Herein, two engineering designs, hydrogel platform

and metasurface platform are introduced based on AIE biosensors to solve or optimize these issues.

Chronic kidney disease
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Figure 5 Research route for HSA detection using AIE FL biosensors incorporating with two engineering
designs: hydrogel platform and metasurface platform.
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In this work, the purpose of using engineering design can be summarized as follows:

e Engineering design provides the pathways of problem-solving and optimization by
addressing current gaps and challenges of AIE biosensors in HSA detection.

e Engineering design offers competitive advantages for AIE products.

e Engineering design itself is an innovative process and it will further promote the development

of AIE biosensors in more mature medical applications.

For two different engineering directions, combined with the subsequent literature review, the
improvements that might be achieved by the hydrogel platform and the metasurface platform are
summarized, as shown in Figure 6. Instead of relying solely on AIE biosensors, the research goal
of engineering design 1 is to establish a portable hydrogel platform that is capable of being
completely compatible with AIE biosensors. In addition to having superior aqueous phase distribution
capabilities, the hydrogel network offers improved biocompatibility and environmental friendliness.
This fully satisfied the design concept of the study. In terms of engineering design 2, customizable
nanostructures have the ability to guide and amplify optical signals, and well-designed patterns
provide efficient transmission of optical signal while minimizing light loss. Additionally, the
consumption of chemical reagents can be greatly reduced by incorporating the microfluidic system
into this platform. Importantly, metasurface platform is reusable through simple flushing, which
dramatically saves running costs. Naturally, real-time setup is supplied for both normal and biological

samples under these two platforms in order to ensure the consistent FL results.
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LITERATURE REVIEW

Kidney and associated disease

Kidney functionality for filtration

Kidneys are very important bean-shaped organs in human body, which are located below the rib
cage on the side of spine separately. The kidneys' primary function is to filter waste from blood and
restore purified blood to the body. As indicated in Figure 7, The renal arteries allow approximately
one liter of blood to pass into the kidneys every minute (Finco, 1997). The blood returns to the body
through the renal veins after being cleansed. Kidney, as a powerful filter system, includes one million
nephrons where tiny filters are assembled onto a tubule, which are called glomerulus (Pollak et al.,
2014). Filtration of fluid and waste products occurs as blood flows through the nephron. When the
waste products are concentrated in any excess fluid, such as urine, a large portion of the fluid is
subsequently returned to the blood (Kassirer, 1971). After that, the bladder receives the urine
through a tube known as the ureter. The urethra is the tube that the bladder uses to excrete urine
from the body. Generally the kidneys produce one to two liters of urine every day (Borghi et al.,
1998). It is worth noting that glomerulus plays a vital role in filtration. Once kidney disorders affect
their normal physiological functions, substances in blood may leak into the urine depending on

damage extent.
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Figure 7 Schematic of kidney functionality for filtration.
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Chronic kidney disease

Chronic kidney disease (CKD) is a typical instance of renal filtration imbalance. It refers to
progressive kidney damage, resulting in disfunction and structural change due to various factors.
Specifically, the standard definition of CKD is a decline in kidney function, an estimated glomerular
filtration rate of less than 60 mL/min per 1-73 m?2, or indicators of kidney damage, such as
albuminuria, haematuria, or abnormalities that have persisted for at least three months (Kalantar-
Zadeh et al., 2021). It is estimated that 10% of individuals suffer from CKD globally, which accounts
for 1.2 million fatalities every year (Y. Xie et al., 2018). With one of the biggest potential rises of all
main causes of death, CKD is predicted to rank as the fifth most common cause of death globally by
2040 (Foreman et al., 2018). In developed countries, obesity, diabetes, hypertension, cardiovascular
disease, etc. are typically linked to CKD in developed countries (Levey & Coresh, 2012).
Significantly, the variation of glomerular filtration capacity is the most critical factor leading to CKD
(Turin et al., 2013).

In order to determine the extent of renal damage, an estimated glomerular filtration rate (eGFR) and
urinary albumin to creatinine ratio (UACR) are established to predict and diagnose CKD in
pathophysiology. As shown in Figure 8, CKD has been classified into 5 stages from mild to severe
symptoms: G1 is >90 mL/min per 1-73 m?, G2 is 60-89 mL/min per 1-73 m2, G3 is 30-59 mL/min per
1.73 m2, G4 is 15-29 mL/min per 1-73 m2 and G5 is <15 mL/min per 1-73 m2. In the meanwhile,
UACR reflects into 3 phases: Al is 0-29 mg/g (Normoalbuminuria), A2 is 30-299 mg/g
(Microalbuminuria) and A3 is >300 mg/g (Macroalbuminuria). Obviously, the thresholds of CKD are
<60 mL/min per 1-73 m2 and > 30 mg/g in these two categories, indicating the early stage of CKD

diagnosis.
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Figure 8 Prognosis of chronic kidney disease by GFR and albuminuria (Levey & Coresh, 2012). Different
colour represents risk levels.

Human serum albumin as the CKD indicator

Based on above mentioned background, HSA, as one of the most effective indicators, is utilized to
define and measure the filtration capacity of the glomerulus in CKD owing to its concentration
variation. The relationship of HSA and GFR has been quantified in Table 1. In this case, the threshold
range of urinary HSA concentration is >20 mg/L in albuminuria. The simulations of HSA content in

this research can intuitively reflect onto pathophysiological significance of CKD.

First Morning Void

24 hours
urine: Urinary
Albumin
Excretion,
mg/24 hours

Urinary Albumin Urinary Albumin Creatinine Ratio

Concentration,

mg/L
Sex mg/mmol mag/g
Male <2.5 <20
Normoalbuminuria <30 <20
Female <3.5 <30
Male 2.5-25 20-200
Microalbuminuria 30-300 20-200
Female 3.5-35 30-300
Male >25 >200
Macroalbuminuria >300 >200
Female >35 >300

Table 1 Cutoff value indicating Normoalbuminuria, Microalbuminuria and Macroalbuminuria (Lambers
Heerspink et al., 2008).
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Urine and urinary biomarkers

This part has already been published on “Materials Chemistry Frontiers, 2022, 6(15), 2011-2033”
under the title “Inorganic—organic hybrid materials to detect urinary biomarkers: recent
progress and future prospects”. Qi Hu is the primary author, while Dan Ding is the co-author and
Youhong Tang is the correspondent author (doi.org/10.1039/D2QM00213B).

Urine and urinalysis

Biomarkers are changes in biological organisms that may be observed throughout physiological
dynamic processes. Such variations are measurable, and their levels are linked to the disease, either
directly or indirectly. Urine as the gathering places of various biomarkers is a very appealing bio-
specimen for biomonitoring because it can be collected in relatively large volumes and on a regular
basis using non-invasive procedures. They reflect an individual's metabolic and pathophysiologic
status, which changes in the body, at a certain time point (Harpole et al., 2016), and urine is
considered to be the most simple, efficient and cost-effective resources for identifying disease
biomarkers in vitro (Decramer et al., 2008; Zhao et al., 2017). Therefore, identifying different
biomarkers to pathophysiology of diseases in urine has long been a fundamental element of medical
study. At present, the majority of urinary biomarker discoveries and research has focused on tracking
variations in the morphology, contents, and properties of excretions in the urine caused by specific
diseases (Pisitkun et al., 2006).

Specifically, the kidney produces urine, which permits the human body to remove waste items from
the bloodstream. In addition to maintaining whole-body homoeostasis, the kidney where
approximately 900 liters of plasma pass through it every 24 hours, with 150-180 liters being filtered
generates hormones such as renin and erythropoietin. In fact, more than 99 percent of this primitive
pee, on the other hand, is reabsorbed, and the remainder passes via the ureter and into the bladder.
Ultimately, urine carries information from not just the kidney and urinary system, but also from other
organs via plasma collected by glomerular filtration (Decramer et al., 2008). This is also why clinical
diagnosis relies heavily on human urine. Besides that, urine has various properties that make it a
favored choice for biomarker discovery when compared to other bodily fluids. For starters, non-
invasive techniques can be used to acquire big amounts of pee, which allows for disease monitoring
by sampling the same person multiple times. Next, urinary peptides and proteins with a smaller
molecular mass are usually soluble (Marimuthu et al., 2011). More importantly, the urinary proteome
did not change considerably when urine was held at 4 °C for a long period (Schaub et al., 2004).
Conversely, the downsides of urine are quite clear certainly. It can be challenging to determine
proteins and other constituents in urine since it is such a complex matrix. The following are some of
the variables that make it challenging for researchers to analyze urine. To begin with, the urine matrix
is complex, including a wide range of inorganic and organic components from low-molar mass

molecules to polymers, and organisms in urine such as blood cells or bacteria can quickly change
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the makeup of urine. Moreover, it's worth noting that the amount of contents in a patient's urine might
vary significantly based on their diet, exercise, and the time of day they urinated (Aitekenov et al.,
2021). As a result, the development of increasingly efficient and sensitive urine detection

technologies is an unavoidable tendency.

Urinalysis is extremely useful in the clinical diagnosis, detection, and treatment of disorders such as
urinary tract infections, renal disease, and diabetes. The amount (content, concentration, or color)
of biological test's components in the urine might intuitively represent the body's health condition,
and more meaningfully, abnormal urinalysis findings are closely correlated to various diseases (Gao,
2019). Typically, the comprehensive urinalysis usually include examining urine samples physically,
chemically, and optically (Mahoney et al., 2019). Visual analysis of urine colour, odour, volume,
quality and specific gravity is performed as part of the physical examination to determine whether
urine is in normal condition. Chemical examinations are used to identify samples for pH value,
chemical compositions, proteins and cells, etc (Strasinger & Di Lorenzo, 2014). Besides that, optical
checking not only includes determination of urine components, also particle morphology and
structure in urine samples (Cheng et al., 2020; Huang et al., 2019). To summarize the preceding,
bilirubin, blood, glucose, ketones, leukocytes, nitrite, protein, creatinine, urobilinogen, RNA, pH and
other biomarkers are included in this list (Rose et al., 2015; Simerville et al., 2005; Strasinger & Di
Lorenzo, 2014), while dipsticks and point-of-care devices are the most common technologies for
detecting urine in clinical settings (Simerville et al., 2005; Strasinger & Di Lorenzo, 2014). Based on
these typical biomarkers and related pathologic causes (Fung et al., 2009; Lepowsky et al., 2017;
Narayanan & Appleton, 1980; Papale et al., 2010; Patel, 2006; Salazar, 2014; Tsai et al., 2005; Wan

et al., 2004), this part will introduce main biomarkers existing in urine (Figure 9).

I Chronic kidney disease Renal disorders

Protein disorders

I Biliary obstruction

Urinary stones or gout
Hepatitis

Hyperuricuria

dysfunction, Cardiac

1 Renal disorders
disease, and other disorders

Diabetes, Liver and Kidney
Muscle disorders

Diabetes mellitus
Fanconi syndrome

Urinary Tract Infections, Diabetes
mellitus and other disorders

Nitrite, Ketones, RNA, Toxic I

Figure 9 Major research components of urine and related diseases.

Urinary biomarkers
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Urine is the end product of kidney filtration and contains numerous substances that reflect the
biological information in bio-specimens. These substances can be utilized as typical biomarkers
associated with different diseases to monitor and diagnose pathophysiological conditions. In addition

to HSA, there are many major biomarkers in urine simultaneously as mentioned below.

Bilirubin

Bilirubin (BR) is a yellow-colored pathogenic pigment containing tetra pyrrole units that is produced
as a by-product of the natural disintegration of aged red blood cells (Rahman et al., 2008) and the
conjugated and unconjugated forms of BR circulate in the blood. Unconjugated BR interacts with
albumin to generate water soluble BR, whereas conjugated BR forms compounds with glucoronic
acid to form water soluble BR (Fevery, 2008). There is also a little amount of free BR, which is a
significant signal of bilirubin toxicity, and hepatic or biliary tract dysfunction can be triggered by high
free bilirubin levels. This unconjugated BR has a broad scope of toxicity, especially to neural cells,
which is mitigated by its capacity to bind to albumin (Taurino et al., 2013). If left untreated, an
increased BR level can lead to jaundice and liver damage where bilirubin enables to be detected in
the environment of urine because of leaking. Clinically the BR test works by binding bilirubin to
diazonium salts on a test pad in a highly acidic environment, resulting in colored compounds in tan
or magenta colors. The urine dipstick test for conjugated bilirubin has a sensitivity of 0.5-1.0 mg/dL
(Mundt & Shanahan, 2020).

Creatinine

Creatinine is a component of human blood and urine that is produced as a byproduct of creatine
phosphate metabolism in muscles, and its levels in biological fluids are becoming a more relevant
clinical indicator of renal failure, thyroid dysfunction, and muscle injury (Uchino, 2010). Human blood
creatinine levels exceeding 140 uM are indicators for renal failure, whereas values below 40 yM are
a signal for muscular iliness (Lad et al., 2008), therefore measuring creatinine levels in bodily fluids
can aid in the diagnosis and treatment of renal and muscle illnesses. The detection of creatinine is
mainly based on the reaction with picric acid known as the Jaffe reaction where the change of color
can dynamically display the level of creatinine in urine and tests based on the Jaffe reaction

demonstrate a limit of 0.3 ppm (Falcé et al., 2001).

Glucose

Glucose is the main sugar in the blood that carries glucose to all cells in human’s body for energy,
and accurate measurement of glucose in body fluids such as urine, blood and interstitial fluid is a
very common and necessary physiological indicator in clinical practice (Kubihal et al., 2021) since it
is critical for the diagnosis and treatment of glucose-related disorders especially diabetes. More
specifically, the presence of glucose in the urine is known as glucosuria under normal human
settings, and the usual range is 0 mg/dL to 15 mg/dL. If the level is higher than the usual range, the

blood glucose level is elevated, and blood glucose levels should be between 165 and 180 mg/dL.
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Generally, the term "hypoglycemia" refers to blood glucose levels that are below 40 mg/dL,
meanwhile "hyperglycemia" is defined as a blood glucose level of 270 mg/dL to 360 mg/dL (Robinson
& Dhanlaksmi, 2017). Consequently, abnormal glucose levels in the urine or blood are indicative of
diabetes, liver or kidney-related diseases. Glucose oxidase is required for the chemical reaction
based on glucose-specific reagent strips because it oxidizes glucose to create gluconic acid and
hydrogen peroxide, then peroxidase aids hydrogen peroxide's interaction with the chromogen,
resulting in the color response seen on the test strip. Typically, the sensitivity of urine detection for

glucose can be as low as 75-125 mg/dL (Pape et al., 2020).

Urea

Urea is a metabolite of nitrogenous compounds whose content has long been used to measure
kidney and liver function by evaluating human excretory or blood samples (Dhawan et al., 2009). In
the human body, urea production is the primary means of removing waste nitrogen created by protein
and amino acid metabolism, and the urea cycle is used to carry out this function in the liver where
urea is then taken from the bloodstream and discharged by the kidneys into the urine (Liu et al.,
2012). The quantification of urea in urine and blood has important clinical implications. Specifically,
the usual range of urea in human blood is 2.6 to 6.5 mM, but with substantial variance in human
urine (daily excretion of 342 £ 67 mM in urine), it can be 50-fold more concentrated (Shaykhutdinov
et al., 2009), thereby abnormal levels of urea as a biomarker are often indicators of renal disorders.
The Berthelot reaction as specific response of urea, in which released ammonia combines with
phenol and hypochlorite ions to generate a blue color, is dominant in the usage of urease in the

estimation of urea clinically and the detection limit is as low as 5x10™* M (Francis et al., 2002).

Uric acid

The ultimate product of purine metabolism in the organism is uric acid and the majority of tests detect
for uric acid in the blood. However, the kidneys excrete 60-70% of uric acid therefore uric acid
appears in human urine (Bobulescu & Moe, 2012; Devi & Pundir, 2014). It is an essential biomarker
found in human fluids, whose levels in the blood are typically 0.13—0.46 mM (2.18-7.7 mg/dL) in
serum and 1.49-4.46 mM (25-74 mg/dL) in urine excretion (Pundir, 2015; Raj & Ohsaka, 2003).
Because elevated amounts of uric acid in urine increase the risk of disorders including leukocytosis,
severe hepatitis, gout, cardiovascular and renal disease, a quick and accurate measurement of uric
acid is critical for detecting hyperuricemia (Fathallah-Shaykh & Cramer, 2014). Clinical laboratories
use the enzyme uricase reaction sequence as a routine method for uric acid determination, with
reported cases showing a detection limit of 0.58 mM (Hamzah et al., 2013).

lons
The major sources of different cations and anions in urine are various inorganic salts (such as
chlorides, nitrates, and sulphates) generated by the body's metabolism. Sodium, potassium,

magnesium, calcium, iron, chloride, nitrate and other dissolved ions are all common ions
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(Ghaderinezhad et al., 2020) and these soluble ions are generally present at steady-state levels, but
their presence can be aberrant in the context of impaired kidney and liver function, as well as other
disorders like diabetes. Abnormal amounts of Na* ions in urine environment, for example, have been
linked to renal illness (Bricker et al., 1957), and the enrichment of heavy metal ions such as mercury
detected in urine can also suggest impaired health status. lon chromatography with ion-selective
electrodes are suitable clinical methods for measuring cations and anions in urine (Chapp et al.,
2018).

Nitrite

Nitrates are derived from dietary metabolites, and nitrate to nitrite conversion is caused by the
majority of bacteria colonizing the urinary tract (Christensen et al., 2007). Nitrite is created when
bacteria convert nitrate in urine to nitrite, which is not normally detected in urine (Barratt, 2007).
Certain groups of bacteria, especially gram-negative bacilli (e.g., E. coli) and some gram-positive
bacteria are capable of this transformation to produce nitrite (Simerville et al., 2005). As a result, the
amount of nitrite in urine is proportional to the number of bacteria in the urinary tract, and the
proliferation of urinary tract pathogens typically results in urinary tract infections. The Griess reaction
as the clinical method, in which nitrite combines in an acid medium with an aromatic amine (para-
arsanilic acid or sulphanilamide) to make a diazonium salt, which then reacts with
tetrahydrobenzoquinoline to produce a pink azo dye, is used to detect nitrite, and this test detects

nitrite at concentrations as low as 0.1 uyg/mL to give a positive result (Mambatta et al., 2015).

Ketones

Ketones mainly refers to 3-beta-hydroxybutyric acid (3HB), acetoacetate, and acetone, which are
created in the mitochondria of liver cells by incomplete fatty acid metabolism and are utilised as an
energy source when glucose is insufficient for body cells (Laffel, 1999; Umpierrez et al., 2002). The
body normally uses glucose (sugar) as an energy source, however when cells don't absorb enough
glucose, the body is forced to burn fat for energy, producing ketones in the process, which may be
detected in your blood and urine. Ketone accumulation in the urine that are too high might suggest
diabetic ketoacidosis (DKA) (Wallace & Matthews, 2004). When a ketone (most often acetoacetate,
AcAc) is detected in the urine, it combines with sodium nitroprusside and glycine, resulting in a
chemical reaction that detects ketones. The reaction produced a color change from dark pink to
purple with positive results and ketone detection sensitivity can be as low as 5-10 mg/dL (Pape et
al., 2020).

RNA

Ribonucleic acid (RNA) is a single-stranded molecule consisting of ribose and phosphate groups
that carries genetic and regulatory information to reflect the state of cells (Truong et al., 2013). The
utilization of extracellular RNA molecules is an effective means for early cancer diagnosis and

tumour progression monitoring in body fluids such as serum and urine (Xi et al., 2017). In the current
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study, miRNAs are good candidates as clinical biomarkers for exploring non-invasive early-stage
disease due to homogeneity across individuals, restricted tissue distribution and their good stability
in body fluids (Liang et al., 2007; Weber et al., 2010).

Toxic substances

Many components in the body come from external intake, and urine can reflect their physiological
and biochemical parameters, with toxic substances attracting the most attention. Take toluene as an
example, it is one of the common toxic substances, and urinary hippuric acid (HA), the final and
major metabolite of toluene, is considered a biological indicator of toluene exposure (Zhao et al.,
2011). This is due to the fact that roughly 80% of inhaled toluene is excreted in the urine as HA
whose concentration in urine is proportional to the level of toluene exposure (Park et al., 2007).
Therefore, the determination of the concentration of HA in biological fluids can better reflect the real

toluene exposure and poisoning in humans.

Exosomes

Exosomes are extracellular nanoscale vesicles with a shape of sphere that range in size from 30 to
100 nm (Thongboonkerd, 2020). After endocytic vesicles fuse with the plasma membrane to create
the multivesicular body (MVB), it is exocytosed and released from the cell into the extracellular space
(Thongboonkerd & Kanlaya, 2022). Exosomes play a vital role in cell-cell communication through
carrying various biomolecules such as proteins, nucleic acids, lipids and metabolites (Lee et al.,
2021). It is worth noting that exosome exist in many biofluids (blood, saliva, urine, etc.) and research
indicates the content of exosomes is highly linked to kidney diseases (Grange & Bussolati, 2022).
When the kidney is functioning normally, the urine exosome serves as a carrier for bioactive
molecules that efficiently transfer functional substances from the upstream renal tubular cells to the
downstream tubular cells, which in turn affect the activities or functions of the effector cells
(Thongboonkerd, 2020). The increase in urinary exosomes in CKD patients is negatively correlated
with estimated glomerular filtration rate, and therefore can be used as a biomarker for early prediction

of changes in renal function (Lange et al., 2019).
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Human serum albumin

The Importance of HSA

Human serum albumin (HSA), a highly homologous primary structure, is the most abundant protein
in human blood (accounting for 60% of the total plasma protein), which is synthesized only in the
liver, with an average of about 12-25 g per day, accounting for 50% of the liver protein synthesis
(Peters Jr, 1995). Serum albumin concentration is about 35-50 g/L (Fanali et al., 2012), and urine
albumin concentration is usually less than 30 mg/L and the serum half-life is about 20 days (Miller et
al., 2009). Excessive HSA in urine can lead to microalbuminuria, which is an early marker of
cardiovascular disease (de Zeeuw et al., 2006) and kidney disease in diabetes mellitus and
hypertension (Lin et al., 2016). However, low levels of HSA in the blood plasma, known as
hypoproteinemia, may be a sign of liver cirrhosis, failure, and chronic hepatitis (Wen et al., 2022).
HSA also has extremely important medical value and is commonly used clinically in the symptomatic
treatment of hemorrhage, shock, burns, polycythemia and hypoalbuminemia (Mishra & Heath, 2021).
Because of its low cost, BSA is widely used as an alternative to HSA in many biochemical and
pharmacological applications. But actually, BSA has only 75.8% of the biological functions of HSA,
hence it cannot replace HSA in many applications (Bujacz, 2012). Misuse of the two proteins will
lead to fatal injury to patients. Therefore, accurate detection of HSA is of clinical importance in the

aspects of high-specific selectivity and low limit of detection (LOD).

HSA structure and its ligand-binding sites

HSA is a single-chain protein that conforms a heart shape, which contains 585 amino acid residues
with a molecular weight of 66.438 kDa (Ashraf et al., 2023). The mature secondary structure of HSA
shows that it consists of a series of a-helix (67%), turns (10%) and random coils (23%) without -
sheets (Sahoo et al., 2024). A substructure domain is produced by every three a helices, while a
structure domain is formed by two subdomains A and B. As shown in Figure 10, the entire structure
of HSA includes following three homologous a -helical domains, | (residues 1-195), Il (196-383) and
Il (384-585) (He & Carter, 1992). Six structural subdomains (1A, 1B, IIA, 1IB, llIA, and 1IIB) are
distributed throughout the three globular domains that make up the whole HSA. Owing to its
conformational adaptability, HSA has the ability to attach to a wide range of endogenous and
exogenous substances, including fatty acids, metal ions, medicines, metabolites, etc (Sahoo et al.,
2024). Three major strong ligand-binding sites are characterized and identified in analyte delivery.
Binding site 1 (Sudlow site 1) is located in subdomain A where site mainly exhibits apolar
interactions meanwhile possesses a few clusters of polar residues (Mishra & Heath, 2021). Tyr150,
His242 and Ard222 are one set of polar residues, which are presented at the bottom of Sudlow site
1 (Ghuman et al., 2005). Another set is situated near the entrance of binding pocket including Lys195,
Lys199, Arg218 and Arg222 (Ghuman et al.,, 2005). Specifically, warfarin, phenylbutazone,
amantadine, azapropazone, azidothymidine, indomethacin, iodipamide, oxyphenbutazone, 2'indole

sulfate, and 3'diflunisal are all accepted at Sudlow site 1 (Mishra & Heath, 2021). As for Binding site
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2 (Sudlow site 2) in subdomain IlIA, it shows hydrophobicity with distinct electrostatic interactions
and polar residues exist near the opening of binding pocket on one side. Moreover, three residues
Arg410, Serd89 and Lys414 are highly involved in ligand interactions (Ghuman et al., 2005). This
site 2 is particularly bound by a number of pharmacological molecules such as digitoxin, ibuprofen,
benzodiazepine, halothane, propofol, and non-steroid anti-inflammatory medicines (Ghuman et al.,
2005). In terms of binding site 3 in subdomain IB, high binding affinity for endogenous ligands and
heterocyclic compounds is provided by four crucial residues Tyr138, Tyrl61, Argl4l and Lys190
(Ascenzi et al., 2015). It has been demonstrated that Binding site 3 is capable of binding drugs such
as lidocaine, bilirubin, warfarin, myristic acid, naproxen, indomethacin, and heme iophenoxic acid
(Zsila, 2013).

1 112 195 196 303 383 384 500 585
| | ] | Il J | J
| | | | | I |
IA IB A lIB A 1B

—e Binding site 3

Binding site 2 Binding site 1

Figure 10 The tertiary structure and domains of HSA.
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HSA detection methods

The best way to detect biomarkers would be using a straightforward, low-cost test that takes a non-
invasive sample to be acquired. Primarily, the optimal biomarker needs to possess sensitivity and
the ability to forecast a clinically significant outcome such as the advancement of end-stage renal
disease (ESRD) or mortality (Nimse et al., 2016). Considering the economic cost and actual
requirements of HSA detection among a large group of patients, the majority of HSA detection needs
a qualitative/semi-quantitative testing rather than an accurate quantitative testing because the
threshold of albuminuria localizes at a high concentration of HSA and the sensitivity of HSA detection
are sufficient to diagnose the main pathological progress of CKD. Under such background, these
effective methods must possess obvious features of reliable repeatability, significant phenomenon,
simple operation, steady results and intuitive identification. Therefore, color and immune reactions
as the typical biochemical response have the priority in this situation. With the expansion of medical
applications, the detection of HSA at ultra-low concentrations, complex matrices or protein clearance
has prompted continuous optimization of current detection methods or the emergence of new

methods.

Traditional methods of HSA detection
Colorimetric and immunoassay as the common methods for HSA detection are very successful and
mature analytical strategies with various forms. The schematic of them is illustrated as Figure 11

shows and typical examples are mentioned below.

Colorimetry Immunoassay

Colour perception Antigen-antibody interaction

[ S—

Detectable label

Detection antibody

After \

Before
Target analyte

Figure 11 Schematic of colorimetry and immunoassay.

Colorimetric determination
Colorimetry is a type of photometry that is defined as colour matching and colour difference in the
numerical descriptions of different samples by observation (Ohta & Robertson, 2006). Visual

changes make it easy to distinguish variations in analytes on tracking chemical and physical reaction
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before and after. The end products from the reaction of specific reagents and HSA change the light
absorption directly based on the Beer-Lambert’s Law (VS et al., 2017). With the fast development of
imaging and sensing, the colour value can be read out directly from the results of HSA detection

using intelligent instruments conveniently (Xu et al., 2022).
Reagent test strip

Reagent test strip is the most straightforward testing method of HSA in normal scenarios. It creates
a semiquantitative detection on colour reaction through HSA and pH indicators. This phenomenon
displays different colours in the presence/absence of HSA because HSA can serve as a hydrogen
ion acceptor (ESTERASE et al.). Generally, the intensity of colour is positive correlated with the
amount of HSA. The procedure is that when strip is dipped into samples, strip shows colour on read
area within 60 seconds (Hohenberger & Kimling, 2008). After that, the provided colour map can be
employed to match with our samples. Notably, test strip only produces approximate readings, which
can help you distinguish the normal/abnormal concentration within a wide range. In terms of trace
HSA, paper-based strip is not sensitive enough to identify it but provide a convenient operation to
get HSA information.

Bromocresol green and bromocresol purple

The staining agent of bromocresol green (BCG) and bromocresol purple (BCP) are commonly used
for determining HSA to form the chromophore. Although a few research found that the reaction
between BCG and HSA are affected by globulins (Keay & Doxey, 1984; Ueno et al., 2016), they are
still popular due to its simplicity, rapid response, obvious phenomenon and cost-efficiency. In most
cases, the colour signal has a positive proportion to the amount of HSA. When BCG interact with
HSA in acidic environment (pH = 4), the complex of BCG-HSA is formed, transforming from the
colour of yellow into green (Duly et al., 2003). HSA concentration can be calculated indirectly through
the readout of optical density (OD) or absorbance. Similarly, the purple-coloured BCP-HSA complex

is formed at red emissions (Hinton et al., 1990).
Developed colorimetric biosensors

Gupta et al. have developed novel citric acid (CA) functionalized PtNi hollow nanospheres (CA@PtNi
hNS) to achieve HSA colorimetric detection (Gupta et al., 2020). The enrichment of Pt on biosensor’'s
surface, large surface area and heterogeneous interaction between Pt and Ni atoms massively
improve peroxidase-like activities. CA@PtNi hNS shows a dynamic linear range of 0 to 400 ng mL™*
with limit of detection (LOD) 0.19 ng mLand colour change of product from blue to yellow. It also
exhibits 120% sensitivity compared to ELISA and high recovery results of HSA (around 110%) in
human plasma samples. The above-mentioned results prove a good potential for the applications in
HSA detection. Besides, Huang et al. have synthesized gold nanoparticles (Au NP) for HSA
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colorimetric detection (Huang et al., 2015). When cross-linker melamine is introduced to induce the
aggregation of nanoparticles, the citrate-capped AU NP produces a red to blue colour shift. Notably,
HSA exhibits the function of anti-aggregation effect as colour change outputs. Melamine-induced
aggregation does not occur in the presence of Au NP since tight junctions between adjacent gold
particles are hindered by adsorption of HSA or cross-linking between Au NPs and melamine is
inhibited by HSA fixation. The results illustrate a dynamic range from 0 to 500 nM with LOD of 1.4
nM and a good selectivity of HSA over amino acids, peptides, ions, and proteins. Moreover, good
recovery rates of 96% to 103% are validated for HSA gquantitative detection in artificial urine.
Certainly, there are still many excellent colorimetric biosensors to achieve HSA detection which are

not listed here.
Advantages and disadvantages of colorimetry in HSA detection

Colorimetry belongs to a quantitative and qualitative detection to measure coloured substances by
using light wavelength as a function of colour. The outstanding performance focuses on its
inexpensiveness, simple operation and fast response (Kangas et al., 2017). With the development
and advancement of current technology, the sensitivity of colorimetric methods has been further
improved (B. Liu et al., 2020). However, the measured reading of colorimetry has a strong time
correlation (Shrestha & Shrestha, 2023). Colour difference and fading occur, thereby causing
inaccurate reading. The limited throughput and short test windows are still big challenges so far
(Shrestha & Shrestha, 2023). Moreover, some techniques involve certain degree of processing or
modification on HSA structure, which may cause the colour response to disappear meanwhile

colourless compounds cannot be analysed in colorimetry (Ohta & Robertson, 2006).

Immunoassay determination

In clinical and research scenarios, immunoassay is a commonly employed method for quantifying
and qualifying macromolecules especially different proteins derived from organisms (Slagle & Ghosn,
1996). The underlying principle of immunoassay is the interaction between an antibody and an
antigen, which occurs in vertebrates, including humans, as part of their adaptive immune system
(Kapingidza et al., 2020). The complex conjugates of antibody-antigen are formed with very high
selectivity where the analytes act as antigens in the meanwhile reagents act as antibodies. At
present, immunoassay has been developed in numerous fields of pharmacokinetics, disease

diagnosis, biomarker detection, optical sensing, etc (Findlay et al., 2000).
Immunonephelometry

The size, shape, and concentration of the scattering particles are ascertained by nephelometry,
which define as the measurement of scattered light. The nephelometry-assisted immunoassays use
the antigen-antibody complexes as the scatterers (Whicher et al., 1982). In the immunonephelometry

approach of HSA detection, an antigen-antibody response is produced when HSA in the bio-
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specimen comes into contact with an HSA antibody where an optometric analysis of the reaction's
rise in light scatter yields HSA concentrations (Stamp, 1988). However, it is much more sensitive to
noise from dust and occasional large aggregates of irrelevant antigen-antibody complex, which

reduces the signal-to-noise ratio during the measurement (Ackerman & Rosevear, 1979) .
Immunoturbidimetry

The sample scatters and absorbs light in different proportions as it moves through the reaction
solution, allowing the remaining portion of light to pass through the sample. By measuring the
sample's light absorbance, the amount of protein antigen present in it may be ascertained (Teppo,
1982). The turbidity of samples increases due to blocking light from antigen-antibody complex. For
example, HSA that has been coupled to latex particles competes with HSA in the urine sample for a
monoclonal antibody that aggregates the latex particles in the immunoturbidimetry approach. As a
result, the quantity of aggregation that occurs is inversely related to the amount of albumin present
in the urine sample. Urinary albumin concentration is calculated from the aggregation quantity using

optometric measurement (Shaikh et al., 2008).
Radioimmunoassay

Antibody-antigen binding and radioactive antigen are used in radioimmunoassay procedures. The
competitive binding process, which occurs when analyte binds to fixed antibody or receptor binding
sites in opposition to radio-labeled antigen, is the fundamental idea behind receptor-antigen
competition. Antigen-antibody complex radioactivity is reduced when the unlabeled antigen binds to
a fixed and limited quantity of antibody, displacing the radiolabeled antigen (Yalow, 1980). HSA in
the bio-samples displaces isotopically tagged human albumin that has an antibody attached to it in
the radioimmunoassay procedure. As a result, the quantity of tagged albumin that stays attached to
the antibody is inversely proportional to the total amount of albumin present in the specimen. There
are many methods for separating the albumin designated as "free" and "bound" in order to quantify
radioactivity. HSA concentration is obtained by comparing radioactive counts to a standard curve or

calibration (Brodows et al., 1986).
Developed immunoassay biosensors

In the past few decades, immunoassay achieved extraordinary development for improving its
sensitivity, reducing analysis window time, simplifying operation procedure and automating design
(Aitekenov et al., 2021). For instance, Zangheri et al. have synthesized the chemiluminescent (CL)-
lateral flow immunoassay (LFIA) with integrated amorphous silicon (a-Si:H) photosensors array for
guantitative HSA detection in urine samples. An indirect competitive immunoassay is designed
where anti-HSA antibodies are competed for by HSA in urine and HSA immobilized on nitrocellulose

membrane. Through the addition of the CL luminol/enhancer/hydrogen peroxide cocktail, detection
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is carried out with secondary antibodies labeled with horseradish peroxidase (HRP). The results
show a dynamic range up to 850 mg Lt with LOD 2.5 mg Lt in urine, which proves that the integration
of the a-Si: H photosensors array and CL-LFIA technique is feasible applications for in-field and
point-of-care bioanalyses (Zangheri et al., 2016). Del Valle and his team demonstrated a sandwich-
type ultramicroELISA assay for HSA detection in urine (Del Valle et al., 2020). To guarantee the
assay's specificity, solid phase is comprised of strips coated with a high affinity monoclonal antibody
that is directed against albumin. It shows a wide dynamic range of 1.44x107 to 0.2 mg L with LOD
1.44 x 10° mg L. Depending on HSA concentrations examined, the intra- and inter-assay
coefficients of variation were 3.98—4.35% and 7.59-8.92%, respectively. The recovery percentage
varied from 98.50% to 94.26%. This test will enable low-income countries to get an affordable
diagnostic kit for microalbuminuria in public health system. Based on the above and many reported

examples, immunoassay is a very stable and effective HSA detection method.
Advantages and disadvantages of immunoassay in HSA detection

The immunoassay provides inherent specificity and high sensitivity for the analysis of a board range
of HSA due to strong and stable immunobinding (Comper et al., 2004), which enable a wide range
of applications in real scenarios. It is generally safe and environmentally friendly owing to the
unnecessary use of radioactive substances and massive organic solvents, but the reagents and
samples are protein-based, which demands refrigerated transport and storage (Sakamoto et al.,
2018). Furthermore, preparation of antibodies, especially high-purity antibodies, is really expensive
(Sakamoto et al., 2018). the specific ligand binding may be located on a group of compounds
(aminoglycosides, pesticides, etc.) instead of an individual big biomolecule, resulting in false positive
or negative readings (Darwish, 2006). Non-specific absorption/binding may occurs between
antibody-antibody or antibody-matrix components (Darwish, 2006), which needs to be excluded
during measurement. Besides, immunoassay requires costly equipment and long measurement time
(Nie et al., 2020).

New possibilities of HSA detection

Fluorescence methods

Fluorescence, as a spectrochemical method, utilizes a specific light beam to excite analyte and then
emit light with a longer wavelength. The produced emission light reflects the sample’s information,
which can be measured and identified by imparting light color and intensity changes. A variety of
developed FL probes are capable of binding with HSA to form the complex of HSA-FL probes through
chemical bond, physical interactions, optical effects, etc (Wang et al.,, 2024). Generally, the
significant results are designed to two completely opposite phenomena: FL enhancement and FL
qguenching. Regardless of whether it is forward or reverse input, the difference in the output light

signal can be quantified to determine the albumin content in the sample.
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FL sensor examples for HSA detection

In recent years, researchers have synthesized a variety of FL sensors for the detection of HSA. In
2017, Chen et al. have developed a poly(thymine) (poly T)-templated copper nanoparticles (CuNPSs)
for quantitative detection of HSA (Chen et al., 2017). FL response will be quenched in the presence
of HSA because HSA will absorb cupric ion to prevent the formation of CuNPs. The results indicate
a strong linear relationship with LOD 8.2 X 10°® mol L and successfully apply it into 1% human serum
to get 87%-101% recovery rates of HSA in biological system. Additionally, Ksenofontov and his team
synthesized a water-soluble FL probe BODIPY (BP1) (sodium salt of 4,4-difluoro-1,3,7,8-
tetramethyl-2,6-disulfo-4-bora-3a,4a-diaza-s-indacene) to measure HSA and BSA (Ksenofontov et
al., 2022). BP1 forms stable supramolecular complex with HSA and BSA by specific interactions,
resulting in strong FL quenching of BP1 due to fluorescence resonance energy transfer (FRET). The
results showed that LOD of HSA and BSA were 0.05 and 0.26 mg L and HSA detection in human
urine demonstrated 90-96% accuracy that also proved a potential for early detection of
microalbuminuria and concomitant diseases. Moreover, Liao et al. have reported a synthetic hybrid
H1 of green fluorescent protein (GFP) chromophore and peptide for HSA detection through FL
enhancement (Liao et al., 2016). FL response was produced by the combination of H1 and
subdomain IIA cavity of HSA via non-covalent binding. Significant results illustrated good selectivity
to HSA and a good linear relationship between 0 to 67 ug mL* with LOD as low as 198.6 ng L.

Importantly, a satisfactory recovery rates of 98.1-101.5% was obtained from health urine samples.

Fluorescence with aggregation induced emission

What is aggregation induced emission

The phenomenon known as "aggregation-induced emission" (AIE) occurs where molecules exhibit
intense fluorescence in an aggregation state but exhibit weak luminescence or no luminescence

when they are dispersed (Hong et al., 2011).

The restriction of intra-molecular rotation (RIR) is the primary mechanistic concept that is currently
being put forth to explain the AIE phenomena (Hong et al., 2009). Molecular rotors, such as rotatable
aromatic rings, are found in a large number of AIE compounds. Excited state energy is consumed
by the aromatic rotors of completely dissolved AIE molecules, causing the energy to decay quickly
without being released. Intermolecular interactions cause the rotors' spinning to be limited when AIE
molecules collect, which leads to the molecules' disintegration through the radiation channel (Zhao
et al., 2020). In several molecular systems, the AIE has been explained by the RIR model. AIE
features should also be present in polyphenylene rings with benzene rings strung together directly
through single bonds without the need for olefin linkers, if the RIR process is the deciding element
in evaluating whether a luminophore is AIE active (Chen et al., 2019). Nonetheless, it has been

noticed that several systems display the AIE phenomena without a rotor as the family of AIE

29



molecules keeps expanding (Hong et al., 2011). For these systems, other characteristics or variables
must be taken into account because the postulated RIR mechanism is insufficient to explain the AIE
impact. In addition to rotational twist as a mechanism for dissipating excited state energy, in-
plane/out-of-plane cluster oscillatory motion can also nonradiometrically decay excited state energy,
according to an examination of theoretical calculations and experimental results. The restriction of
these rotational and/or vibrational movements causing emission turn-on is arguably the most
significant conclusion drawn from the data (zZhao et al., 2015). It is discovered that restriction of
intramolecular vibrations (RIV) as well as restriction of intramolecular rotation (RIR) can both cause
aggregation-induced emission(Hong et al., 2009). It may be seen that restricting excited state energy
can increase emission more than limiting it, and that intramolecular rotation can be more effective in
consuming excited state energy (Ju Mei et al., 2015). Therefore, AIE molecules can release excited
state energy non-radiatively through two pathways of limitation: intramolecular rotation and vibration.
This mechanism is collectively referred to as the restriction of intramolecular motion (RIM, Figure
12).
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Figure 12 Mechanism of aggregation induced emission (Zhang et al., 2023).

The advantages of AIE
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Firstly, High hydrophobicity is the typical properties of AIEgens in their emission centres, which leads
to aggregation formation in physiological settings or agueous media (Wang & Tang, 2019). These
molecules are non-emissive in aqueous media, but their emission remarkably boost upon
aggregation formation when interacting with reactive substrates. Secondly, AIEgens can constrain
intramolecular movements by self-aggregation or accumulation infon a matrix, which will further
cause FL emission upon photoexcitation (Liu et al., 2011). This accumulation will show a more
significant effect, especially when participating in the reaction of biological macromolecules, because
the large steric hindrance of macromolecules creates a natural spatially restricted environment.
Thirdly, AIEgens exhibit high sensitivity, fast response, easy operation and ‘on-off’ switchability in FL
signalling systems due to efficient radiative transition and photosensitization in the aggregate state
(De Silva et al., 1997; Feng & Liu, 2018). Above-mentioned features enable AlEgens to be developed

as highly efficient FL ‘turn-on’ biosensors.
AIE biosensor examples for HSA detection

It is a fact that AlE-based techniques have the good potential to develop into a new detection
methods for HSA in medical scenarios. In 2010, Tang and coworkers first reported an AIE probe, a
tetraphenylethylene (TPE) derivative BSPOTPE for quantitative detection of HSA (Hong et al., 2010).
This probe is non-fluorescent in PBS buffer but becomes emissive in the presence of HSA. The
established fluorescent method exhibited a broad linear dynamic range (LDR) of 0-6.76 mg/L, a
detection limit (LOD) as low as 0.0676 mg/L, and an excellent selectivity to HSA. Additionally, the
sensing process was also demonstrated in artificial urine, showing great potential in real-life
application. After this work, many AIE probes have been developed for HSA detection and
guantification (Gao et al., 2020; Halder et al., 2019; J. Li et al., 2017; Wangyang Li et al., 2015; Zijie
Luo et al., 2020; Yang Yu et al., 2016). Recently, Tu et al. reported another TPE derivative, TPE-
4TA, for specific and quantitative detection of HSA (Tu et al., 2019). In this work, tetrazolate, which
has a strong binding affinity toward HSA, was used as the targeting moiety. The HSA sensing
performance was first evaluated in PBS buffer, showing a LOD down to 14.2 ug/L and a good LDR
of 0.02-2500 mg/L. The feasibility of this probe for urinary albumin detection was further validated in
clinical urine samples. All these results indicated that TPE-4TA is superior in HSA detection than
other AlE-active HSA probes.

Current issues of AIE biosensors

Although AIE FL biosensors are generally stable in aqueous media, Strokes’ shift is different among
various AIE probes. Small Strokes’ shift is not conducive to differential detection because of large
areas of overlap (Hong et al., 2009). Synthesizing AIE FL biosensor with large Strokes’ shift is always
one of the challenges and directions for biomarker detection. Furthermore, aggregation-caused
guenching (ACQ) may occur which produces the opposite phenomenon where reactants are

extremely high or interact with some substances to form a planar structure occasionally in solvent
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system and it favours the occurrence of T7—1t stacking in aggregation (Ma et al., 2016). Most reported
AlEgens have a short absorption wavelength, which is frequently seen as a drawback. This is mostly
due to their twisted molecule architectures, which can considerably lower the penetration depth in
biomedical research, particularly for in vivo applications, but may not have an impact on their
performance in electronics (Wu & Liu, 2021).
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Engineering design

What is engineering design

Engineering design is a dynamic and systematic process that uses engineering knowledge,
accumulated experience and rational creativity to solve the practical problems (Eggert, 2005). This
process is divided into four steps. Firstly, engineering design requires well-defined problems and
challenges that are fully or partially achievable within design constraints such as available resources,
limited funds, limited time, safety issues, etc. Secondly, scientific and technical information should
be investigated to generate several feasible solutions. This requires researchers to have sufficient
knowledge accumulation or learn from the experience of others. It should be noted that the proposed
solutions are only hypothesis for the problems and does not mean that they can be fully realized.
After that, testing is a compulsory step by constructing models or prototypes to ensure whether the
products meet the criteria (Hubka, 2015). The content items of the design have different priorities.
The design can focus on realizing one or several functions while weakening some capabilities, but
the premise is that the changes do not exceed the constraints. Finally, end product should be

finalized and put into use.

The applications of engineering design for HSA detection
Hydrogel
What is hydrogel

Hydrogels, as 3D hydrophobic polymeric networks, are fabricated by water soluble polymer
crosslinking, which possess the capability of retaining or absorbing a large amount of water (at least
20%) or biofluids in its network structure (Majcher & Hoare, 2019). The crosslinks of hydrogel are
divided into two branches: chemical covalent bonds and physical non-covalent bonds (Deligkaris et
al., 2010). Point crosslinks, or interactions between individual polymer chains over a certain length,
do not result in junction zones. Hydrophilic and hydrophobic blocks are connected to produce a
polymer amphiphile, which is one way that hydrophobic contact results in physical crosslinking (Xiao
& Yang, 2006). In addition, polymers have the ability to connect through charge interaction or
hydrogen bond formation, which creates a physical crosslink between them. Charge interaction can
happen between two oppositely charged polymers or between a polymer and a tiny molecule. Bonds
that aren't covalent, like hydrogen, are far weaker than those that are (Hennink & van Nostrum, 2012).
In terms of chemical bonds, Covalent contacts offer superior mechanical stability since they are far
stronger than non-covalent ones. Using enzymes, high intensity radiation, chemical reactions
between complimentary groups, and radical polymerization are some techniques for creating

chemical crosslinks (Hennink & van Nostrum, 2012).

The advantages of hydrogel
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Hydrogel (Figure 13) is very popular for applying into the biomedical fields including sensing
(Maruyama et al., 2008), fluid control (Richter et al., 2003), drug delivery (Hu et al., 2009), artificial
materials (Bassil et al., 2008), biomarker detection (Ji et al., 2019), etc. The reason is that hydrogels
exhibit very good characteristics such as biocompatibility, adjustable geometry, non-toxicity, non-
biodegradability, flexibility, temperature sensitivity and low-cost (Revete et al., 2022; Tavakoli & Tang,
2017). These behaviors fulfill the biofunctionalized requirements to fully develop engineering
applications of AIE FL biosensors. Hydrogels provide the platforms with porous structures and large
internal surface for accommodating bioreceptors and achieving interactions of biological
components. Designing strategies are mainly focusing on steady immobilization, bonding capacity,

swelling kinetics, diffusion and environmental friendliness (Tavakoli et al., 2021).
The examples of AIE FL biosensors for HSA detection using hydrogels

Through looking up Google scholar, PubMed, ResearchGate, Web of science, etc., the key words
such as “aggregation induced emission, hydrogels, HSA detection and fluorescence biosensors” are
input and there is no work regarding AIE FL biosensors using hydrogels for HSA detection. After
excluding the characteristics of AIE, several cases of FL hydrogels for HSA detection are found as
reference attached. Liu et al. have synthesized an amphiphilic organic FL probe BCPB loading into
hydrogels to achieve HSA detection as portable kits. The introduction of HSA triggers disassembly
of BCPB aggregates then form conjugates of HSA and BCPB, resulting in FL ratio change and color
shift. The results show a good linear dynamic range from 0 to 200 ymol L™ and LOD 2.1 ymol L™.
The intensity of green and red channels (G/R value) fluctuated little, which proves the excellent
stability of this hydrogel kit (Liu et al., 2024). Shikha et al. have reported FL encoded hydrogel
microbeads to achieve protein detection including HSA. Upconversion nanoparticles are modified
with carboxy! groups to impart functionality for conjugation of probe antibodies against target proteins.
A wide range of 100 to 100000 ng mL* and LOD 7 ug mL™ illustrates improved detection efficiency
compared to ELISA (Shikha et al., 2018). To sum up, these instances demonstrate the good potential
of applying hydrogel platform onto current AIE-based FL materials, thereby further improving the

performance of HSA detection.

Film Soft Amorphous Stiff Peelable

Figure 13 Different prototypes of hydrogel models.
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Metasurface platform

What is metasurface

Metasurface is two-dimensional versions of metamaterials that consist of periodic subwavelength
metallic/dielectric structures. Unprecedented properties are exhibited by Its nanostructure coupled
to the electric (E) and magnetic (M) fields of the incident EM waves (Ali et al., 2022). The customized
unit cells (Figure 14), which is called meta-atoms, are designed under the full control to manipulate
surface wave. The patterns of unit cells can guide, disperse and concentrate waves along designated
directions (J. Hu et al., 2021). On the other hand, the geometry and periodicity of unit cells control
the refractive index to adjust and change the optical performance (J. Hu et al., 2021). In general,
metasurface is designed through four steps to develop feasible products (S. Zhang et al., 2020).
Firstly, meta-atoms with subwavelength structures should be arranged carefully because the optical
response, such as amplitude, polarization and phase, can be tuned by the selected materials, size,
shape, etc. Secondly, the phase map should be decided based on fixed parameters. Adjusting
diameters, periodicity and height of nanostructural arrays change the signal transmission value.
Thirdly, phase profile can be created on the basis of phase map, which can describe the simulated
phase of desired metasurface by a function of spatial position. Finally, the focal profile determines
the full width of half maximum of the focused spot size, thus constructing the 3D model of

metasurface.
The advantages of metasurface

In the past few decades, research on metasurface has attracted great attention on various
applications in different fields. Notably, biosensing and bioimaging of biomarkers in metasurface
platform provides a solution for high effective, high sensitivity, inexpensive and robust detection (S.
Zhang et al., 2020). Firstly, the thickness of metasurface is in the nano-level that is roughly equal to
the thickness on the order of wavelength (Li et al., 2018). By selecting the suitable nanostructures,
the wave front can be arbitrarily regulated, in the meanwhile the components of nanostructures
enable to adjust to meet the spectral and polarization response (Hsu et al., 2022). Secondly, all-
dielectric metasurface based on silicon-on-insulator can fully use the advantages of Si optical
properties including excellent refractive index, great optical transmission, low resonance loss, anti-
interference, biocompatibility and low cost (lwanaga et al., 2023b). Thirdly, light confined mode is
achieved by beam shaping in both transmission and reflection (Briére et al., 2019). Furthermore,
biofunctionalization is feasible to immobilize biomarkers onto the outermost of metasurface (Barulin
et al., 2024; Yesilkoy et al., 2019). These features promote the applications of biomarkers detection

and show the promising capabilities to enhance optical signal in real scenarios.

The examples of AIE FL biosensor for HSA detection using metasurface platform
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Through looking up Google scholar, PubMed, ResearchGate, Web of science, etc., the key words
such as “aggregation induced emission, metasurface, all-dielectric metasurface, HSA detection and
fluorescence biosensors” are input and there is no current study regarding AIE FL biosensors using
metasurface platform for HSA detection. After excluding the characteristics of AIE and fluorescence,
several cases of metasurface for HSA detection are found as reference attached. Kuznetsova and
his team have studied a metal-dielectric metasurface as microwave sensors for validating HSA
detection. Resonance frequency shift of the wave reflection coefficient of the metal-dielectric
metasurface allows researchers to calculate variations in HSA concentration in enzymatic reaction
mixtures and water solutions. It shows a dynamic range from 0 to 100 mg/mL and detection
sensitivity is 0.075 MHz/(mg/mL). Many industries, such as environmental monitoring, food and
beverage production, and biomedical research and diagnostics, could benefit greatly from the use
of this suggested metal-dielectric metasurface-based structure for protein concentration
determination in various samples, including enzymatic protein hydrolysis reaction mixtures
(Kuznetsova et al., 2024). Kuznetsova et al. also reported a multiwell plate metasurface to achieve
HSA detection in the range of 0 to 100 mg/mL. The ability to customise the size of the metasurface
to interact with electromagnetic waves at particular frequencies was demonstrated. Solutions in a

range of frequency ranges may be tested thanks to the conventional multiwell plates' availability in

different sizes (Kuznetsova et al., 2023).

Figure 14 lllustration of metasurface with customized meta-atoms (Barulin et al., 2024).
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AIE BIOSENSOR FOR HSA DETECTION

This chapter has already been published on “Chemistry—An Asian Journal, 2021, 16(10), 1245-1252
" under the title “Detection of Urinary Albumin Using a Novel “Turn-on” Fluorescent Probe with
Aggregation-Induced Emission Characteristics”. Qi Hu and Bicheng Yao are the primary authors,
while Tze Cin Owyong, Sharon Prashanth, Changyu Wang, Xinyi Zhang and Wallace W. H. Wong
are co-authors, and Youhong Tang and Yuning Hong are the correspondent authors
(doi.org/10.1002/asia.202100180).

In this chapter, a novel fluorescent dye TC426 has been developed, which can be synthesized
through a simple two-step synthetic route. This probe is non-fluorescent when molecularly dissolved
in aqueous solution but shows strong emission upon aggregation or in a viscous medium,
characteristic of typical AIE active molecules. Due to the unique chemical structure and
photophysical property, TC426 can be applied in the detection of HSA, showing comparable results
as previously reported HSA probes. To apply probe TC426 to albumin detection in real urine
scenarios, the influence of pH and interfering substances present in urine are evaluated and the
results demonstrated excellent stability and good selectivity towards HSA. Significantly, satisfactory
recovery rates in spiked real human urine samples were obtained by using TC426 as the fluorescent

probe. This indicates that AIE probe TC426 has great potential in practical urinary albumin analysis.
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Introduction section

Human serum albumin (HSA) as the most abundant plasma proteins (55-60%) (Nicholson et al.,
2000) is a significant biomarker for clinical diagnosis particularly on renal disease and proteinuria
(Hu et al., 2022). It also plays vital roles in many aspects of physiological functions including
maintenance of normal plasma colloidal osmotic activity (Fanali et al., 2012), the specific attractive
force for the retention of positively charged solutes in blood vessels (Prakash, 2017), good
scavenging ability towards free radical (Levitt & Levitt, 2016), etc. Therefore, HSA detection is of
great importance in clinical sensing according to its biological effects and medical benefits.
Additionally, a-helical domains of HSA structure where primary binding sites | and Il located at
subdomains IIA and IlIA prefer to react with larger heterocyclic compounds, dicarboxylic acid and
small molecules allow numerous endogenous and exogenous substances to bind with HSA via
varying ligand binding affinity (Kragh-Hansen, 2016; Lee & Wu, 2015; Tong et al., 2017). Current
methods for identifying albumin take advantage of its characterized affinity, and immunoassay and
colorimetry are very common measurements (Xu et al., 2022). Generally, immunoassay (Limit of
detection, LOD: 2-10 mg/L) is undesirable for real-time HSA detection due to time-consuming,
complicated processes and expensive costs, in the meantime low detection sensitivity and a small
detection window in colorimetry (LOD: 150 mg/L) also make accurate detection difficult (Comper &
Osicka, 2005; Gaitonde et al., 2017; Martin, 2011).

Fluorescence based strategies have attracted increasing attention from the biosensing field, due to
the advantages of simple operation, rapid response, high sensitivity, and cost efficiency. Among
various fluorescent probes, the aggregation induced emission (AIE)-based ones demonstrated
outstanding performances, such as application to a broad concentration range, good photostability,
low background noise, large Stokes shifts, etc.(X. Gu et al., 2017; Hong et al., 2009, 2011; Hong et
al., 2012; Kobayashi et al., 2010; Kwok et al., 2015; J. Liang et al., 2015; J. Mei et al., 2015) As such,
AlE-based techniques may be a good substitution for current test methods for HSA. In 2010, Tang
and coworkers first reported an AIE probe, BSPOTPE for quantitative detection of HSA.(Hong et al.,
2010) This probe is non-fluorescent in PBS buffer, but becomes emissive in the presence of HSA.
The established fluorescent method exhibited a broad linear dynamic range (LDR) of 0-100 nM, a
detection limit (LOD) as low as 1 nM, and an excellent selectivity to HSA. Additionally, the sensing
process was also demonstrated in artificial urine, showing great potential in real-life application. After
this work, many AIE probes have been developed for HSA detection and quantification.(Gao et al.,
2020; Halder et al., 2019; J. Li et al., 2017; W. Li et al., 2015; Z. Luo et al., 2020; Y. Yu et al., 2016)
Recently, Tu et al. reported a novel AIE probe TPE-4TA for specific and quantitative detection of
HSA.(Tu et al., 2019) In this work, tetrazolate, which has a strong binding affinity toward HSA, was
used as the targeting moiety. The HSA sensing performance was first evaluated in PBS buffer,
showing a LOD down to 0.21 nM and a good LDR of 0.02-2500 mg/L. The feasibility of this probe

for urinary albumin detection was further validated in clinical urine samples. All these results
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indicated that TPE-4TA is superior in HSA detection than other AIE-active HSA probes. However,
the synthesis of TPE-4TA requires harsh conditions, thereby the difficulty in synthesis may limit its
further application.

Herein, a novel fluorescent probe TC426 with aggregation-induced emission (AIE) characteristics is
reported as a sensitive and specific probe for HSA. This probe is non-emissive in aqueous solution,
meanwhile it shows bright fluorescence upon interacting with HSA, which makes it applicable in
detecting HSA with a high signal to noise ratio. Besides, the fluorescence of TC426 exhibits a high
linear correlation with the concentration of albumin in the range of microalbumin (20-200 mg/L),
which has a significant importance for the early diagnosis of glomerulus related diseases. Compared
with previously reported HSA probes TPE-4TA and BSPOTPE, TC426 shows comparable anti-
interference ability towards creatinine and other major components in urine. Moreover, probe TC426
can be excited at the visible light range, which can avoid the use of UV light for excitation like the
previous dyes. Finally, with the established assay, TC426 shows excellent performance in detecting

HSA in real human urine, indicating its great potential in practical urinalysis.
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Experimental section

Materials and instruments

1,3-Propanesultone, inorganic salts (NaCl, KCI, MgCl,, CaCl,, NH4CIl, Na,CO3z, NaHCO3, Na,SOsq,
and Na;HPO,), proteins (HSA, BSA, pepsin, ubiquitin, papain, and trypsin), RNA, GSH, PBS tablets,
glycerol, uric acid, creatinine, glucose, and chromatographically pure solvents (DMSO, toluene,
chloroform, etc.) were all purchased from Sigma-Aldrich. Hydrochloric acid and sodium hydroxide
were obtained from Chem-supply. Urea was obtained from Chem-supply. 4-
(Diethylamino)salicylaldehyde was obtained from AK Scientific. 1,3-Indanedione was obtained from
Alfa Aesar. Probes BSPOTPE and TPE-4TA were synthesized according to previously publications
(Hong et al., 2010; Tu et al., 2019). *H (400 MHz) & **C NMR (100 MHz) spectra were acquired on
Agilent MR400 or Agilent DD2 instrument. The chemical shift data for each signal are given as 6.
High-resolution mass spectra were acquired using a Thermo Scientific Q Exactive Plus Orbitrap LC-
MS/MS instrument. Absorbance and fluorescence spectra were obtained on a Cary 300 UV-Vis
spectrometer and Cary Eclipse fluorimeter (Agilent Technologies Inc., USA), respectively. Particle
size distributions were measured in triplicate on Zetasizer Nano ZEN3600 (Malvern Instruments Ltd,
Malvern, WR14 1XZ, United Kingdom). pH values were adjusted using HANNA HI208 pH meter.
Data were plotted using Origin 2018 (OriginLab Corp., USA).

Synthetic procedures

Biosensors TPE-4TA (S. Xie et al., 2018) and BSPOTPE (Tong et al.,, 2007) were synthesized
according to previous publications and supplied by AlEgen Biotech Co., Ltd, China. The synthetic

route to TC426 was shown in Scheme 1 and detailed synthesis procedures were shown as following.

Synthesis of  2-(4-(diethylamino)-2-hydroxybenzylidene)-1H-indene-1,3(2H)-dione  (2). 4-
(Diethylamino)salicylaldehyde (1, 9.66 g, 50 mmol) was added to 1,3-indanedione (6.58 g, 45 mmol).
A mixture of ethanol (100 mL) and water (50 mL) was then added. The reaction mixture was then
stirred and heated at 75 °C for 3 h. Upon completion of the reaction, the reaction mixture was cooled
to room temperature and 100 mL of water was added. The precipitates were filtered and washed
with an ethanol: water mixture (1:1 x 1 and 1:5 x 2) to give the product as a dark red solid in 70%
yield (11.2 g). *H NMR (400 MHz, DMSO-ds)  10.71 (s, 1H), 9.21 (d, J = 9.4 Hz, 1H), 8.19 (s, 1H),
7.77 (s, 4H), 6.43 (d, J = 9.4 Hz, 1H), 6.18 (s, 1H), 3.76 — 3.14 (m, 4H), 1.15 (t, J = 7.0 Hz, 6H). 13C
NMR (101 MHz, DMSO-ds) & 191.54, 189.71, 163.94, 155.39, 141.74, 140.01, 139.37, 136.69,
134.86, 134.59, 122.18, 122.11, 118.84, 111.20, 105.81, 96.17, 44.91, 13.12. HRMS (ESI+): m/z.
322.14319 [C20H20NO3 (M+H)*, calcd 322.14322].

Synthesis of sodium 3-(5-(diethylamino)-2-((1,3-dioxo-1,3-dihydro-2H-inden-2-
ylidene)methyl)phenoxy)propane-1-sulfonate (TC426). Intermediate compound 2 (500 mg, 1.56
mmol) was added with NaOH (74.9 mg, 1.87 mmol) and taken up in ethanol (20 mL) and stirred at
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room temperature for 30 min. 1,3-propanesultone (419 mg, 3.43 mmol) was taken up in ethanol (10
mL), slowly added to the reaction mixture before heating at 75 °C for 12 h. Upon completion of the
reaction, the reaction mixture was cooled to room temperature and poured into ethanol. The
precipitate was then filtered and washed with ethanol (x3) to obtain the pure product as a red solid
in 36% yield (258 mg). *H NMR (400 MHz, DMSO-ds) 8 9.27 (d, J = 9.4 Hz, 1H), 8.20 (s, 1H), 7.78
(s, 4H), 7.58 (d, J = 5.6 Hz, 1H), 6.50 (d, J = 10.4 Hz, 1H), 6.24 (s, 1H), 4.28 (t, J = 6.6 Hz, 2H), 3.54
(9, J = 6.8 Hz, 4H), 2.60 (t, J = 7.1 Hz, 2H), 2.26 — 1.75 (m, 2H), 1.16 (t, J = 6.9 Hz, 6H). 13C NMR
(100 MHz, DMSO-ds) 6 191.34, 189.61, 163.61, 155.57, 141.76, 139.56, 139.39, 136.99, 134.91,
134.66, 132.92, 122.25, 122.17, 120.80, 119.42, 111.69, 105.65, 93.96, 67.80, 48.07, 25.48, 13.16.
HRMS (ESI-): m/z. 442.13161 [C23H24NO6S (M-Na)', calcd 442.13298].

Experimental protocols

Preparation of AIE FL biosensors

TC426 was dissolved in dimethyl-sulfoxide (DMSO) solution, the stock solution was made to 10 mM
and kept at -20 °C in the dark for long term storage. Moreover, the recommended working solution
of TC426 was prepared daily by suitable dilution of the stock solution with PBS buffer to 10 uM. TPE-
4TA and BSPOTPE stock solution (10 mM) was prepared in PBS buffer and can be stored at 4 °C

in the dark for further use.

Preparation of HSA samples in PBS buffer

HSA stock solution with a concentration of 1000 mg/L was first prepared in PBS buffer and stored
under 0-4 °C. The stock solution was diluted stepwise to our desired concentrations including: 0.1,
0.5,1, 5,10, 20, 50, 75, 100, 125, 150, 175, 200, 500, 700 mg/L. Moreover, each concentration must

have three parallel samples for three repeated fluorescence measurements.

Preparation of HSA-TC426 mixtures in PBS buffer for FL measurements

Pipette 1.998 mL of the above prepared HSA samples and 0.002 mL TC426 stock solution to an
Eppendorf tube. Shake each mixture with vortex shaker violently for 10s to obtain HSA-TC426
samples with [TC426] = 10 uM and [HSA] = 0.1, 0.5, 1, 5, 10, 20, 50, 75, 100, 125, 150, 175, 200,
500, 700, and 1000 mg/L. Finally, the HSA-TC426 samples were transferred into a quartz cuvette

for fluorescence measurement.

Study on pH influence

One PBS tablet was dissolved in 180 mL DDI water to afford the PBS buffer with pH value around
7.4. Afterward, 1 M hydrochloric acid and sodium hydroxide aqueous solutions were used to adjust
the pH value to 4, 5, 6, 7 and 8, respectively. Finally, add DI water until the total volume of each
solution reaches 200mL. For the study of pH influence, HSA solid powder was dissolved in PBS
buffer with different pH values to give a final HSA concentration of 1000 mg/L. Then stock solution

of TC426 was added, mixed using vortex shaker, incubated for 20 min, and measured using
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fluorescence spectrometer. The fluorescence of PBS buffers with only probe TC426 added were

also measured for comparison.

Study on selectivity

Certain amount of salt powders (sodium chloride, potassium chloride, magnesium chloride, calcium
chloride, ammonium chloride, sodium bicarbonate, sodium sulfate, disodium hydrogen phosphate
and sodium carbonate) were weighed and dissolved in the PBS buffer (pH 7.4), respectively, to give
the ionic solutions with concentrations of 10 mM. Afterwards, 1.998 mL ion solutions, as well as PBS
buffer and HSA solution (1000 mg/L), were added with 0.002mL TC426 stock solution to afford
different samples for fluorescence measurement. Similarly, eight common biomolecules which are
BSA, Pepsin, Ubiquitin, Papain, Trypsin, RNA, GSH and HSA were selected to explore the probe
protein response at 1 mg/mL in PBS buffer. The fluorescence intensity of these samples was

measured at room temperature according to the previous operation procedures.

Study on interference

Common urine components including uric acid, urea, creatinine and glucose, were dissolved in PBS
buffer (pH = 7.4) at 10 mg/mL. Notably, due to the limited water solubility of uric acid, the
concentration of uric acid applied is about 0.3 mg/mL. The concentration of HSA is 1000 mg/L. The
concentration of bioprobes TC426, TPE-4TA and BSPOTPE after mixing with interferents were all
10 pM. During the whole measurement process, the three probe stock solutions were added
separately into five urine components samples (v/v 1:999) to mix evenly. The excitation/emission
maxima wavelength of TC426, TPE-4TA and BSPOTPE are 480/550 nm, 360/490 nm and 350/470

nm, respectively.

Mechanism study

Firstly, lyophilized powder of HSA was dissolved in PBS buffer (pH 7.4) with a concentration of 10
mg/L. Then, different amounts of urea were added to the as-prepared HSA solution to prepare
samples with urea concentration ranging from 0 to 10 M. Afterward, 0.002 mL probe TC426 stock
solution was added to each HSA/urea solutions and incubated for 1 hour to ensure that the protein
denaturation fully occurred. At last, fluorescence spectra were recorded using a fluorescence

spectrophotometer.

HSA detection in spiked human urine samples

Human urine samples were collected from healthy volunteers from Flinders University and tested
following the guide from the Southern Adelaide Clinical Human Research Ethics Committee,
Australia. First of all, based on the previously standard curve in PBS buffer, HSA samples with
concentrations of 0, 0.1, 0.5, 1, 5, 10, 20, 50, 75, 100, 125, 150, 175 and 200 mg/L were similarly
prepared in the urine samples of subjects and diluted ten times with PBS buffer. After that, 0.002 mL

of TC426 stock solution was mixed with 1.998 mL of the (diluted) urine sample and was fully mixed
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by vortex shaker for 10 seconds. The mixture was transferred to a cuvette and fluorescence spectra

were recorded using a Cary Eclipse Fluorescence Spectrophotometer.

Recovery study

HSA solutions in human urine with different concentrations of 50, 125, 175 mg/L are prepared
artificially. According to the obtained master curve in real human urine, the fluorescence intensity
measured from these three samples were substituted into the master curve to calculate the

recovered concentration and recovery rate.
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Results and discussion section

Probe synthesis and structural characterization

The synthetic route to the albumin probe TC426 is shown in Figure 15. In short, the Knoevenagel
condensation reaction between 4-(diethylamino)salicylaldehyde and 1,3-indandione yielded the
intermediate compound 2. Subsequent alkylation of the hydroxy group from compound 2 with 1,3-
propanesultone allowed for the introduction of a sodium sulfonate group and formation of the final
probe molecule TC426. The structure of both compound 2 and TC426 were characterized by *H
NMR, *C NMR and HRMS and satisfying results were obtained (Figure S1-S5).

1,3-Propanesultone

(0]
| 1,3-Indanedione NaOH
EtOH/H,0 EtOH
o]
) AN N
1 2 TC426

Figure 15 Synthetic route to probe TC426.

Photophysical property characterisation

As seen from Scheme 1, the conjugation of 1,3-indandione was extended after conjugated with 4-
(diethylamino)salicylaldehyde through a carbon-carbon double bond. The presence of the electron
acceptor 1,3-indanedione moiety, gives rise to an electron donor-acceptor (D—A) structure in TC426.
Sodium sulfonate groups further endow TC426 with good water solubility. The first step was to
measure the UV-vis absorbance spectra of TC426 in different solvents. As shown in Figure 16A,
minimal differences in spectral character were observed for most of the solvents, with the
absorbance maxima wavelength ranging from 494 nm to 512 nm. The spectra measured in toluene
was an exception, with a slight blue-shifted absorbance maxima at ~450 nm and a shoulder peak at
~490 nm.

After that, the fluorescence emission behaviours of TC426 in these solvents were examined (Figure
16B). In most cases, when excited under the absorption maxima wavelength, the fluorescence
emission spectra of TC426 does not change significantly, with all the peak wavelengths centred
around 535 nm. With regards to the fluorescence emission intensity, some variances can be
observed, and minimal emission intensity was recorded in PBS buffer. For the two exceptions
measured in chloroform and toluene, new dominant fluorescence maxima were observed at ~ 655
nm, with only chloroform retaining the previously seen 535 nm peak. A possible explanation for this
phenomenon is the formation of large emissive aggregates with red-shifted spectra in the low/non-

polar solvents of chloroform and toluene. The particle sizes of TC426 in chloroform and toluene were
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then measured using the Dynamic Light Scattering (DLS) technique. The results confirm that large
particles of TC426 with average sizes of 107.2 nm and 175.6 nm were formed in chloroform and

toluene respectively (Figure S6-S7).

Finally, relative fluorescence quantum yields (QYs) of TC426 in various solvents were measured
using fluorescein as the reference. The results summarized in Table S1 showed the highest QY
value of 1.26% in chloroform and lowest QY values of 0.05% in water. Moreover, the QY value was
plotted as a function of solvent Lippert-Mataga polarity parameter (Figure S8) and found that QY of
TC426 decreases linearly with the increase of solvent polarity. The QYs in toluene, chloroform,
DMSO and isopropanol are exceptions, which can be ascribed to the AIE characteristics of TC426
in poor solvents (toluene and chloroform) or viscous solvents (DMSO and isopropanol). This will be
further explained in the next part. In summary, the QY of TC426 shows typical solvent polarity

dependence.

As aforementioned, when molecularly dissolved in PBS buffer, TC426 is non-emissive under the
excitation of 488 nm. However, it becomes highly fluorescent when aggregated into large particles
or in solid state (Figure S9). This feature is completely in conformity with the definition of AIE, which
inspired us to further study its AIE behaviour. The fluorescence of TC426 is measured in
water/glycerol mixtures whose viscosity can be increased by adding more glycerol. As shown in
Figure 16C and 16D, when the glycerol fraction is above 70 vol%, the fluorescence intensity of
probe TC426 enhances dramatically with the increase of glycerol fractions. This phenomenon can
be explained by the rigidification of the molecule structure resulting from the increasing solution
viscosity, which blocks the non-radiative decay channels and enhances the fluorescence emission
of TC426. Fluorescence spectra of TC426 in DMSO with increasing content of toluene, a poor
solvent for TC426, were characterized (Figure 16E and 16F). When toluene fraction is below 70 vol
%, fluorescence emission spectra peaked at 535 nm were obtained which can be ascribed to the
monomeric emission of TC426. Affected by the electron D—A structure, the emission of TC426
monomer was slightly suppressed in polar solvent due to the twisted intramolecular charge transfer
(TICT) effect (Sasaki et al., 2016), and enhanced when more non- polar solvent was added to
weaken the TICT effect. Beyond 70 vol% of toluene, the fluorescence intensity at 535 nm began to
decrease significantly, meanwhile a new peak belonging to the aggregates of TC426 emerged at
655 nm and increased with higher toluene fraction. This result indicates the transition of monomeric
to aggregate emission species with the increase of toluene content. The formation of aggregates,
instead of quenching fluorescence like traditional aggregation-caused quenching (ACQ) type
fluorophores, exhibits fluorescence intensity enhancement, further manifesting the AIE-character of
TC426.
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Figure 16 Absorbance and fluorescence emission spectra characterisation for TC426. (A) Normalised UV-Vis
absorption spectra and (B) Fluorescence emission spectra of TC426 in different solvents. (C, D) Fluorescence
spectra and plot of fluorescence intensity of TC426 in water/glycerol mixtures, with increasing fraction of
glycerol from 0 to 99%. (E, F) Fluorescence spectra and plot of fluorescence intensity of TC426 in
DMSO/toluene mixtures with increasing fraction of toluene from 0 to 100%. Plots were obtained by taking
fluorescence emission intensity values at 535 nm and 655 nm for monomer and aggregate fluorescence
emission, respectively. PBS was Na:HPO4 at 20 mM concentration. 10 uM dye concentration and 488 nm
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excitation wavelength were used for all measurements.
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Quantitative detection of human serum albumin

Based on our previous research, AlIE fluorogens (AIEgens) with periphery-charged groups including
sulfonate, carboxylate, trialkyl-ammonium, pyridinium, and tetrazolium groups, may have
fluorescence enhancements upon binding with HSA (Tu et al., 2019; Yao et al.,, 2021). These
functional groups facilitate AlEgens to dissolve in water, thus exhibiting weak fluorescence. When
bound to the hydro- phobic cavity of HSA, the RIM effect of AlIEgens can occur and thus lead to the
fluorescence enhancement effect. Since TC426 is AlE-active and has an alkyl sulfonate group, it
may be applied in the detection of HSA. This research first studied the fluorescence response of
TC426 towards HSA in PBS buffer (10 mM, pH = 7.4). The time-dependence of probe fluorescence
intensity after adding the 1000 mg/L HSA sample was shown in Figure S10. Upon addition of HSA,
an intense fluorescence signal at 550 nm can be detected. The fluorescence intensity reached
equilibrium quickly and was stable within 60 min, indicating the fast response of probe TC426
towards HSA. In order to further explore its sensitivity, fluorescence titration of probe TC426 with
various concentrations of HSA in PBS buffer was conducted. As shown in Figure 17A, the
fluorescence intensity of probe TC426 at 550 nm increased gradually with the increase of HSA
concentration. When HSA concentration reached to 1000 mg/L, the fluorescence intensity at 550 nm
was enhanced approximately 450 times. Additionally, an excellent linear correlation between the
fluorescence intensity and HSA con- centration was observed with R? = 0.9954 in the concentration
range of 0-1000 mg/L (Figure 17B). This linear correlation can be further improved in the
microalbuminuria range of 20 to 200 mg/ L as shown in Figure 17C and 17D (James et al., 2010;
Narva, 2008). Finally, according to the IUPAC-based method, the limit of detection (LOD) of probe
TC426 was calculated to be as low as 0.253 mg/L (3.74 nM). Both the linear dynamic range (LDR)
and LOD of TC426 are comparable to those of other HSA probes, such as BSPOTPE (LOD: 0.0676
mg/L; LDR: 0-6.76 mg/L). In brief, probe TC426 shows good performance in the quantitative

detection of HSA, which may find potential applications in urinalysis for kidney disease prediction.
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Figure 17 Fluorescence spectra of probe TC426 in the presence of HSA with concentration ranging from (A)
0-1000 mg/L and (C) 0-200 mg/L. Plot of fluorescence intensity increase fold at 550 nm versus the
concentration of HSA ranging from (B) 0—1000 mg/L and (D) 0—-200 mg/L. The fluorogenic detection were
carried out in PBS buffer with pH= 7.4. [TC426] = 10 uM, Aex = 480 nm, lo equals the intensity of [HSA] = 0
mg/L.

Selectivity and interference study

Due to the chemical complexity of human urine, that includes a wide pH value (5.5-7.0) and various
components (urea, uric acid, creatinine, inorganic salts, etc.), practical application of TC426 in urine
should evaluate the environmental interferences first. Here, the effect of pH values was evaluated
on the sensing process of TC426 towards HSA. As shown in Figure 18A, in the absence of HSA,
no fluorescence can be detected. In contrast, after addition of 1000 mg/L HSA, the fluorescence
intensity of TC426 increased markedly and remained stable in the pH range of 5.0-7.0. Even though
the measured fluorescence intensity is slightly higher under extreme conditions (pH = 4.0 or 8.0),
this impact may be reduced through diluting urine samples with PBS buffer. Based on the results, it

can be concluded that probe TC426 is able to detect HSA in a wide range of pH values.
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The specificity of probe TC426 toward HSA was then compared to a variety of ions, commonly found
in biological fluids. As shown in Figure 18B, no fluorescence enhancement was observed after the
addition of those ions. Proteins with different isoelectric points (ranging from 1 to 10) were then
selected for study, including pepsin, BSA, ubiquitin, papain, and trypsin. Apart from a minor response
from BSA, whose structure is similar to HSA, none of the other proteins were observed to elicit a
large fluorescence intensity enhancement in TC426. Fluorescence responses of TC426 towards
amino acid glutathione (GSH) and nucleic acid RNA were also examined and show minimal
fluorescence variations under the same test conditions (Figure 18C). These results demonstrate the
excellent selectivity probe TC426 has for HSA over other biomolecules or ions and can be applied

in complex biological environments.

Since probe TC426 can be potentially applied in urinalysis, the influence of other major components
in human urine on this detection was further evaluated. Some common organic components in urine
include urea, uric acid, creatinine, and glucose were selected for testing. The experimental results
shown in Figure 18D suggested that these urine interferents have limited influence on the
fluorescence emission of TC426 in the presence or absence of HSA. Additionally, the influence of
these components on TPE-4TA and BSPOTPE was compared. It can be seen that the fluorescence
responses of both TC426 and TPE-4TA are more stable than that of probe BSPOTPE in the
presence of interferents. In brief, the novel fluorescent probe TC426 shows great potential in

detecting HSA in real urine samples.
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Figure 18 Study of the HSA sensing performance of TC426 at different conditions. (A) Fluorescence intensity
variation of probe TC426 and HSA- TC426 mixture at 550 nm in a pH gradient. [HSA] = 1000 mg/L. (B)
Fluorescence spectra of TC426 in the presence of various common cations and anions in PBS buffer (pH =
7.4). [HSA] = 1000 mg/L, [ions] - = 10 mM. (C) Fluorescence response of probe TC426 toward biomolecules
in PBS buffer. [Biomolecules] = 1 mg/mL. (D) Interference of common components in urine on the fluorescence
intensity of HSA probes TC426, TPE-4TA and BSPOTPE in the presence/absence of HSA in PBS buffer.
[HSA] = 1000 mg/L, [urine component] = 10 mg/mL. For all the measurements, [TC426] = 10 uM, Aex = 480
nm.

Sensing mechanism

Since probe TC426 shows excellent performance in HSA detection, the sensing mechanism was
further explored. Firstly, the Job plot analysis was performed to study the binding stoichiometry
between TC426 and HSA. As shown in Figure 19A, the fluorescence intensity reached the maxima
when the ratio of TC426 was among 0.3 to 0.4, which suggested that the binding ratio between
TC426 and HSA is approx. 1 to 2. This observation suggested TC426 interacts with HSA as a
monomeric species rather than as aggregates, which is in accord with the emission peak observed
at ~ 550 nm (monomer). Secondly, the relationship between fluorescence intensity of TC426 and

tertiary structure of HSA was investigated. As is known to all, HSA has two major drug binding sites,
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site | and site Il in subdomains 1A and IlIA, respectively. Most of the reported HSA probes interact
with these drug binding sites mainly through hydrogen bonding, hydrophobic interaction, or
electrostatic effects. Some literatures have reported strategies for studying HSA sensing
mechanism, including using ligand displacement strategy, protein denaturation, isothermal titration
calorimetry, and molecular docking calculation (Huang et al., 2020; Li et al., 2016; Luo et al., 2018;
Muzammil et al., 2000; Zhu et al., 2019). Here the protein denaturation strategy was applied using
urea denaturant which can break the stability of internal non-covalent bonds and destroy the tertiary
structure of HSA under high concentrations (4—8 M). The fluorescence assay with urea concentration
ranging from 0-10 M was carried out. As shown in Figure 19B, the whole process of HSA
denaturation is a three-step process. When the concentration of urea is between 0-2 M, limited
protein denaturation occurred, and albumin is still in its native state. The increase of fluorescence
intensity maybe due to the swelling effect of HSA, which facilitates the dye molecule to get into the
interior domain (Wangyang Li et al., 2015). With the increase of urea up to 2—4 M, HSA undergoes
partial unfolding to reach an intermediate state, which provides a hydrophobic environment for the
bound dye. As indicated in Table S1, the lower the solvent polarity, the higher the quantum yield.
Therefore, at this stage, the fluorescence intensity further increases, mainly contributed from the
hydrophobic effect. Afterwards, the continuous denaturation of aloumin by higher concentration of
urea, causing the loss of secondary structure, is manifested in the continuous decrease of
fluorescence intensity, and finally reaches at a completely denatured state. This protein denaturation
experiment proved that the sensing process is closely related to the tertiary and secondary structure
of HSA. Additionally, since the QY of TC426 shows obvious polarity dependence, it can be concluded
that the fluorescence enhancement during HSA detection is caused by the movement of probe
TC426 from polar aqueous environment to the low polar cavities of HSA (Figure 19C). As such,

TC426 acts as an environmentally sensitive probe for HSA detection.
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Figure 19 (A) Job plot for determination of the binding stoichiometry of TC426 and HSA. The total
concentration of TC426 and HSA was kept constant as 10 uM in PBS buffer. (B) Variation in the fluorescence
intensity of TC426 at 550 nm with concentration of urea in the presence or absence of HSA. [TC426] = 10 uM,
[HSA] = 100 mg/L, Aex = 480 nm. (C) Schematic of the working mechanism of probe TC426 in HSA detection.

Detection of HSA in Real Human Urine

Due to its excellent performance in detecting HSA from PBS buffer, the feasibility of applying TC426
in real urine environment was further studied. Firstly, fluorescence titration in spiked human urine
samples obtained from three healthy individuals was conducted to give an adjusted calibration curve
which should be more suitable for practical applications (Figure S11). HSA spiked urine samples
were diluted 10 times using PBS buffer (pH = 7.4) to eliminate the effect of pH values and
autofluorescence from real urine. As shown in Figure 20, a good linear correlation between
fluorescence intensity of TC426 and HSA concentration can be observed in the range of 0—200 mg/L.
In order to simulate the application of probe TC426 to HSA detection in real scenarios, real human
urine samples collected randomly from another two healthy people were spiked with certain amounts
of HSA for recovery study. Since the diagnosis of microalbuminuria has significant importance in the
early detection of CKD, the calculated concentrations of these urine samples are located in the

microalbuminuria range, which are 50, 125, and 175 mg/L, respectively. With the newly established

52



fluorescence assay and adjusted calibration curve, the recovered HSA concentrations were
measured and presented in Table 2. Satisfactory recovery rates in the range of 81.3—-129.9% with
standard deviations ranging from 1.5 to 10.7% were obtained. This indicates that probe TC426 can

be applied to the detection of HSA in real urine samples.
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Figure 20 Plot of HSA concentration in real urine from health person versus the corresponding fluorescence
intensity increase at 550 nm by the fluorescent assay using TC426 (Y-axis). lo equals to the fluorescence
intensity at 550 nm of real urine without adding HSA. Three repeats for each concentration were conducted in
urine from different healthy individuals [TC426] = 10 uM, Aex = 480 nm.

Spiked Concentration Recovgred
Sample Concentration + SD Recovery rate (%)
(mg/L)
(mg/L)
50.0 40.7 £ 1.8 81.3+35
Volunteer A 125.0 119.7+2.1 958+ 1.7
175.0 204.7 £5.3 117 £ 3.0
Volunteer B 50.0 48.8 +5.3 97.7 +£10.7
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125.0 1624+ 2.6 1299+21

175.0 209.2 +£2.7 1195 +15

Table 2 Results of recovery study on the spiked HSA samples in human urine using biosensor TC426.
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Conclusion

A novel ‘turn-on’ fluorescent probe TC426 is designed for the quantitative detection of HSA. This
probe can be synthesized simply via a two-step reaction, and AIE characteristics were
comprehensively investigated. Afterwards, probe TC426 was applied in the detection of HSA. The
result of fluorescence titration shows a wide linear dynamic range (0-1000 mg/L) and a low detection
limit 0.253 mg/L of probe TC426. Moreover, experiments proved that the sensing mechanism is
through the environmental polarity response of TC426 in the tertiary structure of HSA. Before
application in real urine samples, effect of pH value and common interferents from body fluids were
evaluated, manifesting its high selectivity towards HSA and good stability in complex environments.
Finally, the detection of HSA in real human urine by probe TC426 was validated, resulting in a
satisfactory accuracy and recovery rate. Therefore, probe TC426 shows the promise to be further

developed into an effective clinical method for quantitative detection of HSA in human urine.
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AIE BIOSENSOR INCORPORATING WITH HYDROGEL
PLATFORM

This chapter has already been published on “Molecules, 2023, 28(7), 3244" under the title
“Hydrogel-Film-Fabricated Fluorescent Biosensors with Aggregation-Induced Emission for
Albumin Detection through the Real-Time Modulation of a Vortex Fluidic Device”. Qi Hu is the
primary author, while Xuan Luo, Damian Tohl, Anh Tran Tam Pham and Colin Raston are co-authors

and Youhong Tang is the correspondent author (doi.org/10.3390/molecules28073244).

In this chapter, hydrogels have various promising prospects as a successful platform for detecting
biomarkers, and human serum albumin (HSA) is an important biomarker in the diagnosis of kidney
diseases. However, the difficult-to-control passive diffusion kinetics of hydrogels has always been a
major factor affecting detection performance. This study focuses on using hydrogels embedded with
an aggregation-induced emission (AIE) fluorescent probe TC426 to detect HSA in real time (Figure
21). Meanwhile, the technology of vortex fluidic device (VFD) as a rotation strategy is used to control
the reaction kinetics and micro-mixing during measurement. The results show that the introduction
of VFD can significantly accelerate its fluorescence response and effectively improve the diffusion
coefficient, meanwhile VFD processing can regulate passive diffusion to active diffusion, opening up

a new method for sensing research in the future.
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Figure 21 lllustration of AIE FL biosensor incorporating with hydrogel films under VFD control.
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Introduction section

Hydrogels, as three-dimensional flexible materials, have been widely utilized due to the properties
of non-toxicity, low cost, easily customizable structure & volume/shape variations, and good
biocompatibility (Aswathy et al., 2020; Chai et al., 2017; Hoffman, 2012). The functional structure of
its cross-linked hydrophilic network and high-water content can be manipulated for potential
applications such as biomarker detection (Li, Ji, et al., 2020), drug delivery (Dreiss, 2020), shape
support (Shang et al., 2019), etc. To date, some of research have paid attention to apply hydrogels
in biomedical fields. Sun and his colleagues fabricated calcium alginate/polyacrylamide (CA/PAM)
hybrid hydrogels with good mechanical characteristics through the combination of covalently cross-
linked acrylamide (AM) and ionically cross-linked sodium alginate (SA) (Sun et al., 2012). This
hydrogel has a fracture energy of roughly 9,000 Jm2 and can be stretched more than 20 times of its
original length even though possessing about 90% water content. The covalently crosslinked
network's crack-bridging capability and the ionic crosslinked network's hysteresis contribute to the
hydrogel's toughness as a whole. The adhesive properties of such hydrogels allow hydrophobic
substances to be fixed stably inside through electrostatic interactions, covalent bonds or physical
interpenetration. On the other hand, carrageenan is a class of polymers from natural origin that are
widely used in the pharmaceutical and food industries as gelling agents, emulsifiers, thickeners or
stabilizers (Kirsch, 2002). Mihaila et al. have developed Kappa carrageenan via physically and
chemically cross-linking to achieve the demands of tissue engineering (Mihaila et al., 2013). By
adjusting the degree of methacrylate and fabricating through the micromolding method, it exhibits
good hydration, dissolution profile, morphology, mechanical and rheological properties, and
achieves spatially controlled geometry and cell distribution patterns. The results show that the
combination of its chemical and physical cross-linking procedures enables the formation of hydrogels
with highly versatile physical and chemical properties, while maintaining the viability of encapsulated
cells. Based on these evidence, these impressive hydrogel materials have the potential to serve as

a matrix for the engineering construction of fluorescent hydrogel films.

A current research branch focuses on introducing AIE units into polymeric hydrogels to enhance the
fluorescent properties owing to their surface adsorption, hydrophobic interaction, self-assembly,
hydrogen bonding or other effects (Li, Wang, et al., 2020; Yang et al., 2021). Luminogens-based
hydrogel films are final products that integrate the advantages of both AIE biosensors and hydrogels.
First of all, the majority of AlEgens belong to hydrophobic organic molecules with non-planar
propeller configurations that hardly fluoresce in the normal form but emit bright light when
aggregated. The hydrophilic hydrogel matrix, where the spontaneous aggregation of AlEgens
inhibits their intramolecular movements, can further amplify fluorescent effect (Lu et al., 2021).
Furthermore, the encapsulation of AlE-based probe through a hydrophilic cross-linked structure is
crucial to improve the environmental friendliness and biocompatibility of AIEgens in biomarker

detection (Liow et al., 2017). However, the existence of some drawbacks in hydrogel films also need
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to be paid attention to, which may have some impact on detection. Specifically, the sealed
construction of hydrogel forces luminogens to react with the biomarker from outside to inside, thereby
prolonging the detection time (Tavakoli & Tang, 2017). Additionally, the high swelling behavior may
promote light scattering and increase internal structural clearance of hydrogels, resulting in
weakened signal and reduced detection sensitivity, in the meantime diffusion kinetics are
predominantly passive and difficult to control (Ghasemiyeh & Mohammadi-Samani, 2019). Improving

these unfavourable factors is a vital first step in raising the performance of fluorescent hydrogels.

Vortex fluidic device (VFD) as a reported rotational system is a liquid thin film processing platform
and has been intensively used for material synthesis (Britton, Dalziel, et al., 2016), micro-mixing
(Britton, Meneghini, et al., 2016), chemical reactions (Yasmin et al., 2013), mechanical properties
(He et al., 2021), etc. The mechanical energy generated from the VFD could be effectively applied
to reactions, in precisely controlling the physical/chemical progress (Grzybowski et al., 2022).
Accelerating reaction kinetics, modifying chemical reactivity, and enabling fast fluidic exchange are
all significant effects of centrifugal or shear pressure provided by VFD (Britton & Raston, 2014;
Sanders et al., 2022). More specifically, this microfluidic platform allows continuous flow operation
with small sample volumes (< 1 mL) while adjustable angle, rotational speed and steering produce
dynamic thin films on the tube-wall surface and apply shearing stress during dynamic mixing. The
liquid thin film offers many advantages including large surface area, high shear rates, rapid heat and
mass transfer, micromixing, and fluid pressure waves (Britton et al., 2017). There have been several
cases of hydrogel fabrication and optimization using VFD. Recently, Tavakoli et al. have achieved
tuning surface morphology of fluorescent hydrogels using VFD (Tavakoli et al., 2020). The results
show that the physically cross-linked hydrogels fabricated by the VFD technology have excellent
fluorescence and self-adhesion as well as adjustable morphologies. VFD enables intense micro-
mixing of the various ingredients, resulting in improved spatial distribution and more homogeneous
end-products. Luo et al. have also reported silica hydrogels with embedded laccase nanoflowers
(LNFs) for real-time biosensing under vortex fluidic-mediated fabrication (X. Luo et al., 2020). VFD
significantly reduces LNFs production rate and further enhances LNF activity. Additionally,
LNF@silica-coated VFD tubes could be used to track enzymatic processes, leading to a dramatic

rise in catalytic activity (up to 16-fold).

Given to the above-mentioned characteristics of VFD, engineering designing using hydrogels
expects to use the VFD technology (Figure 22A) to accelerate intra- and extra- film hydrodynamics
in real time while enabling the AlIEgens to be uniformly micro-mixed under shearing force, thus
reducing the detection time, enhancing the fluorescence signal, and forming the active diffusion-
controlled system. In this work, two hydrogel matrixes, acrylamide-alginate (AAm + Alg) and
carrageenan, were employed in conjunction with AIE FL biosensor to detect HSA in real time to
investigate their characterizations under VFD regulation. The results are anticipated that engineering

hydrogel design onto AIE biosensor can meet the improved requirements of biomarker detection.
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Experimental section

Materials

HSA and AIE FL biosensor
Albumin from human serum (A1653-5G) and dimethyl-sulfoxide (DMSO; 276855-2L) were
purchased from Sigma-Aldrich, Australia, and bioprobe TC426 (Figure S3) was synthesised and

characterised as previously reported (Q. Hu et al., 2021).

AAm-Alg-Ca?* hydrogel film

For the PAAmM/Alg—Ca?* hydrogel, acrylamide (AAm; A8887) was the monomer used for the
polyacrylamide (PAAmM) networks; sodium alginate (SA; 2033; Pronova up LVM BP-1710-18) was
the ionically cross-linkable biopolymer with calcium sulphate dehydrate (CaSQOa4-2H,0; C3771) as
the ionic crosslinker for alginate; ammonium persulfate (APS; A3678) was used as the photo/thermal
initiator for polyacrylamide; N,N-methylenebisacrylamide (MBAA; 146072) was used as a crosslinker
for polyacrylamide; N,N,N’ N’-tetramethyl-ethylenediamine (TEMED; T9281) was used as a
crosslinking accelerator for polyacrylamide. All chemicals were purchased from Sigma-Aldrich,
Australia unless otherwise stated, and they were of analytical grade and used without further
purification. Solutions were prepared with deionised water unless otherwise noted. The fabricated

hydrogels were stored at 4°C for 1 week and are ready for use when needed at room temperature.

Carrageenan hydrogel film
Carrageenan (GGOG, E407) was purchased from Sigma-Aldrich, Australia. The fabricated

hydrogels were stored at 4°C for 1 week and are ready for use when needed at room temperature.

Instruments

A magnetic stirrer (Thermo Fisher Scientific Inc., Melbourne, VIC, Australia) was employed during
hydrogel fabrication. Deionised water was produced from the Milli-Q Water Purification System
(Merck Millipore Inc., Burlington, MA, USA). Laboratory Ovens (Labec Pty Ltd., Sydney, NSW,
Australia) were equipped for heating. Fluorescence spectra were obtained on a Cary Eclipse
Fluorescence Spectrophotometer (Agilent Technologies Inc., Santa Clara, CA, USA). A scanning
electron microscope (SEM, FEI F50, Hillsboro, OR, USA) was employed to observe the
microstructure. Optical imaging was performed with an Axio Imager 2 Upright microscope (Zeiss
Inc., Oberkochen, Germany). Data were plotted using Origin 2019b (OriginLab Corp. Northampton,
MA, USA).

Methods

Preparation of HSA and AIE FL biosensor solutions
2000 mg/L of an HSA solution in DI water was first prepared as the stock solution and stored it at 0—

4 °C. Then, it was diluted stepwise to the required concentrations in the range of 0—2000 mg/L in
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specific experiments for daily use. In addition, TC426 was dissolved in a DMSO solution to 10 mM

as the stock solution and kept at 20 °C in the chemical cabinet for long-term storage.

Hydrogel fabrication of AAm-Alg-AIE FL biosensor

PAAmM/Alg—Ca?* hydrogel was synthesised on the basis of previously reported protocols with
modifications (Yuk et al., 2016). 480 mg of AAm and 76.4 pL of CaSOs slurry (0.75 M) were dissolved
into 1 mL of deionised water to prepare Solution A. Then, 80 mg of SA, 14.4 uL MBAA (2% wi/v), 3.2
puL TEMED, and 90.4 pL APS (0.27 M) were dissolved in 3 mL of deionised water to prepare Solution
B. Afterwards, 4 pL of the TC426 dye solution ([TC426] = 10 uM refers to working concentration)
was added into Solution B. Under magnetic stirring, Solutions A and B were quickly mixed to obtain

a uniform solution. The solution was then poured into a mould, sealed, and heated up to 80 °C for

20 min to achieve free-radical polymerisation. Afterwards, the mould had been taken out and left at

room temperature overnight (24 h) before the hydrogel was removed from the mould.

Hydrogel fabrication of Carrageenan-AlE FL biosensor

First, 80 mg of carrageenan powder was dissolved in 4 mL of deionised water under magnetic
stirring; then, 4 uL TC426 dye solution (TC426 = 10 uM refers to the actual working concentration)
was added after powder had fully dissolved until the two were mixed well together. Similarly, the final
solution had been poured into the mould and sealed at room temperature overnight (24 h) before

the hydrogel was removed from the mould.

VFD operation

The film was placed at the bottom of the VFD tube against the wall of the tube. Then, 3—4 mL of the
specific albumin solution was poured, ensuring that the film was completely submerged below the
liquid surface (Figure 22B and 22C). Rotational time was accurately controlled with a stopwatch,

and one film was manipulated in each rotation.

60



Bl onvoff switch

. Battery box
3 [Cover shield

-P-VFD tube

5 [Bearing

Figure 22 (A) Photo of portable-VFD used in this study; (B) The interaction process between the solution and
hydrogel film adhered to the tube wall; (C) Spinning top flow mediated efficient transferring of the reactants
into and out of the hydrogel matrix.

Protocols for AIE FL biosensor + AAm-Alg/Carrageenan hydrogels

The film had a fixed diameter of 25 mm and height of 2 mm under the mould fabrication (Figure
S12), and the volume was 2 mL. Three random locations at each film were selected and tested as
parallel control groups in every test; the excitation wavelength of TC426 was set at 480 nm. The

VFD parameters for this study were 1500 rpm rotational speed, 45° tilt angle, clockwise (CW) rotation

(looking down the tube), and rotational time was adjusted according to the specific experiment.

Kinetics of hydrogel swelling

The swelling ratio is one of the most important parameters to characterise the swelling behaviour of
hydrogel samples. In this experiment, the swelling performance of two basements of AIE-embedded
materials, AAm—Alg and carrageenan, with or without the influence of VFD, was evaluated. Samples
were weighed every minute in a time span from 0 to 10 min in groups of three, and the results were
averaged to simultaneously standardise the behaviour and reduce errors. Excess water on the

sample surface was wiped off with absorbent paper before each measurement.

The real-time swelling ratio can be expressed with the following formula (Ganiji et al., 2010):

Swelling ratio (%) = % X 100% 1)

where M, is the actual film weight at ¢t minutes, and M, is the film weight when it is in equilibrium
(kept =24 h).
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Fraction of Swelling Power

The diffusion mechanism of hydrogels in agueous solution is the primary element to study their
swelling kinetics. Water diffusion motions induce a hydrogel to swell when hydrogels come into
contact with water, which participates in the migration of water into pre-existing or dynamically
formed spaces between the hydrogel chains. The fraction of swelling power can be derived from
Fick’s law (Karadag & Saraydin, 2002):

. _ Mg—M,
Fraction swelling power — M,

= Kt" (2)

where M, is the mass of the swollen state at time t, and M, is the mass of the dry state at time 0. ¢
is the time, K is the swelling constant, and n is the diffusional exponent. Equation (2) was only

applied to the <60% stage in its swelling curve.

Transport determination

The solvent—polymer system is characterised by constants K and diffusional exponent n. The
physical process of hydrogel film absorption or AIE release was defined, and Equation (2) could be
further derived to obtain diffusional exponent (n) to decide which type of transport in hydrogels.
Particularly, natural logarithms are applied on both sides of Equation (2):

In (Mt—Mo

M—o) = In(Kt™) - In(Fsp) = In(K) + n * In (t) 3)

Therefore, diffusional exponent (n) can be calculated from the slopes of the lines of In(F,)-In(t)
plots. For cylindrical films, Fickian behaviour is indicated by 0.45 < n < 0.5; non-Fickian diffusion is
defined as 0.50 < n < 1.0; when n < 0.45, it is less-Fickian behaviour. Crucially, diffusion transport
that is decided by n can be used to predict the relationship between the penetration rate of water
and the relaxation rate of polymer chains in swollen systems (Ganji & VASHEGHANI, 2009). The
information is displayed in Table 3.

Transport Diffusional exponent (n) Actual behaviours
Less-Fickian n<0.45 Ruwater penetration << Rpolymer chain relaxation
Fickian 0.45<n<0.5 Ruwater penetration < Rpolymer chain relaxation
Non-Fickian 0.50<n<1.0 Ruwater penetration > Rpolymer chain relaxation

Table 3 The definition of three types of diffusion transport and their corresponding factors

Diffusion coefficient
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The diffusion coefficient (D) generally describes the amount of a certain substance that diffuses
across a unit area in one standard time while being affected by a one-unit gradient (Elaloufi et al.,
2003). Based on Equation (3), K and n are obtained from cylindrical models of AAm-Alg and
carrageenan hydrogels, then the diffusion coefficient will be calculated as follows (Mathew et al.,
2022):

D = mr2 (%)1/11 (4)

where r represents the radius of film at the swollen state, K is the swelling constant, and n is the

diffusional exponent.

Dynamic loss

Fluorescence intensity loss is referred to as dynamic loss in this context. Since intensity is linearly
positively associated with the quantity of TC426-HSA binding and TC426 biosensors all originate
from film, hydrogel film is the source of all fluorescent signals and the ratio of the fluorescence
intensity for current remaining films to the external solution recorded in the VFD tube can be
expressed to reflect the actual leakage of TC426 in the delivery system. The equation is shown as

follows:

’el X 100% (5)

If+

Dynamic Loss(%) =
where I, is the FL intensity of external HSA solution at different VFD time, and Ir is the FL intensity

of currently existing hydrogel film.

Limit of detection
The limit of detection (LOD) represents the minimum fluorescence response of TC426-HSA

aggregates in the presence of HSA. In this case, the LOD can be calculated by the following formula:

30

where ¢ is the standard deviation of the blank measurement, k is the slope of standard curve.
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Results and discussion section

Kinetics of fluorescent response and VFD modulation

TC426 exhibited typical AIE characteristics in the hydrogel films (Figure 28A). Figure 28B shows
that TC426 maintained a nonfluorescent state in both matrices: acrylamide—alginate and
carrageenan. However, the introduction of HSA triggered green fluorescence that immediately
produced an emission at the peaks of 530 and 545 nm. When HSA variation was in the range from
0 to 1000 mg/L, the ligand bonding of TC426—HSA remained concentration-dependent while also
indicating positive proportional intensity in both matrices (Figure 23A and 23B). Additionally, a
discrepancy of no more than 5.39% existed between the fluorescent intensity ranges presented with

AAm-Alg and carrageenan.
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Figure 23 Hydrogel film with embedded AIE biosensor TC426 reacting with different concentrations of HSA
solution. Fluorescence spectra of (A) AAm-Alg + TC426 and (B) Carrageenan + TC426 in the presence of
HSA in the range of 0 to 1000 mg/L; [TC426] = 10 uM, Aex = 480 nm.

On this basis, a portable vortex fluidic device was further introduced to observe the influence of
hydrogel films on photoluminescence behaviours in real time. In order to quantify the changes during
time-varying rotation, multiple aspects, including colour shift, fluorescent intensity, swelling ratio,
dynamic loss, and temporal stability as corresponding characterisations depict whether the AIE
properties of the hydrogels were significant in the comparison between the normal condition and that
with VFD support. First, the colour gradient progressively became a more pronounced indicator
(Figures 24 and 25). The hydrogels containing TC426 initially appeared orange-red in AAm-Alg and
carrageenan. The high concentration of HSA (2000 mg/L) in the external surroundings began to
progressively permeate into the interior structure of the hydrogels over time due to the concentration
differential between the inside and outside of the film, and water absorption caused swelling. During
this process, the chance of albumin binding to TC426 was significantly boosted, resulting in an

increase in the number and size of TC426—HSA aggregates. The Mie effect was triggered by size
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changes and is reflected in the colour transformation from orange-red into pink, which was also
consistent with the fluorescence spectrum. Colour change in AAm-Alg occurred at around 8 min in
normal soaking (Figure 24A), but was advanced to the 2 min node under VFD support (Figure 24B).
Similarly, a pink shift could be captured at 9 min without VFD (Figure 25A), and this phenomenon
was accelerated for 5 min with a VFD (Figure 25B) in carrageenan. In this case, the time

acceleration rates caused by the VFD were 60% and 50%.
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Figure 24 Acrylamide + Alginate + TC426 Hydrogel film for real observation. (A) Monitoring of colour change
and swelling change from 0 to 10 min during normal soaking testing; (B) Monitoring of colour change and
swelling change from 0 to 10 min during VFD testing. [TC426] = 10 uM, [HSA] = 2000 mg/L, Aex =480 nm, 10
equals the intensity of [HSA] = 0 mg/L.
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Figure 25 Carrageenan + TC426 Hydrogel film for real observation. (A) Monitoring of colour change and
swelling change from 0 to 10 min during normal soaking testing; (B) Monitoring of colour change and swelling
change from 0 to 10 min during VFD testing. [TC426] = 10 yM, [HSA] = 2000 mg/L, Aex = 480 nm, lo equals the
intensity of [HSA] = 0 mg/L.

Afterwards, the real-time variations for VFD processing were also recorded, as shown in Figure 26.
The fluorescent signal presented a stable rise and peaked in the normal AAm-Alg soaking test at
around 10 min, 8.47 times the beginning level (Figure 26A). The difference in the same conditions
was that the intervention of VFD accelerated the fluid exchange, reaching the maximum (11.67 times
the initial samples) at 2 min earlier (Figure 26B). Following that, the shearing force from the VFD
progressively detached TC426 molecules from the film surface, and they turned into a solution that
accounted for the weakening of the fluorescence signal between 2 and 10 min. Similarly, the
absorption and natural flow of water enabled the TC426 probe in carrageenan to relatively slowly
bind with albumin until it had reached a 11.83-fold increase at 10 min (Figure 26C). Nevertheless,
the same situation took only 4 min to complete under VFD processing (12.32-fold), and intensities
remained in steady state from 4 to 10 min; lastly, they became as strong as 14.30-fold the starting
value (Figure 26D). Regarding the dynamic performance of swelling during normal soaking and VFD
processing, the swelling ratio (Equation (1)) of AAm—Alg—TC426 rose steadily from 0 to 110.05% in
10 min, in accordance with water absorption (Figure 26A). However, VFD altered this circumstance.
To be more precise, the swelling ratio of AAm-Alg—TC426 immediately reached 79.37% in the first
2 minutes of rotation and climbed slowly during the following 8 minutes, only rising by a total of
34.29% (Figure 26B). Different from AAm-Alg—TC426, carrageenan—TC426 demonstrated a similar
kinetic tendency and range, and both soaking (Figure 26C) and VFD rotation (Figure 26D) were
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divided into two distinct trajectories: the rapid ascent phase (0—2 min) and the comparatively steady
phase (2-10 min). At the first stage, they quickly rose to 43.45% and 50.26% respectively, and

reached a plateau before rising to 62.55% and 63.94%, respectively.

120 120

a4 o B
A I Fioo {» e L 100
A —_ —
A/ + 417 Lo & 'y + r8o &
AT M, i
o /A reo & 6o O
= o = /| =2
A = =
F40 g ® F40 T
= =
A ] )
20 F20
A | 0 |E| | 0
r T T T T T T T T T T T r T T T T T T T T T - T
0 2 4 6 8 10

0 2 4 6 8 10
Time (min) @ Time (min)

70 70

60

A/A/A/ 4 Leo e %+++
e [ i i

40

50

40

1

=3
=

30

A/

k20 / k20

10 10

o E -0
T T
0 2

T T T T T T T T T
4 6 8 10 0 2 4 6 8 10

Time (min) Time (min)

Swelling ratio (%)
Swelling ratio (%)

Figure 26 Hydrogel film for normal soaking testing and VFD processing testing. (A) Acrylamide + Alginate +
TC426 and (C) Carrageenan + TC426 for time effect on variation of intensity and swelling ratio from 0 to 10
min during normal soaking testing; (B) Acrylamide + Alginate + TC426 and (D) Carrageenan + TC426 for time
effect on variation of intensity and swelling ratio from 0 to 10 min during VFD testing. [TC426] = 10 uM, [HSA]
= 2000 mg/L, Aex = 480 nm, lo equals the intensity of [HSA] = 0 mg/L.

Notably, a measurable decline in the fluorescent signal of AAm—Alg was observed in the previous
VFD modulation (Figure 26B). The rotation of VFD unavoidably forced HSA into the hydrogel while
transferring TC426 on the film surface into the external solution. Consequently, the determination of
dynamic AIE loss is an essential step in realistically detecting quantitative biomarkers, optimising
experimental outcomes, and comprehending the underlying fundamentals. Using Equation (5), the
dynamic loss was found from 0 to 10 min during VFD for two different hydrogel basements (Figure
27A). The loss rate in AAm—Alg rapidly increased from 0 to 10.98% in the first 2 min and then steadily
increased to 22.0% in the remaining 8 min. Moreover, the carrageenan film sharply increased by 5%
within 1 min and eventually reached 13.3% at 10 min. Under the same experimental conditions, the
loss ratio of carrageenan after 2 minutes was about half that of AAm—Alg, and its value was stable
at around 10%. Moreover, the temporal stability of the fluorescent hydrogel film was assessed

assuming that the dynamic loss was fully considered by modifying the rotational VFD time, as
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illustrated in Figure 27B. The fluorescence responses of the two matrices still retained 92.32%

(AAm-Alg) and 95.84% (carrageenan) of their maximal peaks after 3 h.
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Figure 27 Comparison between AAm + Alg + TC426 film and Carrageenan + TC426 film. (A) Loss ratio from
0 to 10 min during VFD testing. (B) Time effect when VFD processing is immediately completed and 3 hours
after the completion. [TC426] = 10 uM, [HSA] = 2000 mg/L, Aex = 480 nm, VFD was conducted for 2 minutes
and 4 minutes, towards AAm + Alg + TC426 and Carrageenan + TC426 respectively.

The findings show that the intensity change of hydrogels was positively correlated with its colour
shift. The orange-red of TC426 was contributed by the sodium sulfonate group in its chemical
structure, and a pink transition occurred when the albumin macromolecules met the fluorescent dye
as a result of the AIE molecules moving towards the Sudlow sites of albumin and the co-aggregates
size expanding. With the development of water diffusion, the fluorescence enhancement phenomena
also became increasingly clear. Although the bidirectional exchange of the HSA solution and
hydrogels showed that the dynamic loss and the dynamic binding occurred simultaneously, the high
level of temporal stability proved that an outward—inward flow was the dominant motion. Comparing
the two different hydrogels, the overall fluorescence enhancement performance of carrageenan was
better than that of AAm—Alg, and the corresponding FL enhancing efficiency of carrageenan was
39.66% (in normal soaking) and 5.57% (using VFD) higher than that of AAm-Alg. Correspondingly,
AAmM-Alg-TC426 was eventually stabilised at a swelling ratio of around 110%, and its increase was

approximately 1.8 times that of carrageenan—TC426 (around 60%).

Lastly, Figure 28C shows that the utilisation of VFD technology boosted the fluorescence response
by 5.27-fold on AAm-Alg and 1.71-fold on carrageenan compared to their original level. Furthermore,
the dynamic ranges of both hydrogels were linearly distributed with/without VFD (Figure 28D, R:2 =
0.953, R22=0.962, R32 = 0.981, R4%2 = 0.992). The limits of detection (LOD, Equation (6)) for AAm—
Alg and carrageenan without VFD intervention were 74.77 and 53.87 mg/L, respectively, while VFD

68



further lowered these thresholds to 61.19 and 30.87 mg/L under the same conditions. The detection

sensitivity of the standard curves under VFD control was 1.75 (AAm-Alg) and 2.56 (carrageenan)

times higher than that of the non-VFD modulation.
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Figure 28 Characterisation of hydrogel films using TC426. (A) Schematic of the working mechanism of TC426
in HSA detection; (B) FL spectra of TC426 in two matrices: AAm-Alg and carrageenan under different
conditions; (C) effect of TC426-based hydrogel films with and without VFD modulation; (D) standard curve of
TC426-embedded hydrogel films under different HSA concentrations ranging from 0 to 1000 mg/L with/without
VFD processing. TC426 = 10 pyM, Aex = 480 nm, lo = intensity of HSA = 0 mg/L; VFD was used for 2 and 4 min
in AAm—Alg + TC426 and Carrageenan + TC426, respectively.

Potential mechanisms

Diffusion characterisation

The above investigations show that the swelling ratios of AAm—Alg and carrageenan were different.
Furthermore, this demonstrates how even while operating under the identical conditions, the
hydrogel’s dynamic diffusional process was distinct. The difference of the diffusion rate in the
agueous solution directly led to variation in the binding chance of TC426 in the film towards albumin
in the solution. Hence, two crucial factors that govern whether TC426 and biomarkers continuously
bind and persist in the film are the water diffusion rate (also referring to the albumin diffusion rate)
and the polymer chain relaxation rate. In this case, the diffusion mechanism of the hydrogel system
was studied according to Equations (2) and (3). The swelling power fractions versus time (Figure
S13A and S13B) were plotted logarithmically to find the swell constant (K) and diffusional exponent
(n). Diffusion information is summarised in Table 4. K was 0.012 (normal soaking) and 0.010 (VFD)
in Aam-Alg, while n was 0.768 (normal soaking) and 0.917 (VFD). When the value of n was in the
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interval from 0.5 to 1, the kinetics of diffusion belonged to non-Fickian behaviours in AAm-Alg. In
this situation, the swelling rate was greater than the rate of the film collapse, which means that the
polymer relaxation was the rate-limiting step in the TC426—HSA delivery system. The relaxation rate
in the hydrogel network became an uncontrollable factor, and the faster water penetration rate
passively accelerated the relaxation progress, eventually leading to built-in TC426 leakage in the
internal structures. In the carrageenan model, K was 0.142 (normal soaking) and 0.055 (VFD), while
n was equal to 0.247 (normal soaking) and 0.403 (VFD). Less-Fickian (n < 0.45) was the diffusive
feature of carrageenan as a diffusion-controlled delivery system and it dominated the albumin
release process (the water penetration rate was much lower than the polymer chain relaxation rate).
Equation (4) was also utilised to calculate the diffusion coefficient (D). The D value of AAm—Alg was
437.38-fold greater than that of carrageenan in the natural absorption, and 67.99 times greater under
VFD rotation. The calculated diffusion coefficients D were consistent with the transport behaviour of
the two hydrogel models. More importantly, the diffusion coefficient (D) of VFD processing was
greater than that of normal soaking under the same model (2.85 times greater in AAm—Alg and 18.31
times greater in carrageenan). In other words, VFD had the effect of increasing the diffusion

coefficient without the need for other external factors (temperature, concentrations, etc.).

Diffusion
Material of Testing Diffusional Type of Behaviour coefficient
hydrogels types exponent (n) transport (D x 1010/
m2 S—l)
Normal 3143.6
Soaking 0.768 .
AAm_A|g Non-Fickian Rwater penetration >
diffusion Rpolymer chain relaxation
8950.1
VFD 0.917
S'\'OOJL?% 0.247 7.187
Less-Fickian Rwater penetration <<
Carrageenan diffusion Rpolymer chain relaxation
VFD 0.403 131.632

Table 4 Diffusional exponent (n), type of transport, actual behaviours, and diffusion coefficient (D) in normal
soaking and VFD testing for hydrogel filims of AAm-Alg and carrageenan.

Combined with the previous results, the template of non-Fickian diffusion was already at a high level
of water penetration, and VFD further intensified it (D = 8950.06 x 1071%m? s™). The bonding
tightness between TC426 and the hydrogels is loosened at a high flow rate, thereby simultaneously

increasing its fluorescent loss rate. However, the relaxation rate of the hydrogel chain was not
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significant in carrageenan due to Less-Fickian behaviour, and the diffusion coefficient (D = 131.63 x
1071°/m? s™1, an order of magnitude lower than that of AAm—Alg) and dynamic loss rate (51.53% less
than AAm-Alg) still had a relatively low and stable status, even under the action of VFD. The
difference in loss rate also indicated a distinction in the internal structure of the two basements, and

the lower loss percentage of carrageenan facilitated TC426 being locked inside.

Microstructural analysis

As previously indicated, the swelling behaviours, fluorescence kinetics, and diffusion of the two
hydrogel matrices were different under the same conditions, and variation was likely linked with their
microstructures. Therefore, scanning electron microscopy (SEM) was employed to obtain and
explain the surface and cross-sectional topography of the dried samples at a high magnification. For
the AAm—Alg-based hydrogels, the surface and cross section had a typical cellular porous structure,
and the pore was relatively dense and evenly distributed (Figure 29A and 29B). The relatively loose
network provided a sufficient adhering zone for the TC426 molecules and allowed for the aqueous
solution of albumin to freely move within the film at a faster diffusion rate. A multilayer planar structure
was characteristic of carrageenan on its surface and cross section (Figure 29C and 29D). Each
layer exhibited a flat, smooth surface, but a certain gap existed layer to layer where the flow of water
penetration was mainly singular and along the cross-sectional direction. More importantly, the
structural morphology was an important factor determining the properties of the hydrogels. The
porous space tended to diffuse in three dimensions, while multilayered structures were
predominantly two-dimensional. This can be explained by the fact that, under the accelerated
process of VFD, the AAm—Alg hydrogels could reach their maximal fluorescence intensity within 2
min while maintaining a constant higher swelling ratio compared to that of carrageenan. Likewise,
TC426 could escape the constriction of the film along the porous network path as a result of the
impact of the flow, resulting in higher dynamic loss. Furthermore, the layered structure of
carrageenan resulted in a lower swelling ratio and allowed for it to readily restrict TC426 movement

to maintain lesser loss while maintaining higher intensity.
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Figure 29 SEM images captured under 50 ym magnification from the surface of an (A) AAm-Alg + TC426
hydrogel film, (C) carrageenan + TC426 hydrogel film. SEM images captured under magnification 20 and 40
um from the cross section of (B) AAm—Alg + TC426 hydrogel film, and (D) carrageenan + TC426 hydrogel film.

After comprehending the microstructural differences of hydrogels, optical imaging with and without
VFD-mediated circumstances could be further analysed. Figure S14A shows the case where only
the cross linking of AAm—Alg was contained in the film. Its surface layer was flat and smooth. When
macromolecular HSA was introduced into the model of Figure S14A, a black spherical substance
with a white core was clearly visible on the hydrogel surface (Figure S14B). Dense granular
microparticles could be easily captured in the same model containing only TC426 (Figure S14C).
When both TC426 and albumin were present in the system, several bright spots appeared around
the periphery of HSA, each represented by a black globular substance (Figure S14D). Similarly, in
carrageenan, the blank sample exhibited a flat and smooth surface (Figure S15A), and a black
spherical substance with a white core represented only HSA existence (Figure S15B). The AlE-
embedded film also displayed dense granules (Figure S15C), and both TC426 and HSA could be

independently observed in the coexisting system (Figure S15D).
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In the darkfield, HSA spheres were covered with TC426 microparticles on the external edge that
were then lit up (Figure 30A and 30C). Nevertheless, the strong green fluorescence was captured
in the two matrices when VFD was applied during measurements (Figure 30B and 30D). The forming
opportunities of the TC426-HSA aggregates increased as a result of the rise in the diffusion
coefficient due to VFD shearing forces, which caused free albumin in the external solution to
continuously be injected into the hydrogel interstitial space. Particularly, numerous TC426 connected
with the binding sites on the albumin surface owing to dense contacting, thus increasing the steric
hindrance. The white circle parts coating on albumin spheres represented the enrichments of

aggregation state.

A

Figure 30 Optical microscopy images for the reflection mode in the darkfield. AAm—Alg hydrogel film + TC426:
(A) without VFD; (B) with VFD, 100 uym; carrageenan hydrogel film + TC426: (C) without VFD; (D) with VFD,
100 pym; HSA = 2000 mg/L and TC426 = 10 uM, VFD was used for 2 and 4 min in AAm-Alg + TC426 and
carrageenan + TC426, respectively.

Motion Analysis

The underlying mechanism (Figure 31) of the hydrogels became clear after investigating their
fluorescence kinetics, swelling behaviours, diffusion, and microstructure throughout the whole
process. Initially, anionic sulfonate dye TC426 with AIE properties was bound to biological
macromolecule HSA through noncovalent interactions, especially electrostatic interactions and

hydrophobic effects. When TC426 molecules were docked onto the surface of the biomacromolecule
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and within the hydrophobic cavity of its folded structure, they clumped together by virtue of the strong
electronic and hydrophobic interactions between their aromatic rings. Aggregation inhibited the
intramolecular rotation of the TC426 molecules, thereby hindering their nonradiative transitions and
activating their fluorescence emission processes. Subsequently, in the scenarios of hydrogel-based
HSA detection with/without VFD, the porous network of AAm—Alg served as a fast-flow platform that
enabled the albumin solution to simultaneously diffuse in multidimensional directions and further
released the constraint of TC426 within the microstructure. Non-Fickian diffusion caused the
relaxation rate of the AAm—Alg chain to become the delivery system’s rate-limiting step, which is
difficult to be quantified in hydrogel models. Furthermore, the difference was that carrageenan’s
layered structure provided only two-dimensional motion, while it affected diffusion to exhibit Less-
Fickian behaviour, enabling the penetration rate of the HSA solution to dominate the transport
process, and the passive diffusion-dominated delivery system to be regulated. More significantly,
the introduction of VFD could artificially increase the diffusion rate under both models, and
fluorescence intensity was greatly enhanced with the increased opportunity for a connection between
HSA and TC426. By contrast, the diffusion-controlled delivery system of carrageenan was capable
of boosting the diffusional rate while keeping dynamic losses constant. Without altering the original
diffusion transport, the VFD acceleration procedure turned passive diffusion into active diffusion,
which is a new control strategy for hydrogel studies.

3D motion

HSA solution

— Non-Fickian Diffusion

Acrylamide-Alginate

Porous network [

VFD modulation

Orange-red

2D motion

Carrageenan Less-Fickian Diffusion

Multilayered Structure

Figure 31 Potential mechanism of TC426-embedded AAm—-Alg and carrageenan hydrogel film.

Application of portable device based on colorimetry

On the basis of our previously published studies (Pham, Tohl, Hu, et al., 2022; Pham, Tohl, Wallace,
et al., 2022; Tohl et al., 2022), portable devices were developed for the quantitative detection of

biomarkers. In this work, a colorimetric device (Figure S16) was developed for hydrogel films that
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utilises a three-layer RGB image matrix to output intensity values. The advantages of this approach
are its sensitivity to colour shifting and being robust to different noise sources that may affect the
image, such as sensor noise and artefacts. Since an obvious colour change was captured in
carrageenan under the action of VFD, six spiked data points (5 blue dots and 1 blank control) were
set to plot the standard curve. As shown in Figure 32, the red dot with 100 mg/L HSA concentration
was input into the built-in arithmetic circle and it yielded a recovery rate of 86% optical density. The
experiments demonstrated that this device could effectively identify the colour response of hydrogels

towards HSA in the microalbumin range.

White LEDs
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Figure 32 Correlations of HSA concentration and optical density in the range from 0 to 1000 mg/L under white
LEDs. The black line represents the established master curve, R? = 0.97; the red dot represents the validated
sample. TC426 = 10 pM.
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Conclusion

In summary, two fluorescent TC426-embedded hydrogels, AAm-Alg and carrageenan, were
investigated for HSA detection under 0—10 min of normal soaking and VFD modulation. The results
indicated that the fluorescence responses of the two hydrogel matrices were enhanced by 5.27-fold
and 1.71-fold, respectively, when VFD was involved. The detection sensitivity of the linear dynamic
curves was increased by 1.75-fold and 2.56-fold, respectively, while the LOD was reduced to 61.19
and 30.87 mg/L. Through the explanation of the potential mechanism, the primary cause for the non-
Fickian behaviour was the porous network of AAm-Alg, whose D was 3143.6 x 1071%m? s™, and the
multilayered structure of carrageenan led to Less-Fickian behaviour under the same circumstances,
resulting in a smaller diffusion coefficient (7.187 x 1071%m? s™1). Significantly, VFD could speed up
the diffusion rate without changing its initial transport mode (2.85-fold for AAm—Alg and 18.31-fold
for carrageenan). After that, motion analysis showed that the movement of the HSA solution in three-
or two-dimensional directions under the hydrogel microstructure was the rate-limiting factor that
determined the transport system. The diffusion-dominated system led by carrageenan was more
capable of increasing fluorescence intensity while maintaining the dynamic loss under VFD control.
Furthermore, a recovery rate of 86% from the colorimetric device successfully validated that the
colour change in the fluorescent hydrogels could be recognised in the microalbumin range after VFD
processing. VFD could convert passive into active diffusion, which is a promising strategy for future

hydrogel research.
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AlE BIOSENSOR INCORPORATING WITH METASURFACE
PLATFORM

This chapter has already been published on “Advanced Optical Materials, 2024, 2400868 " under
the title “Metasurface Platform Incorporating Aggregation Induced Emission Based Biosensor
for Enhanced Human Serum Albumin Detection”. Qi Hu is the primary author, while Youhong
Tang and Masanobu Iwanaga are the correspondent authors (doi.org/10.1002/adom.202400868).

In this chapter, metasurfaces exhibit excellent optical performance to enhance the light—matter
interaction of target molecules in biosensing based on its well-optimized nanostructured unit cells.
In the meantime, fluorescence (FL) biosensors with aggregation induced emissions (AIE) features
also demonstrate outstanding performance in biomarker detection due to its fast response, high
selectivity, and low background noise. Nevertheless, extremely low-level analytes are difficult to
detect in practical applications since complex urine samples include a number of uncontrolled
variables such as impurities, autofluorescence, other urine components, etc. At present, improving
photosignal sensitivity of human serum albumin (HSA) detection is always a big challenge to
overcome such interference in human urine scenarios. In this work, it is first to combine an AlE-
based fluorescent biosensor TPE-4TA with an all-dielectric metasurface platform to achieve
guantitative detection of trace HSA in urine by utilizing biofunctionalization protocols on the silicon
nanostructures. The results indicate significant FL enhancement in metasurface platform that offers

a promising pathway for improving biomarker detection in the future.
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Introduction section

Metasurface is a two-dimensional version of metamaterials that consists of periodic/non-periodic
subwavelength metallic/dielectric structures (Canet-Ferrer, 2019; J. Hu et al., 2021). It exhibits the
capabilities of concentrating, inhibiting, absorbing, scattering or guiding waves by designing
nanoscale cells to achieve dynamic modulation in optics, mechanics, electronics, etc (Ali et al., 2022;
Hsiao et al., 2017). The strong wavefront manipulation is the remarkable characteristics where the
unit cells of shape and size, diversified patterns and geometry are tunable and controllable (Ee &
Agarwal, 2016; Gutruf et al., 2016; L. Li et al., 2017). It is precisely based on such characteristics
that the attributes of incident light can be customised through light confined mode and localised
surface plasmon (LSP) electromagnetic (EM) near-field, thus enhancing light-matter interactions of

target molecules (Kabashin et al., 2009; Tseng et al., 2020).

To date, metasurface has been extensively developed in recent decades on the aspects of
polarisation conversion (Zhu et al., 2013), wavefront shaping (Farmahini-Farahani & Mosallaei,
2013), controllable radiation (Bao et al., 2023). The advancement of metasurface platform has
attracted marvelous attentions on the applications of biosensing and lead to a significant stride
towards biomarker detection (R. Liu et al., 2020; S. Zhang et al., 2020). Oguntoye and his team
designed a resonant dielectric photonic Si-nanoantenna metasurface to detect a tuberculosis
biomarker CFP-10 peptide and this platform's cost was 87-96% lower than current assays with
equivalent sensitivity. The results illustrated that a maximum sensitivity and limit of detection (LOD)
was 0.1 uM and 10 pM, respectively (Oguntoye et al., 2022). Wang et al. reported an optofluidic
silicon-on-insulator (SOI) metasurface that provided multiple nanoscale lateral flow channels to
deliver ErbB2 breast cancer biomarkers to the sensor surface. This platform illustrated a resonance
mode around 1550 nm wavelength and LOD for ErbB2 is 0.7 ng/mL (Wang et al., 2018). Negm et
al. demonstrated a double-resonating metasurface with the characteristic of permittivity asymmetry
and geometric asymmetry simultaneously to achieve a thin protein layer sensing. Germanium
Antimony Telluride (GST326) ellipse-shaped nanopillars were sensitive to the analyte and show
great robustness of phase transition losses from the amorphous to the crystalline state in the mid-
infrared range (Negm et al., 2023). In our previous publications, lwanaga et al. fabricated an effective
all-dielectric metasurface fluorescence biosensor with periodic silicon (Si) nanorods array, which had
also successfully detected several biomarkers such as immunoglobulin G (IgG) (lwanaga, 2020),
cancer biomarker (PSA and CEA) (lwanaga, 2023), cell-free DNA (cfDNA) (lwanaga et al., 2023a),
etc. Specifically, Si or SOI-fabricated metasurfaces possess the tuning adaptability of their optical
properties and provide high quality resonances (Cheung et al., 2012). When the target analyte
enables immobilized or coated on Si-nanoscale matrices, high refractive index of Si facilitates light
modulation (Ferrara et al., 2015; Van Laere et al., 2007), resulting in deep light—-matter interactions,
thereby reflecting on the analysed peaks. Collectively, these above-mentioned satisfactory results

indicate the outstanding capability of metasurface on biomarker nanophotonic detection.
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Aggregation-induced emission (AIE) fluorescence (FL) biosensors also exhibits excellent detection
capabilities in biosensing where the intermolecular interactions restrict the movement of AIE
molecules rotors, thus producing an extremely fast and bright FL response through the radiation
channel (Hong et al., 2011; X. Zhang et al., 2020). However, HSA measurement using AIE FL
biosensors has always faced considerable gaps and challenges in human urine scenarios owing to
unpredictable reasons regarding the complexity of urinary excrement. For starters, it has been
discovered that albumin excretion varies greatly across individuals, with a typical within-person
coefficient of variation (CV) of 40-60% (Dyer et al., 2004), which leads to a board concentration
extension of urinary HSA from extremely low to high depending on individual differences. In addition,
urine matrix is made up of a variety of organic and inorganic compounds, ranging from low-molar
mass molecules to polymers (Simerville et al., 2005). It could also contain cells and bacteria that
have the ability to rapidly change the composition of urine (Simerville et al., 2005). On the basis of
this background, undesirable FL enhancement or quenching will be further triggered because of the
interference of numerous impurities (Bouatra et al., 2013), autofluorescence (Birkova et al., 2020),
other urine components (Patel, 2006; Simerville et al., 2005), etc. Consequently, it is inevitable to
overestimate or underestimate HSA content, leading to inaccurate readings, especially at an
extremely low-level (Aitekenov et al., 2021). Not only that, but the optical signal is also hardly
detectable due to small amplitude of light absorption when HSA concentration is low, which requires
the high detection accuracy by boosting sensitivity or reducing background noise. To address these
issues with complex bio-samples in practical applications and evaluate the biomarker detection
performance of metasurface in biosensing, herein, it is a first report nanophotonic all-dielectric
metasurface platforms coupled with AIE featured FL biosensors for achieving the enhanced
detection of HSA. This platform integrates a microfluidic system and a metasurface substrate to
enable analyte delivery and the monitoring/detection of FL enhancement in real time with the
outstanding characteristics of high throughput, good reusability and low reagent consumption, as
shown in Figure 33A. Under the FL setup (Figure 33B and Figure 33C), the results from human
urine samples show that this proposed engineering metasurface design has significant potential as
a biomedical chip-based platform for providing a promising pathway of enhancing sensing and

biomarker detection quantitatively.
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Figure 33 (A) Schematic diagram of metasurface platform. Inset figure magnifies the nanostructure of
metasurface area; (B) The schematic diagram of FL setup for imaging; (C) Actual photograph of experimental
configuration for HSA detection. Sample liquids flow on metasurface platform through inlet (right) and outlet

tubes (left) controlled by rotary pump and FL is collected by setup in (B).
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Experimental section

Materials and instruments

The FL biosensor TPE-4TA had been synthesized according to previous publications (Tu et al.,
2019). Human serum albumin (HSA) was purchased from Sigma-Aldrich (A1653-500MG, Germany).
Biotin labelled HSA antibody (Biotin-HSA Ab) was purchased from Abcam (ab27632, purified, UK).
Cys-streptavidin (Cys-SA) was purchased from Click Biosystems (PRO1005, Richardson, USA).
Raw human urine samples were purchased from LEE BioSolutions (991-03-S, USA). Phosphate-
buffered saline (PBS) and PBS-Tween 20 (PBS-T) were purchased from Fujifilm Wako Pure
Chemical, Japan (164-25511 and 163-24361, respectively). Nanosep Centrifugal devices were
purchased from Pall Life Sciences (OD300C34, USA). HiLyte Fluor™ 555 (HL555) Labeling Kit was
purchased from Dojindo Molecular Technologies (LK14, Japan) and the labelling operation was done
according to standard protocols. Human Albumin SimpleStep ELISA® Kit was purchased from

Abcam (ab227933, UK) and the operation procedure followed the standard instructions in manual.

An all-dielectric metasurface manufacturing procedure was carried out through the use of electron-
beam lithography and dry etching on SOI wafers according to our previous publication (lwanaga,
2020, 2021). The six metasurface regions in this investigation were distributed in the middle of each
substrate with the dimension of 45 x 45 mm?, corresponding to six microfluidic flow in-out channels,
as seen in Figure 1A. Notably, the metasurface substrates could be reused after being washed with

a complex acid solution (H2SO4 + H205).

The FL setup had been illustrated in Figure 1B. Light-emitting device was acquired from Thorlabs
(M365FP1, USA). 10x objective lens was acquired from Mitsutoyo (M Plan Apo, Japan). 16-bit FL
images were recorded by an uncooled CCD camera (Infinity-3S, Teledyne-Lumenera, Canada). FL
spectra was measured by Spectrofluorometer (FP-8500, Jasco International, Japan). The binding
affinity was obtained from the surface plasmon resonance instrument (SPR, BIACORE-X100,

General Electric Healthcare, USA).

Methods

Preparation of samples

1000 ug mL* of AIE FL biosensor TPE-4TA solution as the stocking solution was dissolved in PBS
buffer and stored at 4 °C in the dark environment. Stocking solution would be diluted freshly with
PBS buffer to 20 ug mL in every experiment unless otherwise noted. The freshly made HSA solution
was formulated to 1000 yg mL * in PBS buffer and diluted to the required concentration of 0—1000
ug mL 't with a specific concentration gradient. 200 ug mL* of Cys-SA stocking solution and 1 mg
mL?* of Biotin-HSA Ab were diluted to 20 ug mL*and 5 uyg mL* with PBS buffer for daily use,
respectively. PBS-T buffer was diluted with PBS buffer (pH = 7.4) 3 times for rinsing use. Mixing

solutions of HSA and TPE-4TA were incubated for 10 minutes before use.
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In the results section of 2.2, in order to ensure that all components were fixed tightly on the gold thin
film, Cys-SA, Biotin-HSA Ab, HSA and TPE-4TA were all formulated to relatively high working
concentration of 20 ug mL* during the experiments of binding response. For non-specific absorption,
HL555- HSA antibodies were set to 0-5 ug mL™2.

In human urine testing, raw urine samples (991-03-S, Lot. 18-06-615, Lee Biosolutions, MO, USA)
would be thawed from -20 °C to room temperature. Afterwards, centrifugal filters with 300K Omega
film were used to centrifuge for 10 minutes with the rotation speed of 120 x 100g and this operation
must be repeat three times for each experiment until a sufficient amount of treated urine was
collected for further use. Finally, the treated urine could be prepared into different urine samples
through specific dilution factors with PBS. The mixing solutions of urine samples and TPE-4TA were

incubated for 10 minutes before measurement.

Preparation of three platforms

Metasurface platform

The metasurface platform was a dynamic measurement that composed of a self-absorbed pair of a
metasurface substrate and a polydimethylsiloxane (PDMS) microfluidic chip (thickness = 2 mm) that
had six flow-in and flow-out independent microfluidic channels. These microfluidic paths (height =
30 um) connected with tubes and the flowing speed could be controlled by rotary pump (RP-6R01S-
5A-DC3V, Takasago Fluidic Systems, Japan). In the meanwhile, this metasurface substrate was a
three-layer planar structure (from top to bottom) consisting of the Si-nanocolumns array (with a
diameter of 220 nm, a height of 200 nm, and a period of 300 nm), a 375 nm SiO, layer and a 675
pum base Si wafer (Figure 2A).

Microplate platform and Microfluidic platform

Microplate platform was based on the conventional transparent 96-wells plate (P96F03N, Sansho,
Japan) for static measurement. Microfluidic platform was assembled by a PDMS microfluidic chip
and a normal substrate (a SiO2 layer and a base Si wafer without the Si-nanocolumns array) for
dynamic detection. Microfluidic configuration remained consistent across microfluidic platform and

metasurface platform.

Microfluidic flowing program

The microfluidic flowing program was divided into the following steps: control of reagent flow time
and rate, multiple reagents switching, FL imaging and system cleaning and drying. In order to
achieve the multiple immobilizations on Si-nanorods, different sample liquids needed to be injected
step by step through stainless-steel pins connected to the external inlet and outlet tubes for passing
over six metasurface regions where flowing variation among different channels was approximately

5%. First, PBS buffer was prepared for 3 min preflow with the flowing rate of 102.8 yL/min to fill the
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microfluidic paths. Secondly, Cys-SA was flowed at 10.9 yL/min on metasurface area for 11 min and
PBS rinse was performed at the flowing rate of 18 pL/min for around 7 min. Afterwards, FL
background measurements were recorded in PBS environment. Next, biotin labelled HSA Ab was
also performed to flow at 10.9 yL/min for 11 min then PBS rinsing at 18 pL/min for 7 min. The same
step was repeated when the prepared mixture solution of FL biosensor TPE-4TA and HSA flowed
on the Si-nanocolumn array (using PBS-T buffer for rinsing instead of PBS buffer). Ultimately, actual
FL images were captured then analysed by deducting the preceding background effects. Besides,
system cleaning would be carried out with neutral washing solutions and pure water for two sections
(rinse cleaning of tubes and ultrasonic cleaning of microfluidic chips & metasurface substrates) after
FL measurement. Overall, this microfluidic flowing program required about 70 min flowing process,

30 min FL measurement and 50 min cleaning & drying, respectively.

FL measurement

In FL setup, ultraviolet LED emitted 360 nm excitation light, which focused on the metasurface
through an objective lens of numerical aperture (NA) 0.28. After that, beam splitter filtered out the
reflected light with the wavelength less than 409 nm, meanwhile emissive FL was collected by
objective lens, and transmitted toward a 529-571 nm bandpass filter, then was detected eventually
by an uncooled CCD camera. The exposure time was appropriately adjusted according to different
platforms and the gain was fixed at 10 during every experiment. The excitation wavelength was set

to 360 nm and the emission wavelength was detected within the range of 529-571 nm.
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Results and discussion section

Optical properties of metasurface platform

The optical optimization of the metasurface has a history, which was reported in previous
publications [1-3] (Choi et al., 2015; Iwanaga, 2018; lwanaga et al., 2016). In principle, fluorescence
(FL)-intensity enhancement is a consequence from multiple control of photoexcited states (Choi et
al., 2015; lwanaga, 2018; lwanaga et al., 2016); that is, FL enhancement factor is equal to the
product of excitation efficiency, inner quantum yield, and FL-emission efficiency (namely, Purcell
factor). One of the keys is to the FL-emission efficiency, which was optimized by adjusting a particular
resonant mode of the metasurface (i.e., a reflectance peak in Figure 2B) to the wavelength of FL.
This was conducted by tuning the diameter and height of the Si nanocolumns (lwanaga, 2018).
Besides, the periodicity of the metasurface was set to a reasonable value, in accordance with the
diameter of the Si nanocolumns. Thus, the present metasurface has a set of optimized structural
parameters, based on the previous studies (lwanaga, 2018, 2020). In this case, the optical structural
design of metasurface is suitable for AIE FL biosensor TPE-4TA to achieve FL signal enhancement
at green wavelengths around 530 nm. Figure 34A shows that the dimension parameters of SOI-
nanorod metasurface with the thickness of a base Si wafer 675 ym and SiO; layer 375 nm,
respectively. Si nanocolumns consisting of diameter 220 nm and height 200 nm forms a square
lattice of 300 nm periodicity. Normal incident light propagates from the air to the metasurface,
ensuring that the vector of the electric field is perpendicular to the incidence plane. Furthermore, the
reflectance spectrum, as shown in Figure 34B, was numerically computed in the configuration of
Figure 2A, exhibiting reflection peaks or dips according to the resonances of metasurface. A
reflectance band of 30% is generated at 360 nm that is excitation wavelength for TPE-4TA, whereas
reflection response at 530 nm reaches up to 70% with a single sharp peak significantly. A high
reflectance exceeding 90% also observes between 700-800 nm, which is originated from the
magnetic dipole resonance (Figure S17). Figure S18 shows simulated and measured reflectance
spectra, respectively. Overall, the two spectra agree with each other in the spectral shapes. Since
the spectrometer allowed us to measure reflectance at 5 degrees and more, we set the incident
angle to be 5 degrees, which is close to the normal incidence, and, indeed, verified that the simulated
spectrum in (A) is approximately the same with the spectrum in Figure 2B. Importantly, the main
feature regarding reflectance peaks at 360 and 530 nm, which was related to the FL enhancing effect
in this study, was reproduced in the measured reflectance spectrum (B). The incident polarization
was set to s polarization, which means that, when plane of incidence is the xz plane, the incident
electric-field vector is parallel to the y axis. Besides, we mention that some interference signatures
at 840—1050 nm came not from the metasurface itself but from the optical configuration in the
spectrometer. Afterwards, to visualize the underlying mechanism of the FL enhancement induces by
the Si nanocolumns, resonant EM field distributions are investigated in Figure 2C—2F. The intensities
of electric fields (|[E|?, Figure 34C) and magnetic fields (|H|?, Figure 34D) excited at 360 nm are

reinforced to 54.9 and 6.1, respectively, in comparison with the incident field intensity of 1.0. These
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EM-field distributions are dark inside the Si nanocolumns and indicate that the incident light was
absorbed in the Si nanocolumns. However, the electric field at the outermost surface is highly
enhanced at the sidewall of the Si nanocolumns and is not significantly reduced at the top of the Si
nanocolumns. At the wavelength of 530 nm, the electric field intensity decreases at 41.9 slightly but
this strong electric field distributions shift towards the upper part of the Si nanocolumns on which the
majority of FL-labelled HSA analytes tend to be immobilized (Figure 34E). Notably, the magnetic
fields are significantly enhanced up to 115.3 inside Si nanocolumns as Figure 34F shown, which
indicates that this resonance is a magnetic mode (specifically, a higher magnetic mode than
magnetic dipole mode), corresponding to the high-reflectance resonance at 530 nm in Figure 2B.
The reinforced resonant EM fields is advantageous to transit electric dipole in FL molecules
(lwanaga, 2018), thus contributing to enhanced FL emission at the outermost surface of the Si
nanocolumns. The numerical calculation was based on rigorous coupled-wave analysis and
scattering matrix algorithm (lwanaga, 2016).
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Figure 34 (A) 3D illustration of metasurface of Si nanocolumn (diameter d = 220 nm, height h = 200 nm) array
forming a square lattice of periodicity 300 nm. (B) Simulated reflectance spectrum at the normal incidence in
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a wide wavelength range from the ultraviolet to the near infrared. (C) and (D) Electric and magnetic field
intensities (|JE|2 and |H|2), respectively, excited at 360 nm, which is indicated by an arrow in Figure 2B. This
Xz-section was set to cut through the centre of the Si nanocolumns. (E) and (F) Electric and magnetic field
intensities, respectively, shown in the xz-section view similar to (C) and (D) and excited at 530 nm, indicated
by an arrow in Figure 2B. Incident field was set to be unity, that is, |Ein|]2 = 1 and |Hin|2 = 1. Colour bars
indicate the field intensities. White lines show the interfaces of the Si nanocolumns with air and the underlying
SiO2 layer.

Detection strategy and binding affinities on metasurface platform

The detection strategy is to utilise biofunctionalization protocols of binding molecules, labelled
antibody (Ab) and target analyte for achieving multi-level immobilizations on metasurface (Figure
35A). After initial phosphate-buffered saline (PBS) flow, the binding molecules of Cys-streptavidin
(Cys-SA) flows through the microfluidic paths onto the metasurface regions where a uniform and
stable physiosorbed layer is formed directly by the interaction between streptavidin and the silica
shell of nanocolumns (Irrera et al., 2018). Next, HSA antibodies labelled with biotin (Biotin-HSA Ab)
are bound to the Cys-SA through the fast and strong non-covalent protein-ligand interactions, and
this formed complex biolayer provides a good high-density binding platform for HSA. Furthermore,
when tetrazolate nitrogens from FL biosensors TPE-4TA bind with polar dominant-contacting lysine
residues (Lys) in HSA binding conformation through hydrogen bonding and electrostatic interactions,
triggered restriction of intramolecular movement effect lights up HSA (Tu et al., 2019). Afterwards,
pre-bound products of HSA and TPE-4TA can be captured persistently through antibody-antigen
reaction. Notably, PBS rinsing is compulsory to remove unbound parts after immobilization at each
level. Besides, the results in Figure S19 demonstrate that binding sequence of TPE-4TA affects final
FL response. Two pre-bound products ([HSA+TPE-4TA] and [HSA Ab+HSA+TPE-4TA]) possess
the strongest FL intensities in this protocol compared to the case where TPE-4TA is individually
immobilized on HSA in the last step. The potential reason for the FL-intensity differences is the
inward orientation of HSA as big biological molecules when immobilized. The binding sites of
endogenous and exogenous substances are mainly located in subdomain A and IIIA on HSA
tertiary structure (Huang et al., 2020; Luo et al., 2018; Zhu et al., 2019) where Immunoglobulin G
(IgG) binding positions of ligands on HSA are localized precisely in Domain I1l (Fasano et al., 2005;
Zorzi et al., 2019). Nevertheless, the favourable binding positions of ligands between HSA and TPE-
4TA are found in the intersection of Domain | and Domain Il (Tu etal., 2019). Once HSA immobilizes
onto its Ab successfully, Domain | and Il of HSA mainly face the surface of Si nanocolumns. The
presence of steric hindrance may limit TPE-4TA movement by crossing directly into the interface of
Domain | and lll, thereby the binding opportunities between HSA and TPE-4TA will be further
reduced due to immobility of adaptive spatial conformation of HSA-HSA Ab (Figure S20). However,
prepared mixing solution of HSA and TPE-4TA beforehand can be fully reacted to completely avoid
this binding loss. In short, the whole designed biofunctionalization protocol indicates that the
detection strategy is feasible and optimal on binding identification, stability, and intensity, which has

been validated from subsequent experimental results.
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In order to ensure that the preset immobilizations can proceed as the desired protocols, the surface
plasmon resonance (SPR) measurement was conducted to evaluate the effectiveness of
immobilization quantitatively as shown in Figure 35B. The measurement was conducted on flat gold
surface where SPR is induced. Initial flow of PBS at 10 yL min* for 10 min is the highest priority step
to clean the gold film surface and maintain unobstructed microfluidic paths. Next, Cys-SA, Biotin-
HSA Ab and the mixing solutions of HSA and TPE-4TA are flowed at 10 yL min? for 10 min,
respectively. Furthermore, each binding stage contains a standard rinse with PBS for 10 min to
remove residual reagents of previous step. The results at the steady state indicate that binding
affinity reflects on a quantity, ARU, defined as absorbent mass per unit area in the scale of pg mm-
2, As the sequential immobilizations accomplishes, ARU continues to increase with three binding
stages, which are 1303.8 of Cys-SA immobilization (Molecular weight, Mcys.sa = 17.9 kDa), 1694.2
of Biotin-HSA Ab immobilization (Mgiotin-nsa ab = 69 kDa) and 281.5 conjugates of HSA and TPE-4TA
(Musa+tre-aTA = 67 kDa), respectively. Inset figure in Figure 3B represents the difference of HSA
with/without TPE-4TA in binding response. Compared with HSA solution only, the binding ratio of
HSA+TPE-4TA increases by 34%, which is attributed to the ligands binding of TPE-4TA through
hydrogen bonding and electrostatic interactions. Based on analysis of BIACORE, the theoretical
binding capacity of TPE-4TA as small molecules on gold surface can be calculated using the
following equation (1):

MTPE—4A7:IA><RHSA XSy (RU) 1)
HSA

Rypp_sra =

where Mrpp_4ra and Mys, represent the molecular weight of TPE-4TA and HSA, respectively; Rysa
represents the binding capacity of immobilized HSA and S, refers to the stoichiometric ratio between
TPE-4TA and HSA.

The result indicates that 95.7 of the measured binding response of TPE-4TA is 24 times more than
the theoretical estimate. This increase could be explained by the AIE phenomenon since numerous

FL molecules of TPE-4TA aggregate into the structural cavity of HSA.

Moreover, the immobilized molecular density is evaluated by the equation (2):

R4XNy

Dy (1 molecule for nm?) 2

where D, represents the immobilized molecular density of analyte; M, represents the molecular

weight of analyte; R, represents the binding capacity of analyte and N, is the constant of Avogadro.

The result shows that one molecule of Cys-SA, Biotin-HSA Ab and conjugates of HSA and TPE-4TA
are situated on an average square surface area of 4.61 x 4.61 nm?, 8.20 x 8.20 nm? and 19.9 x
19.9 nm?, respectively, indicating this multi-level immobilization strategy is feasible and can be also

applied in our platform effectively.
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The indirect verification of immobilization is also carried out through non-specific Ab-Ab absorption
as shown in Figure 35C. In this case, the same species of HSA Abs have been labelled individually
with two different moieties: biotin and FL-label HyLite Flour 555 (HL555). The flowing order of
samples is as follows: Cys-SA, Biotin-HSA Ab, HSA, and HL555-HSA Ab then rinse is performed
after each sample flow. Concretely, HL555 labelled HSA Abs emit FL at the peak of 570 nm and
they will be absorbed onto Biotin-HSA Abs in metasurface area that has not reacted with HSA vyet,
hence being forced to dock on the metasurface likewise. When different concentrations of HSA are
already fixed on 2 ug mL* biotin-labelled HSA Abs, FL quenching effect occurs as HSA concentration
increases upon extra introduction of 5 ug mL* HL555 labelled HSA Ab into the microfluidic paths,
which proves that antibody-antigen reactions with higher priority interrupt Ab-Ab nonspecific
absorption (Inset graph of Figure 3C). The results illustrate that FL intensities reaches the strongest
value in the absence of HSA meanwhile it descends by 68.1% when HSA concentration reaches at
1000 ng mL2. Figure S21 reveals that the concentration of HL555-labeled HSA Ab is positively
correlated with its FL efficiency under this non-specific absorption. Inset figure in Figure S21
indicates that the introduction of HSA is the primary factor for this FL quenching effect. Consequently,

multi-level immobilization can also be confirmed indirectly.
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Figure 35 (A) Schematic diagram of multiple immobilizations on Si nanocolumns; (B) Binding response of
immobilizations on an Au-film sensor chip using surface-plasmon-resonance instrument. Inset: the difference
of binding ratio between HSA and the mixture of HSA + TPE-4TA in the final immobilization step; (C) Non-
specific absorption between 2 yg mL-1 Biotin-HSA Ab and 5 ug mL-1 HL555-HSA Ab with HSA concentration
varying. Inset: the change of FL efficiency with different concentrations of HL555-HSA Ab.

FL kinetics on metasurface platform

The FL kinetics behaviour of AlEgen TPE-4TA in HSA detection under the modulation of
metasurface platform are evaluated in this section. TPE-4TA has excellent FL response towards
HSA and its concentration effect has been optimised (Figure S22 and Figure S23). Its good
selectivity towards HSA excludes potential interference from biomolecules over various proteins with
isoelectric points ranging 1-10 in buffer solution (Tu et al., 2019). Figure 36A shows an excellent

photostability of HSA+TPE-4TA conjugate within 2 hours, which allows multi-level immobilizers to
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generate FL persistently on the metasurface. Moreover, FL intensity is positively related to HSA
concentration as displayed in Figure 36B. FL enhancement in the microalbumin range is divided
into two phases: a sharp phase (0 to 20 uyg mL?) and a slow phase (20 to 160 pg mL?). Slowing
trend indicates binding capabilities of Biotin-HSA Ab are approaching its maximum limitation. The
steady FL intensities near 160 yg mL* describe that the fixed amount of HSA and TPE-4TA
conjugates has been regionally saturated on metasurface. Significantly, the metasurface platform
remains ultra-sensitive towards the trace of HSA (< 20 yg mL?) where FL signal climbs rapidly 82%
of maximum response when HSA content jumps towards 20 ug mL™. To further explore the extent
to which the metasurface platform contributes to FL amplification, two other platforms (that is,
microplate platform and microfluidic platform) are also established for horizontal comparison and the
corresponding linear fittings of three platforms are plotted in Figure 36C, Figure S24 and Figure
S25. The microplate platform composes of the conventional transparent polystyrene materials and
microfluidic platform possesses the same construction as metasurface platform without Si-
nanocolumns. In Figure 36D, 39% and 136% FL enhancement of HSA detection are observed in
microplate platform and microfluidic platform respectively, however, emitted FL boosts up to 1001%
under the light-confined mode in the metasurface platform. Through comparison of three platforms
(Figure 36E), FL signal of the metasurface platform and the microfluidic platform are 7.93-fold and
1.70-fold stronger than that of the microplate platform respectively. Obviously, FL regulation of
metasurface is superior to the other two platforms. We also note that numbers of the FL molecules
involved in these measurements are the least in the metasurface platform because the PBS rinse
removed the unbounded FL molecules. Thus, net FL-detection efficiency is far superior in the

metasurface platform to the other microplate and microfluidic platforms.

On top of that, the practical evaluation in the application of human urine is investigated among three
platforms to verify feasibility of sensing augmentation. In urinary FL analysis, autofluorescence is
induced inevitably under UV light and leads to FL overlap within the detection scope of 529-571 nm
(Figure S26). Hence, treated urine samples diluted 80 times with PBS buffer are employed as the
standard to eliminate the impact of auto-FL as efficiently as possible (Figure S27). PBS buffer also
maintains diluted urine samples into a neutral environment avoiding the potential impact of changes
in urinary pH on FL measurements. Additionally, the robustness of TPE-4TA has already been
proved in slightly acidic environment and main urinary components, such as urea, uric acid,
creatinine, etc., do not interference assay sensitivity of HSA (Tu et al., 2019). Validation from the
commercial kit shows HSA level of 45.8 uyg mLin the urine samples and this concentration can be
calculated independently by referring to the standard curves established in three platforms to obtain
40.7, 41.9 and 43.8 ug mL* with recovery rate of 88.9%, 91.5% and 95.6% respectively (Table S2).
Through systematic measurements presented in Figure 36F, FL retention rate refers to the
percentage variations in detectable FL signals from intense to dimmed at extremely low HSA
concentrations as the dilution ratio increases. First, the FL retention rates of three platforms are

100% in the initial phase (80x diluted urine samples) and drop towards 80% with doubling of the
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dilution ratio (160x). When the dilution ratio is adjusted to 320x, the microfluidic and metasurface
platforms retains their 70%, while the microplate platform experiences a dramatic decline to 29%. At
this time, the FL retention rate of the microplate is less than half of that of the other two platforms.
Next, 7%, 18% and 38% FL retention rates are recorded under the dilution ratio of 640x where
metasurface platform is 2.1 folds and 5.4 folds more intense than the microfluidic and microplate,
respectively. After that, the metasurface maintains 27% of FL signal with further dilution (1280x)
whereas the microplates and microfluidics almost lose it completely (2%). Similar circumstance still
persists until the final phase of 2560x with near 10% retention rate in metasurface. Moreover,
microplate, microfluidic and metasurface platforms have 300 ng mL?* (LOD1), 150 ng mL* (LOD2)
and 18.75 ng mL* (LOD3) as their respective detection limits, corresponding to the FL retention rate
of 80%, 70% and 9% respectively. The above results of FL retention rate change are consistent with
the performance of LODs in three platforms. Finally, the sensitivity level is expressed as:
metasurface > microfluidic > microplate. The metasurface platform can effectively amplify the FL
signal at extremely low concentrations of HSA in human urine environment. FL retention rate is still
detectable even if urine specimens are diluted by 2560 times, which fully illustrates that Si-
nanocolumn matrices which enables HSA to immobilize are the primary reason for producing FL

enhancement.
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Figure 36 (A) Stability of FL in HSA detection within 2 hours using the metasurface platform; (B) The correlation
of HSA and TPE-4TA from 0 to 160 pug mL* using the metasurface platform. Inset graphs are change in FL
images at 0 and 160 ug mL?; (C) The corresponding standard curve of TPE-4TA for HSA detection in the
range of 0-160 ug mL* using the metasurface platform based on (B); (D) The difference of FL response
with/without HSA in each of platform; (E) The comparison of FL enhancement among the microplate platform,
the microfluidic platform and the metasurface platform; (F) FL retention rate between three platforms in urine
scenarios with different dilution ratios where dilution ratios refer to total volume/treated urine volume with PBS
buffer as diluent. Three broken horizontal lines represent corresponding LODs in different platforms (LOD1:
the microplate platform (orange), LOD2: the microfluidic platform (green), LOD3: the metasurface platform

(purple)).

Underlying mechanisms on metasurface platform

After understanding optical properties, binding affinities, and FL kinetics of metasurface platform
throughout the dynamic sensing process, the potential mechanism can be explained as Figure 37
displayed with the comparison of three models. Initially, large-scale wells located on microplate
platform enable numerous conjugates of HSA and TPE-4TA to freely move in multi-dimensional
directions. Uniformly dispersed FL molecules are hardly restrained in camera zone, resulting in the
limited FL signal in large liquid dimensions. Remarkably, microfluidic and metasurface platforms
further compress the scope of FL activities along the height direction, thus enabling us to acquire
the focused FL images, which aligns with the results presented in Figure 4E. More significantly, the
Si nanocolumns allow FL molecules to be stacked in a non-uniform manner within an extremely
small area and local enrichment state occurs, thus enhancing FL output. Particularly, the reinforced
effect of resonant EM fields further amplifies FL emission of HSA+TPE-4TA from the outermost
surface of Si nanocolumns through multi-level immobilizations. Moreover, the results from FL kinetics
(Figure 36B) reveal that FL enhancement is subject to the total fixed number of conjugates of HSA
and TPE-4TA in metasurface area. FL molecules immobilization reaches its saturation when the
concentration of HSA is excessive (> 160 ug mL*). Amplifying effect can only occurs on the bound
sections and does not cause promotion with HSA concentration continues to increase any longer.
Conversely, the microalbumin or trace range do not have the saturation effect, which is the reason

why metasurface is more significant for it.
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Figure 37 Potential mechanism of the metasurface platform compared to the microplate and microfluidic
platforms under their nanostructures.

Future prospects on metasurface platform

This research offers a feasible strategy to achieve enhanced HSA detection using AIE FL biosensor
incorporating with metasurface platform. Through the reinforced resonant EM fields of Si
nanocolumns, photosignal sensitivity of analytes can be amplified, which is particularly significant in
the presence of many interferences in the urine scenarios. Improved LOD meets the higher standard
requirements of HSA detection at a low level. Besides that, the removal of HSA from human urine
for enhancing sample loading capabilities in analytical methods becomes a promising pathway to
identify low-abundant proteins and improve their detection sensitivity. To be more specific, urine
contains thousands of different types of proteins, while HSA is one of main proteins as the high-
abundant proteins. At present, more than 3400 individual proteins have been found in urine that
could become potential biomarkers for different diseases and the majority of them belong to low-
abundant proteins (Marimuthu et al., 2011; Santucci et al., 2015). The masking effect of HSA poses
an impeding factor in urine for discovery/screening less-abundant proteins. Si nanocolumns enable
to deplete existing HSA content efficiently to act as the function of filtration. The superior optical
properties provided by the metasurface platform are apparently beneficial for monitoring in

downstream process analysis of HSA removal.

This metasurface platform also provides a universal microfluidic design to be biofunctionalized for
targeted biomarker detection via the combination of standard streptavidin-biotin model,

immunobinding and fluorescence labelling, which is fully capable of applying onto other biomarkers.
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Firstly, the array of Si-nanocolumns constructed on SOI substrate has a larger surface area on which
biomolecules are allowed to immobilize. Secondly, this platform can achieve high reflectance in a
visible wavelength range to be compatible with optical properties of target objects by tuning radius
and periodicity. Thirdly, FL molecules specific with target biomarkers are selected carefully to ensure
that steady output of optical signal will be turned on only after multi-level immobilization is completed
successfully. More significantly, the running cost can be reduced dramatically because our

metasurface substrates are reusable by washing.

All-dielectric metasurface platform has been illustrated on biomarker detection in biosensing with
extraordinary optical characteristics that may lead to better sensitivity, higher throughput and more
significant specificity for extremely low-level analytes in the future. The performance of several
instances of all-dielectric metasurface platforms based on microfluidic FL sensing is summarized in
this section as shown in Table 5. As metasurface platform become better explored, it will have a

potential promotion on biomarker detection in the medical diagnosis criterion to be a higher standard.

Performance
FL .
No. component Biomarker Reference
Dynamic range LOD
1 TPE-4TA HSA 0-160 ug mL* 18.75 ng mL? This work
. 1 1 (Iwanaga,
2 AF555 1gG 5-2000 pg mL 5 pg mL 2020)
0.16-1000 ng mL%; 1ng mLY; lwan
3 HL555 PSA and CEA ( 2%2%%’3’
0.002-25 ng mL* 0.002 ng mL™*!
(I.:g;/”r:z)-tt?n 0.16-100 ng mL%; 0.64 pg mLY; (lwanaga &
4 HL555 %gptige and Tangkawsakul,
_ -1 -1
corresponding Ab 6.25-100 ng mL 1.56 ng mL 2022)
) (Iwanaga et
5 HEX cfDNA 0-2 fM 0.488 aM al., 2023a)
6 HEX SARS-CoV?2 5-4000 aM 5.86 aM ("’;%g%’a’

Table 5 Summary of FL detection of biomarkers on the metasurface platform. AF555 denotes Alexa Flour 555,
HL555 HyLite Flour 555, and HEX a fluorescent probe on DNA.
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Conclusion

This designed all-dielectric metasurface platform shows a resonance of 70% reflection response at
530 nm and can enhance FL emission at the outmost surface of Si nanostructures owing to the
significant amplification of its resonant EM field. Subsequently, the multi-level immobilization as
detection strategy successfully implements strong high-density bindings of FL molecules on
metasurface area. FL kinetics results prove its good photostability and a good dynamic range of 0—
160 ug mL*? especially ultra-sensitive to the trace HSA. In the comparison of three platforms,
metasurface platform is superior to microplate and microfluidic platforms, which exhibits 1001% FL
enhancement, and its FL signal is 7.93-fold and 4.69-fold stronger than the others. Furthermore, the
results in urine testing demonstrate the highest recovery rate (96%), the lowest LOD (18.75 ng mL-
1) and the biggest FL retention rate (9%) in urine up to 2560 times diluted among three platforms.
The underlying mechanism concludes that a local enrichment state on the metasurface area and
space constraints from microfluidic paths are the main reasons for enhancing FL emission. In
summary, the AlE-based FL biosensor incorporating metasurface platform can effectively achieve
FL enhancement in HSA detection. The combination of AIE fluorogens and metasurface platform

opens up a new route for biosensing in real scenarios.
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FUTURE PROSPECTS

The improvements of AIE biosensors

Inorganic-organic hybrid materials are novel biological and chemical modifications as the potential
improvements of AIE FL biosensors for biomarker detection. These contents have already been
published on “Materials Chemistry Frontiers, 2022, 6(15), 2011-2033” under the title “Inorganic—
organic hybrid materials to detect urinary biomarkers: recent progress and future prospects”.
Qi Hu is the primary author, while Dan Ding is the co-author and Youhong Tang is the correspondent
author (doi.org/10.1039/D2QM00213B)).

To be more specific, inorganic-organic hybrid materials are constructed by combining inorganic and
organic building elements at the molecular or nanoscale level. Their attributes are determined not
only by the type and proportion of the ingredients, but also by their dispersion (Schubert, 2011).
Different forms of hybrid materials have been reported, each with its unique structural features. To
date, inorganic-organic hybrids have attracted extensive attention as a new type of material,
exhibiting a great diversity of material characteristics including mechanical, chemical, optical, and
biological capabilities (Sharp, 1998). As for inorganic-organic hybrid forms, protein-inorganic and
non-protein-inorganic hybrid materials are two main orientations of worthy. Proteins are
macromolecular substances with outstanding activity and specificity, but their application is restricted
by a number of drawbacks, including high sensitivity to the environment, low repeatability of
experimental results, and the need for lengthy purification (Lee et al., 2015). The stability of proteins
is often enhanced by interactions through charge affinity, covalent bonds, and structural coupling to
immobilize on inorganic surfaces such as metals (Ge et al., 2012). Hence, protein-inorganic hybrids
compounds have emerged to surpass the constraints of pure protein applications to facilitate their
use in biomarker detection systems. In reality, unlike the technical route of hybrid protein assembly,
inorganic modification in the framework of classical organic compounds is simpler to perform to
improve the properties of products of polymer, hence most hybrid materials choose the non-protein
synthesis pathway. Non-protein hybrid materials take specific organic compounds as the basic
framework, and further chemically modify organic ligands by introducing a series of inorganic
components such as metals, oxides, and polyoxometalates. Structural tunability and functional
diversity are embodied by the highly free organic moieties' ability to build 1D, 2D, and 3D spatial
frameworks as needed, while structural modifications can reflect in varying porosity and alter the
thermal stability of hybrid species (Cui & Jia, 2017).

With the advancement of technology and marketing need, optics, electronics, biology and chemical
sensing are one of main fields for inorganic-organic hybrid materials. Hybrid materials not only
provide the material properties of different inorganic and organic components, but also can change

their material features by adjusting the composition at the molecular level to create smart materials

97


https://doi.org/10.1039/D2QM00213B

(Sanchez et al., 2005). Cross-cutting techniques that synergistically combine molecular engineering
and processing allow for precise control over size, composition, functioning, and morphology in
complex hybrid systems of varied forms (Mir et al., 2018). in the optical field, materials that satisfy
essential needs for wafer-scale optical systems include inorganic—organic hybrid polymers (Streppel
et al., 2003). It possesses appropriate optical features such as reduced attenuation and a refractive
index that can be accurately adjusted. Excellent surface planarization and long-term environmental
stability are very impressive in reliability testing. The hybrid structure improves mechanical and
thermal stability while keeping the capabilities of traditional polymers as compared to pure organic
polymers (Houbertz et al., 2003). Chemical and biological sensing technologies also have evolved
owing to the synergistic features of organic-inorganic hybrid materials. A typical aspect is by
attaching molecules to the electrode surface (adsorption, covalent binding, self-assembled
monolayers, etc.) (Walcarius, 2001). Electrodes are able to be hybridized by immobilizing multilayer
films on electrodes (mainly polymers) and by designing heterogeneous and spatially defined layers
and microstructures on the electrode surface or within the bulk of the electrode material to catalyze
new performance (Walcarius, 2001). Additionally, biocatalytic processes can benefit significantly
from inorganic-organic nanocomposites created by immobilizing biomolecules such as enzymes,
proteins, antibodies, DNA or RNA in tailored nanoscale structures. When compared to free enzymes,
hybrid materials have a large surface area, increased enzymatic activity, improved stability, and
superior grabbing ability (Zhu et al., 2018). Its excellent prospects are also due to improved
biocompatibility, increased catalytic activity, and label-free characteristics. At present, there are
plenty such instances where inorganic-organic hybridization of materials corresponding protein-
inorganic and non-protein-inorganic are effective means to assemble biological macromolecules or
employ characteristic chemical reactions to detect biomarkers of different diseases directly or
indirectly. Biomarkers are underlying molecular or cellular processes that relate certain
environmental exposures to certain health consequences and it is crucial in determining the link
between exposure to environmental toxins and the development of chronic illness in individuals, as
well as identifying disease-prone subpopulations (Califf, 2018). Subsequently, biomarkers drive the
development of biomarker-disease ecological detection systems in chemical and biosensing with
this non-negligible importance. Due to these considerations, novel detection routes based on
inorganic-organic hybrid modalities hold tremendous promise for the needs of chemical and
biological sensing in disease diagnosis and monitoring compared with traditional detection methods
(Lei et al., 2018).

Fluorescence detection tracks the change of optical properties to sense the physical/chemical
reaction between biomarkers and FL biosensors. Based on the above introduction, the inorganic-
organic hybridization can play a positive role in biomarker detection and the unique response of AIE
biosensors for HSA detection is completely in line with this background. The pathway to make it
brighter is to use non-protein-inorganic hybridization. the fluorescence properties of AIE molecules

are completely dependent on whether intramolecular motion is restricted in their aggregated state.
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In other words, the FL efficiency of AIE molecules will be greatly enhanced if a spatially constrained
framework is made available, hence amplifying AIE properties will promote the sensitivity of HSA
detection. In order to achieve this goal, choosing an appropriate inorganic architecture has become
an important part of building a non-protein-inorganic hybrid material. Based on current reported
research on inorganic-organic hybrid materials, graphene oxide (GO), silicon dioxide (SiO2) and
metal ions are the most three promising inorganic candidates that are suitable for AIE biosensors.
Graphene, which exhibits unigue mechanical, electronic, and optical characteristics including a large
theoretical specific surface area, high intrinsic mobility, high Young's modulus, high thermal
conductivity, high light transmittance, and strong electrical conductivity, has attracted extensive
attention in many fields (Chung et al., 2013; Zhu et al., 2010). Chemically derived graphene oxide
(GO) inherits graphene's intrinsic properties and is rich in oxygen-containing functional groups.
Excitation wavelength-dependent fluorescence is exhibited by GOs, which are inexpensive,
nontoxic, photostable, water-soluble, biocompatible, and ecologically benign (Zheng & Wu, 2017).
Moreover, strong non-covalent interactions can be formed between its 2D structured surface and
the adsorbed biomolecules through r-11 interactions, electrostatic force or hydrogen bonding, which
provides a chemically tunable platform for bioconjugation (Loh et al., 2010). Typically, GO is well
dispersed in solution, which makes it easy to modify. In most studies, GO is an effective fluorescence
quencher for many optical species because molecular aggregation caused by Tr-1r stacking or
hydrophobic interactions usually reduces the brightness of the fluorophore, which is also the source
of GO's quenching ability (Ling et al., 2010). However, under certain concentration conditions,
especially low GO concentrations, there are still studies demonstrating the enhanced aggregation-
induced emission of AIE fluorophores in the presence of GO (Liu et al.,, 2010). Owing to its
characteristics, GO has been widely employed as an adjustable fluorescence enhancer or an
efficient fluorescence quencher in fluorescence sensing. As a result, the introduction of GO as an
inorganic moiety into the structure of AIE biosensors is a potential improvement strategy. Taking GO
as an instance, the illustration of AIE biosensors and GO is displayed in Figure 38. The expectation
is to utilize the underlying physical or chemical mechanism such as space folding, embedding, -1
interactions, electrostatic force, hydrogen bonding to form inorganic-organic hybrid materials using
AIE biosensors as the organic moiety and graphene oxide (GO) as the inorganic framework. It is
very likely that AIEgens-GO hybridization of this combination significantly enhances the detection
performance through the synergistic effect of two different components compared to AIE biosensors
only. After that, the introduction of VFD can tune the morphology of AIE molecules in this process to
promote the fluorescence effect. Similarly, SiO, possesses good biocompatibility and facile surface
modification (Bonacchi et al., 2011). AIE biosensors are capable of being coated by silica shells
directly through covalent chemical bonding (Geng et al., 2014). As for metal ions, good stability and
efficient sensitization is advantageous to form a rigid matrix on which AIE biosensors can be
anchored via covalent bonding (Cui et al., 2012; Shustova et al., 2011). All in all, inorganic-organic

hybrid materials, where AIE FL biosensors are employed as an organic component, while GO, SiOy,

99



and metal ions are employed as inorganic components under VFD acceleration, is a feasible

alternative of improvements.
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Figure 38 The hypothesis of the illustration of AIE biosensors — GO hybridization by the concept of organic-
inorganic hybrid improvements.
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The development of new biomarkers for CKD

Proteinuria is the most sensitive marker for detecting CKD progression in clinical settings (Fassett
et al., 2011). However, the pathophysiological process behind CKD progression is far more
complicated than imagined. Patients with impaired renal function are at risk of multiple complications
or cardiovascular diseases (CVD), which may make detection more difficult or miss the best time for
treatment (Levey & Coresh, 2012). Currently, many studies have reported new potential biomarkers
for early detection of CKD, which may help to better understand the underlying pathogenesis and

identify new therapeutic targets.

Adiponectin is a multifunctional cytokine (30 kDa) that plays a role in regulating inflammation
(Halvorsen et al., 2000). Plasma adiponectin levels depend on renal function and are significantly
elevated in patients with renal insufficiency (Cantarin et al., 2013). In patients with chronic kidney
disease (CKD), adiponectin levels are elevated and positively predict disease progression.
Yamakado and his team has developed an ELISA-based combined thionicotinamide-adenine
dinucleotide cycle to detect urinary adiponectin (Yamakado et al., 2019). By measuring the urinary
adiponectin level in 59 patients with diabetes mellitus (DM) and 24 non-diabetic subjects, the results
showed that the urinary adiponectin level in patients with diabetes was 14.88+3.16 (ng/mg creatinine,
mean+SEM), and the urinary adiponectin level in normal people was 3.06+0.33 (ng/mg creatinine).
Urinary adiponectin levels increased with the increase of CKD risk. In addition, Song et al. studied
the adiponectin levels of 2238 patients with chronic kidney disease (divided into the following
categories based on concentration levels: initiation of dialysis or transplantation, a two-fold increase
in baseline serum creatinine levels, or a 50% decline in the estimated glomerular filtration rate
(eGFR)) and used the cox proportional hazard ratio model to analyse the relationship between the
comprehensive renal outcomes and serum adiponectin levels (Song et al., 2020). The results
showed that serum adiponectin levels were negatively correlated with eGFR (p<0.001) and
positively correlated with urine albumin-creatinine ratio. The highest quartile of serum adiponectin
levels was associated with an increased risk of adverse renal outcomes (HR, 1.39; 95% ClI, 1.05-
1.84; p=0.021) Therefore, adiponectin can be suggested as a biomarker for CKD.

Liver-type fatty acid binding protein (L-FABP) is a 15 kDa soluble protein and they are present in
large amounts in the cytoplasm of liver cells (Wang et al., 2015). Not only that, this protein is also
present in the kidneys (Fassett et al., 2011). Studies have shown that L-FABP expression and urinary
excretion are increased in CKD (Devarajan, 2010). Kamijo et al. evaluated the clinical significance
of urinary L-FABP as a biomarker for detecting CKD (Kamijo et al., 2006). Comparing the results of
non-CKD patients (n=48) and CKD patients (n=73), significantly poorer renal function degradation
was seen in patients (n=36) with high levels of L-FABP in urine compared to those (n=12) with low
levels of L-FABP in urine. Urinary L-FABP excretion rises with deteriorating renal function and L-

FABP in urine did not change in response to L-FABP in serum. Urinary L-FABP is one potential
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example of a clinical biomarker for CKD monitoring. To confirm the clinical efficacy of urinary L-FABP
measurement in CKD, this team conducted a clinical trial in which they divided CKD patients into a
progression group (n=32) and a non-progression group (n=16) (Kamijo et al.,, 2005). The
experimental results showed that under similar creatinine clearance rates (Ccr), the urinary L-FABP
concentration in the progression group was significantly higher than that in the non-progression
group (111.5 vs 53 ug/g creatinine, P < .001), and urinary L-FABP is more sensitive than urine
protein in predicting CKD progression (93.8% vs 68.8%) but less specific than urine protein (62.5%
vs 93.8%). The trial also found that the progression of CKD is associated with changes in L-FABP
inurine (r = - .32, P <.05). These studies all illustrate that urinary L-FABP excretion is an effective

clinical biomarker for monitoring CKD progression.

N-acetyl-B-d-glucosaminidase (NAG) is a mesophilic hydrolase expressed by proximal tuble
(Liangos et al., 2007). In many kidney diseases, the excretion of N-acetyl-3-D-glucosaminidase
(NAG) in urine is abnormally high because itis an indicator for renal tubular dysfunction (Gluhovschi
et al., 2012). Kuo et al. explored whether NAG could predict renal function progression in the end
stage of CKD (Kuo et al., 2018). In this experiment, the urinary NAG concentration of 30 patients
with stage 3-4 CKD was continuously tracked. Findings indicated that patients in all stratified CKD
stages had significant differences between the different NAG groups (P = 0.005 for stage 3A, P =
0.001 for stage 3B, and P = 0.004 for stage 4). Higher urine NAG levels are linked to a higher
likelihood of renal function loss occurring quickly in people with end-stage CKD. In clinical practice,
urinary NAG is a helpful biomarker for identifying individuals with a faster rate of GFR decrease and
for diagnosing continuing renal damage. Furthermore, Sheira et al. evaluated the potential of urine
NAG as an early biomarker for detecting diabetic nephropathy (Sheira et al., 2015). Fifty patients
with DM were divided into three groups (normoalbuminuria, microalbuminuria, and
macroalbuminuria) to measure urine NAG content. The results showed that urine NAG levels were
significantly elevated in all patients and NAG values increased in parallel with the severity of kidney

involvement.

These three biomarkers provide new developments for detecting CKD and clinical data confirmed
the positive correlations between their content and CKD. However, their physiological mechanism is
still unclear. It is generally believed that the increase in biomarker levels is due to the damage of
renal filtration function, resulting in reduced clearance rate or the counter-regulatory response of
complex metabolic disorders in CKD patients. However, it should be noted that the sample size
provided by these clinical studies is not sufficient to replace the current mature urine protein detection
system, and long-term research and observation are still needed to determine its clinical significance.
Certainly, multi-channel verification with the selection of multiple CKD biomarkers as reference can
further improve the accuracy of CKD diagnosis. This requires the simultaneous development of
multiple AIE biosensors that can detect targeted biomarkers. From a design perspective, proteins
(macromolecules) promote the AIE phenomenon. A large number of amino groups can provide
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natural hydrogen bonding targets, and the swelling effect of proteins can further compress the activity
space of AIE molecules. However, adiponectin, L-FABP and NAG are low-abundance proteins under
normal physiological conditions. The shielding effect from high-abundance proteins will greatly affect
their identification, which undoubtedly puts higher requirements on the sensitivity of AIE biosensors.
The metasurface platform proposed in this study that can improve detection sensitivity is a good

direction for improving this barrier.
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SUMMARY

In this research, there are 6 chapters totally: Introduction, Literature review, AIE biosensor for HSA
detection, AIE biosensor incorporating with hydrogel platform, AIE biosensor incorporating with
metasurface platform and future prospects, which are demonstrated to explain novel AIE biosensors

and their engineering improvements in achieving HSA detection for screening and monitoring CKD.

In the chapter of Introduction, it has 5 parts including research background, research object,
detection methodology, gap and challenge, and research route. The research background describes
a public health issue in which kidney disease has become the seventh leading cause of death
worldwide. With changes in population trends, disease epidemic changes, induction of complications,
climate changes, environmental pollutions and other external factors, the prevalence of kidney
disease will still significantly increase and have a negative impact that cannot be ignored on human
quality of life, medical costs, and socioeconomic disparities. Therefore, it is necessary to improve
the detection and monitoring of kidney diseases. Generally, kidney diseases are divided into two
types: acute kidney injury (AKI) and chronic kidney disease (CKD). Acute kidney disease has an
early onset and obvious adverse symptoms, while chronic kidney disease is just the opposite. It has
few symptoms in the early stages but becomes more severe after losing the majority of the kidney
functions. Due to the lack of early identification and screening capabilities for chronic kidney disease
in many regions around the world, CKD patients are unable to receive timely diagnosis and
treatments, resulting in continued increases in prevalence and mortality. Proteinuria is a typical
symptom of CKD, and the progression of kidney disease is highly positively correlated with the
protein content in proteinuria. However, urinary protein includes many proteins that are irrelevant to
CKD. On this basis, it becomes particularly important to find specific components related to CKD
within the scope of proteinuria. Clinically, albuminuria is used as a more specific classification to
reflect the level of CKD because albumin is the main content of urinary protein. Because of this,
albumin is treated as the main object of this research. Human serum albumin (HSA), as the most
abundant protein in human plasma (accounting for 55-60% of the total serum proteins), has three
alpha helical domains and each domain contains two subdomains. Due to the different ligand binding
affinities exhibited by the subdomains, HSA can provide multiple binding sites for reacting with
substances in its different structural domains where HSA possesses different binding abilities to
endogenous and exogenous ligands. The impairment of glomerular filtration function in CKD disrupts
the concentration balance of HSA in body fluids, causing it to leak from blood into urine (>20 mg/L).
Therefore, accurate screening and monitoring of HSA in albuminuria is crucial for early diagnosis
and treatment of CKD. As a new technology in the field of biosensing, fluorescence has attracted
more and more attention on detecting HSA due to many unique advantages, including simple
operation, obvious phenomena, fast response, high sensitivity, low cost, etc. Among various

fluorescence technologies, FL biosensors based on aggregation-induced emission (AIE) features
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show excellent performance, such as a wide range of applicable concentrations, good photostability,
low background noise, and large Stokes shift. In particular, AIE FL biosensors are non-emissive in
solutions individually, but once they interact with HSA, strong fluorescence will be triggered since
they form an aggregation state. The binding between AIE molecules and HSA can be activated
through electrostatic interactions, hydrogen bonds, non-covalent bonds, hydrophobic interactions,
etc., and the activity of HSA remains unchanged after the reaction. Hence, fluorescence will AIE
characteristics can be utilized to detect HSA effectively. At present, the flexible modifiability of AIE
molecules has enabled many researchers to successively design FL biosensors that can specifically
detect HSA. However, depending on the targets and designs of differential studies, there will be
certain differences in the test objects and environments. Most HSA detections are carried out in
simple deionized water, while buffer system is another option to support HSA detection by avoiding
pH variation. Additionally, in order to further evaluate the accuracy and limitations of AIE biosensors,
some studies have selected artificial urine as a simulated biological sample. Predictably, according
to the existing issues of complexity of biological samples, the biocompatibility of biosensors, etc.,
there are less studies that focus on HSA detection in serum and urine samples. Owing to the limited
research funds, some studies also use BSA (75.8% endogenous structure of HSA) instead of HSA
for conducting lab tests. From the currently reported situation on the detection of HSA using AIE FL
biosensors, the number of research cases decreases as the complexity of the solution matrix
increases. As far as the current status of HSA detection is concerned, some gap and challenges still
exist in the detection process of AIE biosensors and they are summarized on the aspects of
extension to biological sample applications, trace biomarker detection in urine, insufficient delivery
efficiency, delayed detection, reusability, high running costs, lack of back-end research, limitations
of laboratory use, biocompatibility&environmental friendliness, and optical signal loss. According to
the above research outline, the gaps and challenges are divided into three categories: convenience,
performance, and sustainability. These issues tend to be improved by using engineering designs.
The purpose of engineering design is focusing on problem-solving and the optimization of HSA
detection, the development of competitive advantage for AIE products, and functionalization in more
mature medical applications. Two feasible engineering designs are proposed after literature review:
hydrogel platform and metasurface platform as research strategies to improve the performance of
AIE biosensors in HSA detection. The hydrogel platform not only has good portability and excellent
liquid phase distribution ability, but also has better biocompatibility and environmental friendliness.
As for the metasurface platform, it can achieve guidance and amplification during the transmission
of optical signals while minimizing light loss. Crucially, it is reusable, and by being equipped with a
microfluidic system, the consumption of chemical reagents is greatly reduced. Of course, these two
platforms provide real-time settings for normal samples and biological samples to ensure consistent

FL results.

In the chapter of literature review, it focuses on 5 parts including kidney and associated disease,

urine and urinary biomarkers, human serum albumin, HSA detection methods and engineering
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design. The first part is for reviewing the relevant information of kidneys. First, kidneys are very
important organs in the human body and their main function is to filter waste from the blood and
return the purified blood to the body. Once kidney disease affects its normal physiological function,
substances in the blood may seep into urine depending on the degree of damage. CKD is a typical
manifestation of imbalance in renal filtration function. Changes in glomerular filtration capacity are
the most critical factor leading to CKD. In order to determine the extent of renal damage, eGFR and
UACR are established clinically to predict and diagnose the pathophysiology of CKD. The thresholds
of early CKD are <60 mL/min/1-73 m2 and >30 mg/g in these two categories. Among these
parameters, changes in HSA concentration are one of the indicators that are directly used to define
and measure the glomerular filtration capacity in CKD. The threshold range of urinary HSA
concentration is defined as albuminuria >20 mg/L by quantifying the relationship between HSA and
GFR/UACR. As we all know, urine is a very complex matrix. Before conducting HSA detection in
urine, other major urinary components are investigated in the second part, including bilirubin,
creatinine, glucose, urea, uric acid, ions, ketones, nitrites, RNA and other substances. After that,
HSA as the target biomarker is reviewed in the third part. It is a heart-shaped single-chain protein
and its overall structure includes three homologous a-helical domains |, Il and lll, each of which
contains two subdomains A and B, where three major binding sites are located at IIA, IlIA and IB. By
utilizing these binding sites, HSA detection methods are reviewed in fourth part. Considering the
economic costs and practical requirements of HSA testing in large numbers of patients, most
conventional methods of HSA detection are qualitative/semi-quantitative tests because the threshold
for albuminuria lies in the range of high concentrations of HSA, whereas conventional methods like
immunoassays and colorimetry exhibit obvious reaction results and are sufficient to meet daily
detection needs. Colorimetry is a photometric method. By tracking the chemical and physical
reactions before and after, the visual changes can easily distinguish the changes in the analyte.
Common detection methods of HSA based on the colorimetric principle include test strips,
bromocresol green and bromocresol purple, as well as many new colorimetric biosensors. The
fundamentals of immunoassay are the interaction between antibodies and antigens. The antibody-
antigen complex is formed with very high selectivity, in which the analyte acts as the antigen and the
reagent acts as the antibody. Common immunoassays for HSA detection are divided into
Immunonephelometry, Immunoturbidimetry, Radioimmunoassay and developed immunoassay
biosensors. Compared to these traditional methods, new possibilities of detection methods based
on AIE phenomenon have also been reviewed. Restriction of intramolecular motion is the
fundamental reason for producing fluorescence. A typical characteristic of AIE molecules is that their
luminescent centres are highly hydrophobic and therefore prone to aggregate formation in
physiological environments or aqueous media. In addition, the large steric hindrance of protein
macromolecules will form a natural spatially restricted environment, then the fluorescence
accumulation effect will be more significant. Through reviewing the current research on this, many

AIE biosensors have been developed for HSA quantitative detection. In the final part, engineering
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design is a dynamic and systematic process that uses engineering knowledge, accumulated
experience, and rational creativity to solve practical problems. In terms of biomarker detection,
hydrogels are widely used because they exhibit very good properties such as biocompatibility,
adjustable geometry, non-toxicity, non-biodegradability, flexibility, temperature sensitivity, and low
cost. Hydrogels provide a platform with a porous structure and a large internal surface to
accommodate bioreceptors and enable the interaction of biological components. The design strategy
mainly focuses on stable immobilization, bonding ability, swelling kinetics, diffusion, and
environmental friendliness. HSA detection using AIE biosensors is a liquid-based form. Hydrogels
have the ability to retain or absorb large amounts of water or biofluids in their network structure. In
addition, hydrogel polymers have the ability to form connections through charge interactions or
hydrogen bonds, thereby creating physical crosslinks between analytes and hydrogels. These
behaviours meet the requirements of biofunctionalization of AIE biosensors, making it possible to
improve their performance. After reviewing the literature, no cases of AIE biosensors using hydrogel
as a platform to detect HSA were found, which meets the innovative ideas of engineering design.
Similarly, the detection of biomarkers on metasurface platforms has also attracted great attention
because it can provide an efficient, highly sensitive, inexpensive and robust solution. The
nanostructure of the metasurface can achieve wavefront manipulation, and the fluorescence
generated in this area can take advantage of this property. On the other hand, the all-dielectric
metasurface based on silicon-on-insulator can fully take advantage of the outstanding of silicon
optical properties, including excellent refractive index, good optical transmission, low resonance loss,
anti-interference, biocompatibility and low cost. Furthermore, light confinement mode is achieved
through beam shaping in transmission and reflection. Significantly, biofunctionalization is achievable
through biomarkers immobilization on the outermost layer of the metasurface. These properties
show a new engineering direction that fits and promotes HSA detection using AIE biosensors.
Through searching the current studies of this, it is also the first work regarding AIE FL biosensors

using metasurface platform for HSA detection.

In the chapter of AIE biosensor for HSA detection, a novel AIE biosensor TC426 is first reported for
HSA detection. It was obtained through a two-step synthesis. 4-(diethylamino) salicylaldehyde and
1,3-indandione underwent Knoevenagel condensation to yield the intermediate compound 2. The
hydroxyl group in compound 2 was then alkylated with 1,3-propanesultone to introduce a sodium
sulfonate group to form the FL molecule TC426. This periphery-charged groups facilitate TC426 to
dissolve in water. The spectral properties of TC426 exhibit modest variations when tested with
different solvents and its maximum absorption wavelength range is 494-512 nm. The fluorescence
emission spectra of TC426 remains relatively constant when stimulated at the wavelength of
maximal absorption, with all peak wavelengths being clustered around 535 nm. The QY of TC426
shows typical solvent polarity dependence. When the molecule is dissolved in PBS buffer, TC426
does not emit under excitation at 488 nm. However, when it aggregates into large particles oris in a

solid state, it becomes highly fluorescent. In the quantitative detection, a strong fluorescence signal
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was detected at 550 nm after the addition of HSA, and the fluorescence intensity quickly reached
equilibrium and stabilized within 60 min. There was a good positive linear correlation between the
fluorescence intensity and the HSA concentration in the dynamic range of 0-1000 mg/L, R2 = 0.9954.
When the HSA concentration reached the maximum, the FL intensity at 550 nm increased by about
450 times. LOD of TC426 was as low as 0.253 mg/L based on measurements. The fluorescence
response of TC426 remains stable over the pH range 5.0—7.0. In selectivity studies, no changes in
fluorescence intensity were observed in TC426 caused by any other substances except for a slight
reaction with BSA. Even in the presence of urine interferences, TC426 remained an excellent stability.
The sensing mechanism demonstrated that the binding ratio between TC426 and HSA is
approximately 1 to 2, and this results prove that TC426 interacts with HSA in the form of monomers
rather than aggregates. Moreover, protein denaturation experiments demonstrated that the sensing
process was closely related to the tertiary and secondary structures of HSA. The fluorescence
enhancement during HSA detection results from the movement of TC426 from the polar water
environment to the low polarity cavity of HSA. Finally, the validation in the urine scenario showed a
satisfactory recovery rate of 81.3—-129.9%, with a standard deviation ranging from 1.5% to 10.7%,
which shows that AIE biosensor TC426 can be applied to the detection of HSA in the actual

microalbuminuria range.

In the chapter of AIE biosensor incorporating with hydrogel platform, this study concentrates on using
hydrogels embedded with AIE biosensor TC426 to achieve HSA detection. As a three-dimensional
flexible material, hydrogels are widely employed due to their non-toxicity, low cost, easily
customizable structure & volume/shape changes, and good biocompatibility. The functional structure
and high-water content of their cross-linked hydrophilic networks can be manipulated for potential
applications such as biomarker detection, drug delivery, and shape support. Acrylamide-alginate
(AAm + Alg) and carrageenan are both hydrogels that have been proven to have highly versatile
physical and chemical properties. Their adhesive properties enable hydrophobic substances to be
stably fixed inside through electrostatic interactions, covalent bonds, or physical interpenetration.
They have the potential to serve as the engineering construction of fluorescent hydrogel platforms
under this study. One current research branch is to introduce AIE units into hydrogel polymers to
improve their fluorescence properties by utilizing hydrogels’ surface adsorption, hydrophobic
interactions, self-assembly, hydrogen bonding or other effects. The principle of hydrogel platform
engineering is that most AIE molecules are hydrophobic organic molecules with non-planar propeller
structures, which emit almost no fluorescence in their normal form, but emit bright light when
aggregated. In the hydrophilic hydrogel matrix, the spontaneous aggregation of AIE molecules
inhibits their intramolecular motion, thereby further amplifying the fluorescence effect. In addition,
encapsulating AIE biosensors through hydrophilic cross-linking structures plays an important role in
improving the environmental friendliness and biocompatibility in biomarker detection. However, there
are also some disadvantages in hydrogel platform, such as the sealed structure of hydrogels forces

the luminophore to react with biomarkers from the outside to the inside, thereby prolonging the
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detection time. High swelling behaviour may promote light scattering and increase the internal
structural gaps of hydrogels, resulting in signal attenuation and reduced detection sensitivity, while
the diffusion dynamics are mainly passive and difficult to control. Improving these unfavourable
factors is the primary goal of realizing the hydrogel platform. Vortex fluidic device (VFD) is a reported
rotating system for liquid film processing. Physical/Chemical processes can be accurately controlled
by applying the mechanical energy produced by a VFD to reactions. The mechanical energy
generated by a VFD can be effectively applied to reactions to precisely control physical/chemical
processes. The VFD's centrifugal or shear forces have a number of significant impacts, including
accelerating reaction kinetics, altering chemical reactivity, and facilitating fast fluid exchange. VFD
has been used to regulate the surface morphology of fluorescent hydrogels. The results show that
physically cross-linked hydrogels prepared using VFD technology have excellent fluorescence and
self-adhesion properties as well as adjustable morphology. VFD enables intensive micro-mixing of
various components, resulting in improved spatial distribution and a more uniform final product. In
view of VFD characteristics, this study employed hydrogel platform for engineering design in the
expectation of using VFD technology to accelerate the fluid dynamics inside and outside the
membrane in real time, while allowing AIE biosensors to be uniformly micromixed under shear force,
thereby reducing detection time, enhancing fluorescence signals, or forming an active diffusion
control system. Specifically, this study used AIE FL biosensors in conjunction with two hydrogel
platforms, carrageenan and acrylamide-alginate (AAm + Alg) respectively, to detect HSA in real time
and evaluate their characteristics under VFD regulation. The hydrogel of AAm+Alg with strong
stability and mechanical properties was synthesized using a two-step method to form dual
chemical/physical networks through chemical cross-linking, which was compatible with many bio-
substances. The hydrogel of carrageenan was a natural polymer that was prepared normally. It was
first observed that colour gradient became a more pronounced indicator for AIE hydrogels. AAm-Alg
and Carrageenan appeared orange-red initially and transferred into pink by HSA absorption under
VFD acceleration at 2 min node and 4 min node, respectively. the intensity change of the hydrogels
was positively correlated with their colour change. The orange-red of TC426 is due to the sodium
sulfonate group in its chemical structure, while when the albumin macromolecules encounter TC426,
a pink transition occurs due to the movement of the AIE molecules toward the Sudlow sites of HSA
and the expansion of the size of the coaggregates. For FL kinetics, TC426 remained non-fluorescent
in AAm-Alg and carrageenan under the normal conditions, but introduction of HSA triggered green
fluorescence, with immediate emission peaks at 530 and 545 nm. When HSA was varied from 0 to
1000 mg/L, ligand binding of TC426-HSA remained concentration-dependent, also showing
proportional intensity in both hydrogels. The fluorescence behaviours under VFD modulation showed
that fluorescence of AAm-Alg rose steadily in HSA solution and reached a peak value at 10 minutes
(8.47 times), while it only took two minutes (11.57 times) under the intervention of VFD that
accelerated fluid exchange. Similarly, intensity in Carrageenan under normal flow reached the

maximum (11.83 times) at 10 minutes, but it only took 4 minutes under VFD processing (12.32 times).
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Additionally, the experiments of FL stability illustrated that the fluorescence responses of the two AIE
hydrogels still retained 92.32% (AAm-Alg) and 95.84% (carrageenan) of their maximum peaks after
3h. Comparing the two different hydrogels, the overall fluorescence enhancement performance of
carrageenan was better than that of AAm-Alg, and the corresponding fluorescence enhancement
efficiency of carrageenan was 39.66% (normal immersion) and 5.57% (using VFD) higher than that
of AAm-Alg. Correspondingly, AAm-Alg-TC426 finally stabilized at an expansion rate of about 110%,
and its increase was about 1.8 times that of carrageenan-TC426 (about 60%). Compared with the
original level, the use of VFD technology can increase the fluorescence response of AAm-Alg by
5.27 times and that of carrageenan by 1.71 times. In addition, the dynamic range of both AIE
hydrogels is linear with/without VFD. For diffusion characterisation, the kinetics of diffusion belonged
to non-Fickian behaviours (0.5<n<1) in AAm-Alg. In this case, the swelling rate was greater than the
hydrogel collapse rate, implying that polymer relaxation was the rate-limiting step in the TC426-HSA
delivery system. On the contrary, carrageenan was Less-Fickian (n < 0.45), and it dominated the
release process of HSA (the water permeation rate was much lower than the polymer chain
relaxation rate). The above differences were all related to the microstructures of the two hydrogels.
The surface and cross section of AAm-Alg had a typical honeycomb porous structure, and the
relatively loose network provided sufficient adhesion area for TC426 molecules and allowed the
agueous solution of albumin to move freely in the internal structure at a faster diffusion rate. The
multilayer planar structure is a characteristic of the surface and cross section of carrageenan. The
flow of water infiltration is mainly singular and along the cross-sectional direction. Therefore, the
potential mechanism could be described that HSA reacted with the AIE biosensors embedded in the
hydrogel platform through diffusion movement from outside to inside. The porous network of AAm-
Alg acted as a fast flow platform, enabling the albumin solution to diffuse in multiple dimensions
simultaneously and further releasing the constraints of TC426 within the microstructure. Non-Fickian
diffusion made the relaxation rate of the AAm—Alg chain become the rate-limiting step of the delivery
system, which was difficult to quantify in the hydrogel model. Moreover, the difference was that the
lamellar structure of carrageenan only provided two-dimensional movement, while its effect on
diffusion exhibited Less-Fickian behavior, making the permeation rate of the HSA solution dominant
transport process, thereby regulating the delivery system dominated by passive diffusion. More
importantly, in both models, the introduction of VFD could artificially increase the diffusion rate, and
the fluorescence intensity was greatly enhanced as the contact opportunities between HSA and
TC426 increase. In contrast, the diffusion-controlled delivery system of carrageenan was able to
increase the diffusion rate while keeping the dynamic loss unchanged. The VFD acceleration
process transformed passive diffusion into active diffusion without changing the original diffusion
transport, which is a new control strategy for hydrogel research. Afterwards, the recovery rate using
the colorimetric device was 86%, successfully verifying that the AIE hydrogels could be identified
with color changes within the microalbumin range after VFD treatment. Finally, the schematic of AIE

biosensor incorporating with hydrogel platform is summarized as illustrated in Figure 39.
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Figure 39 Schematic of AIE FL biosensor incorporating with hydrogel platform for HSA detection.

In the chapter of AIE biosensor incorporating with metasurface platform, this study focuses on using
the conjugates of HSA and AIE biosensors immobilized on nanostructure to observe FL behaviours.
First of all, two-dimensional metamaterials known as metasurfaces are made of metal/dielectric
periodic or non-periodic subwavelength structures. They demonstrate the capacity to concentrate,
inhibit, absorb, scatter or guide waves by creating nanoscale unit cells that enable dynamic
manipulation in the fields of optics, mechanics, electronics, etc. One of the unique features is its
powerful wavefront manipulation, which allows for the control and adjustment of the cell's diversified
patterns, geometries, and sizes. Metasurfaces also provide light confinement modes and localized
surface plasmon (LSP) electromagnetic (EM) near-fields to modify the incident light's properties,
improving the target molecules' light-matter interaction. At present, the metasurface platform has
been successfully applied in biomarker detection. Fluorescent biosensors based on all-dielectric
metasurfaces have already detected a variety of biomarkers, such as IgG, cancer PSA and CEA,
and cfDNA, because the metasurfaces made of Si or SOI have the tunable adaptability of their optical
properties and provide high-quality resonance. When the target analyte can be immobilized or
coated on a silicon nanoscale matrix, the high refractive index of silicon is conducive to light
modulation, resulting in deep light-matter interactions, which are reflected in the analytical peaks.

these reported cases demonstrate the superior capabilities of metasurfaces in nanophotonic
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detection of biomarkers. Nevertheless, individual differences in albumin excretion, impurities in urine,
autofluorescence, interference from other urinary components, etc. will further induce undesirable
FL enhancement or quenching. It is inevitable that the HSA content will be overestimated or
underestimated, resulting in inaccurate readings, especially at very low levels. When the HSA
concentration is low, the optical signal is also difficult to detect due to the small light absorption
amplitude, which requires improving the detection accuracy by increasing sensitivity or reducing
background noise. To address these issues of HSA measurement using AIE biosensors in human
urine scenarios and evaluate the performance of metasurfaces for biomarker detection in FL sensing,
this study first reports the integration of a nanophotonic all-dielectric metasurface platform with an
AIE biosensor TPE-4TA to achieve improved detection of HSA. This platform consisted of a pair of
self-absorbed metasurface substrates and a PDMS microfluidic chip (thickness = 2 mm). The
metasurface substrate was fabricated using electron beam lithography and dry etching on an SOI
wafer, and the microfluidic chip had six independent microfluidic channels for inflow and outflow. The
flow rate could be controlled by a rotary pump. Meanwhile, the metasurface substrate was a three-
layer planar structure (from top to bottom) consisting of a silicon nanopillar array (diameter 220 nm,
height 200 nm, period 300 nm), a 375 nm SiO; layer, and a 675um base Si wafer. Next, the optical
structure design of the metasurface was applied to the AIE biosensor TPE-4TA to achieve FL signal
enhancement at green wavelengths around 530 nm. A 30% reflection band was generated at the
excitation wavelength of 360 nm for TPE-4TA, while the reflection response at 530 nm reached 70%
with a single sharp peak. Importantly, the main features of the reflection peaks at 360 and 530 nm
related to the FL enhancement effect in this study were reproduced in the measured reflection
spectrum. Furthermore, the resonant electromagnetic field distribution showed that the intensity of
the electric and magnetic fields excited at 360 nm was enhanced to 54.9 and 6.1, respectively. These
electromagnetic fields were distributed darker inside the Si nanocolumns, indicating that the incident
light was absorbed by the Si nanocolumns. However, the electric field at the outermost surface was
highly enhanced at the sidewalls of the Si nanocolumns without significantly weakening at the top of
the Si nanocolumns. At a wavelength of 530 nm, the electric field strength decreased slightly at 41.9,
but this strong electric field distribution shifted toward the upper part of the nanocolumns, where
most FL-labelled HSA analytes tended to be immobilized. Notably, the magnetic field inside the Si
nanocolumns was significantly enhanced to 115.3, indicating that this resonance was a magnetic
mode. The enhanced resonant electromagnetic field was beneficial to the transmission of electric
dipoles in FL molecules, thereby helping to enhance the fluorescence emission on the outermost
surface of the silicon nanocolumns. The detection strategy was to achieve multi-level immobilization
on the metasurface using a biofunctionalization scheme of binding molecules, labelled antibodies,
and target analytes. First, a uniform and stable physical adsorption layer was directly formed through
the interaction between streptavidin and the silica shell of the nanocolumns. Next, the HSA antibody
labelled with biotin bound to Cys-SA through a fast and strong non-covalent protein-ligand interaction,

and the formed composite biolayer provided a good high-density binding platform for HSA. In
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addition, when the tetrazolate nitrogens in TPE-4TA bound to the polar dominant contact lysine
residue (Lys) in the HSA binding conformation through hydrogen bonding and electrostatic
interactions, the induced intramolecular motion restriction effect made HSA emissive. Subsequently,
the pre-binding products of HSA and TPE-4TA could be continuously captured by antibody-antigen
reactions. The experiments of binding affinities proved that 95.7% of the binding response measured
by TPE-4TA was 24 times higher than the theoretical estimate, in the meanwhile one molecule of
Cys-SA, Biotin-HSA Ab, and the conjugates of HSA and TPE-4TA were located on an average
square surface area of 4.61 x 4.61 nm?, 8.20 x 8.20 nm?, and 19.9 x 19.9 nm?, respectively,
indicating that this multi-level immobilization strategy was feasible and could also be effectively
applied to this platform. Fluorescence kinetic studies under the metasurface platform not only
showed excellent photostability within 2 h, but also demonstrated that the FL intensity was positively
correlated with the HSA concentration. The FL enhancement in the range of trace albumin was
divided into two stages: a sharp stage (0 to 20 ug mL™*) and a slow stage (20 to 160 ug mLt). The
slowing trend indicates that the binding capacity of Biotin-HSA Ab is approaching its maximum limit.
The metasurface platform is still ultrasensitive to traces of HSA (< 20 ug mL), and the FL signal
rises rapidly to 82% of the maximum response when the HSA content jumps to 20 ug mL™. In order
to further explore the contribution of the metasurface platform to FL amplification, two other platforms
(microplate platform and microfluidic platform) were established for horizontal comparison. The
results showed that 39% and 136% FL enhancement of HSA detection was observed on the
microplate platform and microfluidic platform, respectively. However, in the light confinement mode
of the metasurface platform, the emission FL enhancement was as high as 1001%. By comparing
the three platforms, the FL signals of the metasurface platform and the microfluidic platform were
7.93 times and 1.70 times stronger than those of the microplate platform, respectively. Obviously,
the FL regulation of the metasurface is better than that of the other two platforms. On this basis, the
actual evaluation of the three platforms in human urine applications was also studied. The validation
of the commercial kit showed that the HSA level in the urine sample was 45.8 ug mL™%, which can be
independently calculated by referring to the standard curves established by the three platforms,
which are 40.7, 41.9 and 43.8 ug mL?, respectively, with recoveries of 88.9%, 91.5% and 95.6%,
respectively. The detection limits of the microplate, microfluidics and metasurface platforms were
300 ng mL?, 150 ng mL? and 18.75 ng mL™?, respectively, and the final sensitivity level was
expressed as: metasurface>microfluidics>microplate. The metasurface platform could effectively
amplify the FL signal of extremely low concentration HSA in the human urine environment. Even if
the urine sample was diluted 2560 times, the FL retention rate can still be detected, which fully
demonstrates that the silicon nanocolumn matrix that could fix HSA is the primary reason for the FL
enhancement effect. The mechanism of enhanced HSA detection by the metasurface platform could
be explained in two aspects. Firstly, the extremely small size of the microfluidic channels further
compressed the range of fluorescence activity along the height direction, allowing camera to obtain

focused fluorescence images. Secondly, Si nanocolumns allowed fluorescent molecules to be

113



stacked in a very small area in a non-uniform manner and locally enriched, thereby enhancing the
fluorescence output. In particular, the enhancement effect of the resonant electromagnetic field
further amplified the fluorescence emission of HSA+TPE-4TA from the outermost surface of the Si
nanocolumns through multi-level immobilization. In summary, AIE biosensors combined with the
metasurface platform can effectively achieve fluorescence enhancement in HSA detection. The
combination of AIE biosensor and metasurface platforms opens up a new path for engineering
design in practical scenarios. The schematic of AIE biosensor incorporating with metasurface

platform is summarized as illustrated in Figure 40.
Excitation source

Fluorescence
Flow-out h_E!

Flow-in

AIE fluorescent biosensor 4%\ > HSA

Cys-streptavidin - ~——_ 4 Biotin-HSA antibody

Si-Nanorods — S, Si0, layer

Figure 40 Schematic of AIE biosensor incorporating with metasurface platform.

In the chapter of future prospects, it extends to 2 parts: the improvements of AIE biosensors and the
development of new biomarkers for CKD. The first part mentions about positive impacts of inorganic-
organic hybridization in AIE biosensors. Non-protein-inorganic hybrid approaches can provide a
spatially constrained framework for AIE molecules. Therefore, their fluorescence efficiency will be
greatly enhanced, thereby further improving the sensitivity of HSA detection. According to the
currently reported research on inorganic-organic hybrid materials, GO, SiO, and metal ions are the
three most promising inorganic candidate materials for AIE biosensors. The two-dimensional
structure surface of GO can form strong non-covalent interactions with adsorbed biomolecules
through 1T-11 interactions, electrostatic forces, or hydrogen bonds, providing a chemically tuneable
platform for biological binding. Similarly, SiO> has good biocompatibility and easy surface
modification. AIE biosensors can be directly coated with a silica shell through covalent chemical
bonds. For metal ions, good stability and effective sensitization facilitate the formation of a rigid

matrix on which AIE biosensors can be immobilized via covalent bonds. This combination of AIE
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biosensors + one of inorganic parts is likely to significantly improve detection performance through
the synergistic effect of the two different components. The introduction of VFD during this process
can further adjust the morphology of AIE molecules, thus promoting the FL effect. The second part
discusses on three new biomarkers for CKD: adiponectin, L-FABP and NAG. Clinical data confirm
that their content is positively correlated with CKD. However, due to the insufficient number of
samples, long-term observation and research are still needed. However, selecting multiple CKD
biomarkers as references for multi-channel verification can further improve the accuracy of CKD
diagnosis, which requires the simultaneous development of multiple AIE biosensors that can detect
targeted biomarkers. During this process, the high-sensitivity detection of the metasurface platform

can reduce the difficulty of AIE biosensors in detecting low-abundance proteins.

In a nutshell, this research proposes two feasible engineering designs of AIE biosensors and the
results show significant improvements and provides a promising development in biomarkers
detection for screening and monitoring CKD.
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APPENDICES

AIlE fluorescent biosensor for HSA detection
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Figure S1 'H NMR in DMSO for precursor compound 2.
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Figure S3 'H NMR in DMSO for TC426.



< — ~N LOUAha—AN™~N O N O LN

— o MmN CSdodTYIMASA WL D @ anmaanWnoN =
o o n TOMOMMNANANA O [sal ~ ToOOoO OO O aNn ™
— — - oA A A A o (=)} O T FTFTT Mmoo —
N Il Nl N | o=y |

T T T T T T T T T T T T T T T T T T T T T T T T T

240 230 220 210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0

f1 (ppm)
Figure S4 3C NMR in DMSO for TC426.
100- 442.13155
] [TC426 - Na]-
90
807
] o]
70
o <N o ""s0;
Qo
€ 60 )
‘g’ ] miz: 442.13298
2 501
o i
= 4
© 4
5 40
€
30
20
107
1 | 130
. ® 9055:;26.97719 301.04956 462.06753
b [ || 41410040 | 52512672 3.15221 766.17046 907.25264 97524041
G 1 1 I 1 | | 1 1 1 | 1 I I I | I 1 I I | I 1 I 1 ‘ 1 1 1 1 | I 1 1 I | I I 1 I | I 1 I 1 ‘
100 200 300 400 500 600 700 800 900 1000

m/z

Figure S5 HRMS spectrum of compound TC426.
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Lippert-Mataga
Solvent Aabs (NM) Aem (M) OF (%) @ el B
Toluene 496 635 0.86 0.016
1,4-Dioxane 493 526 0.69 0.021
Chloroform 502 530, 638 1.26 0.148
THF 495 524 0.31 0.208

120



DMSO 505 545 0.34 0.263

Isopropanol 501 531 0.42 0.272
Acetone 497 530 0.23 0.284
Ethanol 499 546 0.21 0.289
Acetonitrile 496 525 0.16 0.305
Methanol 500 524 0.12 0.308
Water 513 — [b] 0.05 0.320

Table S1 Photophysical properties of probe TC426 in different solvents. @ Relative fluorescence quantum
yields @F were measured using fluorescein in 0.01 M NaOH aqueous solution (®F = 90%) as the standard. P!
The fluorescence intensity is too weak to identify its peak wavelength. ©I The Lippert-Mataga polarity
parameters were calculated from the Lippert-Mataga solvent polarity functions.

1.5
® Toluene

) e 1.4-Dioxane
o~ °
= 124 e Chloroform
'c .
° THF
= DMSO
£ Isopropanol
2 0.9 ® Acetone
= | e Ethanol
S e Acetonitrile
o Methanol
8 06- Water
c
()
3]
7]
o
o 0.3-
=
TH

0.0

T T T T T T T T T T T T T
0.00 0.05 010 0.15 020 025 030 0.35
Lippert-Mataga polarity parameter

Figure S8 Plot of fluorescence quantum vyield of probe TC426 as a function of solvent polarity measured by
Lippert-Mataga polarity parameter.
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Figure S9 Fluorescent images of compound TC426 in different states including (A) aggregates in toluene, (B)
solution in DMSO, (C) powder in glass vial, and (D) powder on glass slide. The images were taken under a
365 nm handheld UV lamp. Concentration of TC426 is 10 uM for both sample (A) and (B).
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Figure S10 Reaction time in real urine sample: an equal amount of 1000 mg/L albumin solution and TC426
are mixed evenly. [TC426] = 10 uM, Aex = 480 nm, and Aem = 545 nm.
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e real urine sample 1 y=10.691 + 0.0948x
e real urine sample 2 y=0.440 + 0.0951x
e real urine sample 3 y = 0.848 + 0.0976x
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Figure S11 Calibration curves of probe TC426 measured in real human urine samples collected from three
individuals.
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AIE FL biosensor incorporating with hydrogel platform
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Figure S12 The mould of hydrogel film. (A) Template of flat design illustration and the diameter is 25 mm; (B)
Template of spatial design illustration and thickness is 2 mm.
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Figure S13 Change in the fraction of swelling power (Fsp) vs. time to identify the diffusion mechanism in normal
soaking and VFD tests of (A) Carrageenan + TC426 film and (B) AAm + Alg + TC426 film.

Al

Figure S14 The images of optical microscopy in reflected light. (A) AAm + Alg hydrogel film only, 100 ym; (B)
AAm + Alg hydrogel film + HSA, [HSA] = 2000 mg/L, 100 ym; (C) AAm + Alg hydrogel film + TC426, [TC426]
= 10uM, 100 pm; (D) AAm + Alg hydrogel film + HSA + TC426, [HSA] = 2000 mg/L and [TC426] = 10uM, 100
pum.

125



Py Y, W e

C :‘too? p g_‘;,:’} 1-.'1” -

- — og a:\ '0, a 3 90‘?0- b e
Lol et 9380 3
WS ‘o N2 W
L A PN 5 Y O

3 S \\i V2 I S,

; g 1? S & 5y A
&8 & 09 2 ‘? ¥ A v

Figure S15 The images of optical microscopy in reflected light. (A) Carrageenan hydrogel film only, 100 um;
(B) Carrageenan hydrogel film + HSA, [HSA] = 2000 mg/L, 200 pym; (C) Carrageenan hydrogel film + TC426,
[TC426] = 10uM, 100 pm; (D) Carrageenan hydrogel film + HSA + TC426, [HSA] = 2000 mg/L and [TC426] =

10pM, 100 pm.
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Figure S16 The 3D structure of Portable Colorimetric Device for optical imaging analysis; Components
illustration including camera group, environmental light-proof case, base, 4 LED modules and 4 reference

points.
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AIE FL biosensor incorporating with metasurface platform
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Figure S17 (A) and (B) Electric and magnetic field intensities (|[E|? and |H|?), respectively, induced at 750 nm,
which is indicated by an arrow in Figure 2B. This xz-section was set to cut through the centre of the Si
nanocolumns. Incident field was set to be unity, that is, |Ein|?> = 1 and |Hin|> = 1. Colour bars indicate the field
intensities. White lines show the interfaces of the Si nanocolumns with air and the underlying SiO: layer.
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Figure S18 (A) and (B) Simulated and measured reflectance spectra, respectively.
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Figure S19 The effect of reaction sequence between different combinations among biotin-HSA antibody (HSA
Ab), HSA, and TPE-4TA (4TA); Brackets represent a well-mixed solution that have been fully reacted and
incubated in advance with these components. [HSA] = 5 ug mL?, [Biotin-HSA antibody] = 5 uyg mL?, [TPE-

4TA] = 20 ug mL?, Exposure time: 6000 ms, Gain: 10.
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Figure S20 Explanation for FL quenching effect.
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Figure S21 The change of FL efficiency with different concentrations of HL555-HSA Ab; [Biotin-HSA Ab] = 2
pug mL?, Exposure time: 3000 ms, Gain: 10. Inset figure represents FL quenching before and after adding
HSA. [Biotin-HSA Ab] = 2 ug mL?, [HL555-HSA Ab] = 5 ug mL?, Exposure time: 3000 ms, Gain: 10.
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Figure S22 The FL spectra of TPE-4TA+HSA (black), TPE-4TA (red), HSA (blue) and PBS (green). Aex = 350
nm, [HSA] = 100 uyg mL* and [TPE-4TA] = 10 ug mL™.
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Figure S23 TPE-4TA concentration effect with or without HSA; [TPE-4TA] = 0-20 ug mL™?, [HSA] = 0, 100,
1000 pg mL1, Exposure time: 3000 ms, Gain: 10.
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Figure S24 The standard curve of TPE-4TA for HSA detection using the microplate platform. Aex = 360 nm,
[HSA] = 0-200 ug mL* and [TPE-4TA] = 20 yug mL™?, Exposure time: 3000ms, Gain: 10.
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Figure S25 The standard curve of TPE-4TA for HSA detection using the microfluidic platform. Aex = 360 nm,
[HSA] = 0-200 ug mL* and [TPE-4TA] = 20 ug mL?, Exposure time: 3000ms, Gain: 10.
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Figure S27 The effect of urine dilution where dilution ratios refer to total volume/treated urine volume with
PBS buffer as diluent. Aex = 360 nm, Exposure time: 3000ms, Gain: 10.

Commercial  icroplate wells  Microfluidic Metasurface

Content
system system platform

kits

Measured

-1 1 1 1
concentration 45.828 yg mL 40.720 yg mL 41.917 pyg mL 43.832 yg mL

Recovery rate — 88.85% 91.47% 95.64%

Table S2 The measurement of HSA concentrations and corresponding recovery rates in urine among
microplate, microfluidic and metasurface platforms.
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