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Screening for kidney diseases is of vital importance due to their current prevalent worldwide. The diagnosis and monitoring 
of kidney diseases rely on kidney disease biomarkers (KDBs), which include traditional KDBs such as  serum creatinine and 
proteinuria as well as novel biomarkers such as kidney injury molecule-1 (KIM-1), lipocalin 2 (NGAL), N-acetyl-β-D-
glucosaminidase (NAG), cystatin C, etc. The latter has been highly recognised for early and accurate diagnosis of kidney 
disease in the past decades. Fluorescence techniques have recently drawn considerable attention in the area of biomedicine 
due to the merits of high sensitivity, rapidity and cost efficiency. The combination of fluorescence technologies and KDBs 
has been proven by many researches to be a promising strategy for the prediction of kidney disease. Thus, in this review, 
we summarize recent advances of fluorescene technologies applied in the detection of traditional and novel KDBs. Due to 
the space limit, we have focussed on four traditional KDBs and eight novel KDBs as representatives. The design of anescent 
molecules, establishment of detection assays, and sensing mechanism of fluorescent probes are discussed in detail. Finally, 
future challenges and opportunities in this field are also analyzed. Through this review, we hope to inspire the discovery of 
novel fluorescence techniques with excellent performance in the early diagnosis of kidney diseases.

1. Introduction 
Kidney diseases, including acute kidney injury (AKI), chronic 
kidney disease (CKD), autosomal dominant polycystic kidney 
disease (ADPKD), nephrotic syndrome, etc., are disorders that 
affect the normal functions of the kidneys.1 Some kidney 
diseases can be fully cured with no or little sequelae. However, 
most nephrotic patients, such as those with lupus nephritis or 
IgA nephropathy, will experience chronic and irreversible 
damage to the kidney.2-4 Among various kinds of kidney 
diseases, CKD is the most common and refers to all conditions 
of reduced kidney function lasting for more than three months. 
At the last stage of CKD, which is usually known as End-Stage 
Renal Failure (ESRD), patients will have a short life expectancy 
unless they receive kidney dialysis or transplantation.5 Over the 
last decade, kidney diseases have become an important public 
health concern worldwide. In 2016, a study estimated that the 
global CKD prevalence was between 12% and 15% of the world 
population.6 Moreover, around 3 million people in the world are 
currently suffering from ESRD.5 Thus, it is highly important to 
develop effective approaches for the prevention, diagnosis, and 
treatment of kidney diseases. 
Currently, clinical test methods for the diagnosis of kidney 
disease usually involve urinalysis, blood tests, renal imaging, 
and biopsy.7 The urinalysis is an informative and non-invasive 
diagnostic tool which has been widely utilized in both the 

ambulatory and hospital settings. Among the various parameter 
obtained from a urinary test, some may be applied in the 
detection of specific kidney diseases. For example, the presence 
of albumin in urine, also known as albuminuria, is a signal of 
kidney damage in patients with diabetes, hypertension, and 
glomerular diseases.8 Besides urinalysis, blood tests are another 
important method to measure kidney function. Through the 
test of the serum concentration of an endogenous renal 
filtration marker (creatinine, cystatin C, etc.), the glomerular 
filtration rate (GFR), which is considered as the best overall 
indicator of kidney function, can be calculated using a special 
formula.9 With the GFR value, clinicians can thereby determine 
patients’ level of kidney function and stage of the kidney 
disease. Another commonly used renal test is imaging which 
includes ultrasound, computed tomography (CT) scan, etc.10 
These techniques are usually utilized for the diagnosis of kidney 
diseases like ADPKD, which causes many fluid-filled cysts to 
grow in the kidneys and change their shapes. Finally, kidney 
biopsy is applied when the kidney problem cannot be identified 
otherwise. Kidney diseases such as nephrotic syndrome, rapidly 
progressive glomerulonephritis, IgA nephropathy are usually 
evaluated via renal biopsy. 
Even though remarkable progresses have been made in 
diagnostic techniques in the past century, early detection of 
kidney disease remains challenging. The difficultly in detection 
results from few or no symptoms present in patients with CKD 
at the early stage and many of the early signs of renal failure can 
be confused with other illnesses. As a result, most patients with 
kidney disease are confirmed at late stage with symptomatic 
kidney damage. In order to prevent or at least delay kidney 
disease from developing into severe kidney failure, early 
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diagnosis of kidney injury is highly important. For this purpose, 
kidney disease biomarkers (KDBs) are usually applied since they 
can provide better information about the status of ongoing 
renal injury and predict the likelihood of progression of kidney 
diseases. In the past decades, there has been increasing interest 
in exploring new biomarkers for kidney diseases.11-17 As shown 
in Scheme 1, some typical KDBs are presented with 
corresponding injury sites along the nephron.11 Among these 
KDBs, serum creatinine (sCr), blood urea nitrogen (BUN), 
proteinuria (including albumin, transferrin, β2-microglobulin, 
etc.) are clinically used to evaluate and monitor renal damage. 
Thus, they were classified as traditional KDBs. However, the 
sensitivity of these biomarkers is insufficient in many clinical 
scenarios. For example, the value of sCr remains within the 
normal range until more than 50% of the normal renal function 
is lost.18-21 Additionally, the value of sCr can be influenced by 
multiple non-renal factors, such as age, gender, muscle mass, 
and diet. In order to overcome these limitations, novel 
biomarkers were developed including cystatin C, kidney injury 
molecule-1 (KIM-1), neutrophil gelatinase-associated lipocalin 
(NGAL), etc. These biomarkers have been demonstrated more 
sensitive and reliable than traditional KDBs, thus are believed to 
replace traditional KDBs gradually in the future.  

 
Scheme 1. Representative biomarkers of kidney disease with 
corresponding injury sites along the nephron. 

Most of the KDBs, as shown in Table 1, are essentially proteins 
which are usually measured by mass spectrometry (MS), 
electrophoresis, or immunoassays. Although these techniques 
offer the advantage of high sensitivity and good accuracy, these 
methods usually require sophisticated instrumentation and the 
operation can be time-consuming and costly. Fluorescence 
techniques are expected to be a good alternative to the present 
KDB test techniques, due to their sensitivity, simplicity, rapidity, 
and cost efficiency.22 The most commonly used fluorophores 
include fluorescent proteins, inorganic semiconductor quantum 
dots (QDs), organic dyes, and so forth.23-26 Among these 
different types of fluorescent materials, small molecule organic 
fluorophores are the most commonly used, owing to their 
versatility for a wide range of functionality and applications. 
Classic organic fluorophores such as fluorescein, coumarin, 

BODIPY, rhodamine, etc. suffer from the aggregation-caused 
quenching (ACQ) effect.27 The fluorescence intensity decreases 
dramatically when the fluorescent molecules are used at high 
concentration or in the solid state. This ACQ effect greatly 
compromises the performance and application of organic dye 
as biosensors in many scenarios. The novel concept of 
aggregation-induced emission (AIE), which is 
diametrically opposite to the ACQ effect, provides the solution 
to tackle the ACQ problem.28 This concept depicts a class of 
propeller-shaped molecules which are non-emissive when 
molecularly dissolved in solutions but become highly 
fluorescent upon aggregate formation. After nearly two 
decades of developments in AIE research, AIE fluorogens 
(AIEgens) have been proven to have many advantages such as 
good photostability, broad working concentration range, large 
Stokes shifts, low background noise, etc. Therefore, AIE has 
become a hot research topic and been successfully applied in 
various fields such as optoelectronic devices, biosensing, 
imaging and tracking, phototheranostics, stimuli responsive 
materials, etc.29-38 
Thanks to the continuous endeavours from researchers in areas 
of both KDB and fluorescence technology, many examples of 
fluorescence techniques applied in the detection of KDBs have 
been reported. In this review, recent research progress in the 
detection of KDBs using fluorescence techniques will be 
summarized. Due to the large amount of KDBs, only a selection 
of typical biomarkers will be introduced and discussed here. 
Particular emphasis will be placed on the design of fluorescent 
probe molecules and establishment of detection assays. Since 
AIEgens have many merits over traditional fluorophores, we will 
also emphasize AIE related work to motivate the development 
of fluorescent KDB probes with superb performance. Finally, we 
will draw a perspective on future development of fluorescence 
technology in the detection of KDBs. 
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Table 1. Kidney Disease Biomarkers along with their corresponding injury sites, kidney diseases and detection methods. 

Kidney Disease Biomarker 
Injury 
Site a 

Related Kidney Disease b Detection Method c Ref. 

Albumin A, B CKD and AKI Immunoturbidimetry 39 
Angiotensinogen (AGT) - AKI ELISA 40 
Apolipoprotein A-IV (ApoA-IV) - CKD ELISA 41 
Asymmetric dimethylarginine (ADMA) - CKD HPLC 41 
Blood urea nitrogen (BUN) - CKD and AKI Colorimetry 41 
Calprotectin E AKI ELISA 42 
CD14 mononuclear cells - PKD ELISA 43 
Clusterin B, C AKI, nephrotoxicity, PKD, fibrosis ELISA 44 
Connective tissue growth factor (CTGF) B DN ELISA 41 
Creatinine A CKD and AKI Colorimetry 45 
Cystatin C A, B, C CKD and AKI ELISA, nephelometer 45 
Cysteine-rich protein (Cyr61) B ischemic AKI Western blot 44 
Epidermal growth factor (EGF) C DN, IgAN, PKD ELISA 45 
Fetuin-A B ADPKD and AKI Immunoblotting 44, 46 

Fibroblast growth factor 23 (FGF-23) - CKD 
2nd generation C-terminal 

assay 
47, 48 

Glutathione S-transferase α (GST-α) B nephrotoxicity and AKI ELISA 47 
Glutathione S-transferase π (GST-π) C nephrotoxicity and AKI ELISA 47 

Insulin-like growth factor-binding protein 7 (IGFBP7) B AKI 
fluorescence immunoassay 

(NephroCheck™ Test)  
47, 49 

Interleukin-18 (IL-18) B, C AKI Luminex®-based assay 47 
Kidney injury molecule-1 (KIM-1) B CKD, AKI, and nephrotoxicity Luminex®-based assay 45 
Lactate dehydrogenase (LDH) - nephrotoxicity Colorimetry 12 
Lipocalin-2 (LCN2) or  
Neutrophil gelatinase–associated lipocalin (NGAL) 

B, C AKI, CKD, and LN Luminex®-based assay 45 

Liver fatty acid-binding protein (L-FABP) B CKD, AKI, DN, IgAN, and CIN ELISA  
microRNA - CKD and AKI Quantitative RT-PCR 50, 51 
Monocyte chemoattractant protein-1 (MCP-1) - DN and LN ELISA 45, 52 
N-acetyl-β-D-glucosaminidase (NAG) B, C CKD, AKI, DN, and nephrotoxicity Colorimetry 44 
Netrin-1 B AKI ELISA 53 
Osteopontin (OPN) B, C, D AKI, inflammation, and fibrosis ELISA 44 
Podocalyxin A MN, IgAN, and FSGS flow cytometry 54 
Procollagen type III N-terminal propeptide (PIIINP) - renal fibrosis radioimmunoassay 45, 55 

Retinol binding protein 4 (RBP4) B 
AKI, TIN, FS, and tubule 
dysfunction 

ELISA, nephelometer 41 

Tumor necrosis factor receptors (TNFR) - DN ELISA 45 
Symmetrical dimethylarginine (SDMA) A CKD LC-MS 56 
The sodium-hydrogen exchanger isoform 3 (NHE3) B AKI and prerenal azotaemia Immunoblotting 44 

Tissue inhibitor of metalloproteinase 2 (TIMP2) B AKI 
fluorescence immunoassay 

(NephroCheck™ Test) 
49, 57 

Uromodulin or Tamm-Horsfall protein B, C, D CKD, tubular mass and function ELISA 45 
Wilm's Tumor-1 (WT-1) A DN Western blot 58 
α1-Microglobulin B tubular injury or dysfunction ELISA, nephelometer 45 
β2-Microglobulin A, B CKD, AKI, and nephrotoxicity ELISA, nephelometer 41, 44 
β-Trace protein (BTP) A CKD Immunoturbidimetry 59 
γ-Glutamyl transpeptidase (GGT) B AKI and nephrotoxicity Colorimetry 44 

Abbreviations: a Injury Site of Nephron: A, glomerulus; B, proximal tubules; C, distal tubules; D, loop of henle; E, collecting duct. b Related Kidney Disease: CKD, 
chronic kidney disease; AKI, acute kidney injury; PKD, polycystic kidney disease; DN, diabetic nephropathy; IgAN, IgA nephropathy; ADPKD, autosomal 
dominant polycystic kidney disease; LN, lupus nephritis; CIN, contrast-induced nephropathy; MN, membranous nephropathy; FSGS, focal segmental 
glomerulosclerosis; TIN, tubulointerstitial nephritis; FS, Fanconi syndrome. c Detection Method: ELISA, enzyme-linked immunosorbent assay; HPLC, high-
performance liquid chromatography; RT-PCR, reverse transcription-polymerase chain reaction; LC-MS, liquid chromatography–mass spectrometry.
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2. Application of Fluorescence Technologies in the 
Detection of Traditional KDBs 
Traditional KDBs include sCr, albumin, transferrin, α1-
microglobulin, β2-microglobulin, and so on. Based on our 
literature survey, fluorescence techniques have been applied in 
detecting some of these biomarkers, aiming to improve their 
detection sensitivity and clinical application capability. In this 
section, we will focus on the works of albumin, creatinine, 
transferrin and transferrin receptor detection by fluorescence 
methods. 
2.1 Human Serum Albumin (HSA) 
Human Serum Albumin (HSA) is the most abundant plasma 
protein in human’s blood circulatory system. It is composed of 
a polypeptide chain with three α-helical domains (I-III).60 Each 
of these domains can be further divided into two subdomains A 
and B. Due to the ligand-binding sites located in the 
hydrophobic cavities of subdomains IIA and IIIA, HSA exhibits an 
outstanding binding capacity for loading and transporting a 
wide range of biomolecules.60-63 Moreover, the presence of 
excess HSA in urine (more than 30 mg/L) has been recognized 
as an indicator of kidney injury resulting from diabetes mellitus 
and hypertension. Therefore, detection of HSA in urine samples 
is of obvious value for the diagnosis of kidney diseases. 

 
Scheme 2. Summary on working mechanisms of turn-on fluorescent 
probes for HSA detection. (A) Environment sensitive probes: 

Fluorescence of these probes with electron Donating–Accepting (D-A) 
structures can be modulated after entering the non-polar cavities of 
HSA from the polar aqueous environment. (B) Aggregate-disaggregate 
driven probes: These probes can be aggregated or disassembled 
through interactions with HSA and exhibit changes in fluorescence 
property. (C) Reactive probes: These probes containing aromatic amides 
or esters can undergo hydrolysis in the presence of HSA due to its 
pseudo-esterase activity. 

Usually, albuminuria can be assessed using a semiquantitative 
urine dipstick which is easy to operate and low-cost. However, 
this method is not sensitive enough when albuminuria is 
moderately increased in the range of 30 to 300 mg/L 
(microalbuminuria). In this case, quantitative test techniques 
such as capillary electrophoresis and immunoassays are 
commonly used. These methods are more accurate, but 
expensive and time-consuming. To achieve fast response, high 
sensitivity and easy operation, fluorescence technique has been 
employed in the detection of HSA. In the past decades, there 
have been numerous organic fluorescent probes developed for 
HSA detection.64, 65 These probes are mainly based on the 
following three working mechanisms (Scheme 2): (1) 
environmentally sensitive probes that can modulate their 
fluorescence emission intensity or wavelength when entering 
the nonpolar cavities of HSA from the polar aqueous 
environment, (2) aggregate-disaggregate driven probes which 
can be assembled or disassembled through interactions with 
HSA and exhibit changes in fluorescence readout, and change 
the fluorescence property, and (3) reactive probes which can 
undergo hydrolysis in the presence of HSA due to its pseudo-
esterase activity.66 As space is limited, only representative 
examples of HSA fluorescent probes in past ten years will be 
discussed in this review (Scheme 3). 
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Scheme 3. Chemical structures of representative fluorescent probes 1-
11 for the detection of HSA/BSA. 
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In 2016, Peng and co-workers reported a hemi-cyanine based 
probe 1 (Scheme 3) which is an environmentally sensitive probe 
showing obvious fluorescent response to HSA.67 Probe 1 has a 
strong electron push-pull structure with the positive charge on 
the nitrogen atom as the acceptor and alkylamino group as 
donor that can undergo intramolecular charge transfer (ICT) 
process. As a result, the fluorescence of probe 1 is sensitive to 
the polarity changes of the surrounding environment. The 
fluorescence analysis revealed that the aqueous solution of 
probe 1 was almost non-emissive, possibly due to the effective 
twisted intramolecular charge transfer (TICT) effect. However, 
upon the addition of HSA, the fluorescence of probe 1 at 680 
nm was gradually enhanced when excited at 580 nm. This can 
be ascribed to the transfer of probe 1 from polar aqueous 
solution to non-polar cavities of HSA, restricting the occurrence 
of TICT process. Furthermore, the detection limit of probe 1 was 
calculated as 1.73 mg/L in PBS buffer, and good linear 
relationship between the fluorescence intensity and HSA 
concentration can be obtained in both PBS buffer and real 
human urine. 
The hydrophobic nature of the HSA interdomain cavity also 
allows AIEgens to bind or/and accumulate, which switches on 
their fluorescence as a result of restriction of intramolecular 
motions (RIM). AIE-active HSA probes can therefore be 
regarded as aggregate-disaggregate driven probes. Since first 
applied in the detection of albumin in 2006, various AIEgens 
have been developed for sensing albumins, including Bovine 
Serum Albumin (BSA) which acts as a substitute for HSA.68-73 
Some representative AIEgens (probe 2-7) for albumin detection 
are shown in Scheme 3.74-79 In general, these AIEgens are 
composed of an AIE core and periphery-charged groups such as 
anionic sulfonate and carboxylate groups or cationic trialkyl-
ammonium and pyridinium groups. Although these probes 
showed good performance in laboratory environment, their 
sensitivity is still lower than what is required to use in a clinical 
setting, which can be attributed to the relatively low binding 
affinities to albumin.  
Recently, Tu et al. reported a novel AIEgens 8 (Scheme 3) for 
HSA detection.66 Based on the abovementioned design 
principle, tetraphenylethylene (TPE), a typical AIE 
chromophore, was selected as the AIE core. Meanwhile, 
tetrazolate was used as the charged moiety which not only 
improved the probes’ water solubility to lower the background 
noise but also promoted their interaction with HSA. Unlike 
previously used ionic groups, the tetrazolate exhibited 
enhanced lipophilicity which led to a stronger binding affinity 
toward HSA. As a result, probe 8 showed superior performance 
in comparison to previously reported fluorogenic albumin 
probes. By plotting the peak fluorescence intensity versus the 
HSA concentrations, probes 8 was highly sensitive toward HSA 
with a broad linear dynamic range (LDR) and a low limit of 
detection (LOD). Additionally, when working in PBS buffer with 
a concentration of 5 µM, probe 10 exhibited the best 
performance with a LOD of 0.21 nM and LDR of 0-230 mg/L. 
Furthermore, by adjusting the probe concentration to 125 µM, 
the LDR of probe 8 can be tuned up to 3000 mg/L which can 
cover the range of HSA in most clinical urine and blood samples. 

Finally, in order to examine the feasibility of this fluorogenic 
assay, urine samples from hospital were analysed using probe 
8. The fluorescence analysis results indicated that probe 8 is 
capable of detecting urinary albumin quantitatively especially 
within the microalbuminuria range. 
In 2016, Yu et al. constructed nanostructures using AIEgen 9 for 
detecting HSA.80 As shown in Scheme 3, probe 9 contains three 
main moieties comprising the bulky and aromatic TPE unit 
which prefers the binding toward hydrophobic cavities of HSA, 
two carboxyl groups which help recognize cationic amino acids 
from HSA, and an electron accepting cyano group which was 
designed to adjust the emission to long-wavelength region. 
When dispersed in PBS buffer, probe 9 can spontaneously 
assembled into nanospheres with an average diameter of 34 nm. 
These nanospheres are non-fluorescent probably due to the 
loose molecular packing and TICT effect in the polar solvent. 
After the addition of HSA, the nanospheres disassembled in 5 
min, and the free probe molecules can enter the binding sites 
of HSA. Afterwards, red emission signal would be observed 
under UV light due to the RIM mechanism of AIEgens.30 
Therefore, this probe can be used as a nano sensor for the 
detection of HSA.  
Most recently, Luo et al. reported a ratiometric probe 10 
(Scheme 3) based on the strategy of HSA induced disassembly 
of probe aggregates.81 Different from abovementioned probes 
which displayed only fluorescence intensity changes upon 
incubation with HSA, probe 10 showed an obvious fluorescence 
emission colour change from red to green when encountering 
HSA. The red fluorescence of probe 10 can be ascribed to the 
excited-state intramolecular proton transfer (ESIPT) process in 
solid/aggregated state. Upon titration of HSA, the aggregates of 
probe 10 disassemble and the individual molecules interact 
with HSA which results in the shift of red to green emission. It 
was observed that probe 10 displayed a 24-fold change from 
0.198 to 4.78 in the emission intensity ratio (I520/I620) against the 
HSA concentration ranging from 0 to 15 µM. Moreover, the LOD 
was calculated to be 16.4 nM (1.08 mg/L) with an LDR (R2 = 
0.995) between 0 and 9 µM. Dynamic light scattering analysis 
further proved the sensing mechanism of probe 10 to be the 
HSA induced disassembly of aggregates. Probe 10 was further 
integrated with the microfluidic paper-based analytical device 
(µPAD) to form a point-of-care (POC) device for HSA detection 
in both MilliQ water and whole blood samples. A linear 
relationship (R2 = 0.95) was retained between HSA 
concentration and the emission intensity ratio when the µPAD 
system was applied in whole blood. This work provides a cost-
effective detection platform for POC HSA monitoring.  
Finally, a reactive probe that underwent hydrolysis in the 
presence of HSA was reported by Sun et al. in 2017.82 As shown 
in Scheme 3, probe 11 was constructed by conjugating a 
dioxaborine with a polarity-sensitive coumarin fluorophore. 
Due to the electrical push-pull structure, probe 11 absorbs and 
emits in the long wavelength region. Owing to the pseudo-
esterase activity of HSA, the dioxaborine group can be 
hydrolysed in the cavity of HSA, resulting in remarkable 
fluorescence enhancement along with a notable blueshift. The 
data presented in this work showed that probe 11 absorbs at 
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515 nm and is non-emissive in PBS buffer. Once upon the 
addition of 1.0 mg/mL HSA solution, the absorption peak at 515 
nm decreased gradually accompanied by the appearance and 
development of a new band peaked at 475 nm. Furthermore, a 
broad emission band with two peaks at 540 and 585 nm 
emerged within 1 min, and the one at 540 nm kept increasing 
dramatically within 15 min, showing a 1000-fold fluorescence 
enhancement. Thus, probe 11 could be applied for the fast and 
sensitive detection of HSA. The detection mechanism was 
further manifested via UPLC-MS and comparison of probe 11 
with its hydrolysis product.  
In summary, fluorescent HSA probes have developed rapidly in 
the past decade, showing improved sensitivity and specificity. 
Some of these probes were proved to detect HSA in real serum 
and urine samples. However, due to the nonspecific binding 
force (hydrogen bonding, hydrophobic interaction, and π- π 
interaction) between these probes and HSA, fluorescent probes 
can be interfered by other substances in the biofluids, such as 
creatinine. Therefore, further improvement in the specificity of 
fluorescent probes towards HSA in real clinical samples is still 
required. 
 
2.2 Creatinine 
As mentioned above, creatinine, a breakdown product of 
creatine and phosphocreatine from muscle metabolism, is 
another important component in human blood and urine. It is 
transported through the bloodstream to the kidney, filtered by 
glomerular filtration, and finally excreted in the urine. The 
normal level of creatinine for an adult is 45-110 µmol/L in serum 
and 5.3-17.7 mmol/24h in urine.83 Once the renal filtration 
function is deficient, the blood creatinine concentration will 
increase. Therefore, the creatinine concentration in blood may 
be used to calculate the GFR which is clinically important to 
evaluate kidney function.83 Furthermore, since the daily 
excretion amount of creatinine is constant for a healthy person, 
the concentration of a spot urine can be corrected via 
measuring its creatinine concentration. Thus, the influence of 
the spot urine concentration on urine albumin test can be 
eliminated by applying the Urine Albumin-to-Creatinine Ratio 
(UACR) test. Therefore, creatinine represents an important KDB 
regardless if detected in blood or urine.  
Currently, the colorimetric Jaffe assay is the most commonly 
technique in clinical laboratories to determine creatinine levels in 
blood and urine.84 In a Jaffe reaction, the reactive methylene group 
of creatinine reacts with sodium picrate in alkaline medium, forming 
a reddish-orange complex with a maximum absorbance at around 
520 nm. This colour change was proportional to the concentration of 
creatinine, thus can be used for creatinine quantification.85-87 The 
LOD of Jaffe assay was determined as 0.1 and 0.25 mg/dL in serum 
and urine, respectively.88 Even though it is simple, adaptable in 
automated analysis, and cost-effective, Jaffe assay's non-specificity 
continues to be a limiting factor of the technique. In the presence of 
interferents, such as glucose, acetoacetate, proteins, ascorbic acid, 
hemolysis, nonspecific chromogenic reaction may occur, causing 
falsely elevated creatinine results.89 Therefore, the development of 
new and efficient methods for creatinine analysis is highly 
demanded. 

In recent years, there are several fluorescent materials 
developed for the sensing of creatinine. In 2017, Tang and co-
workers reported an AIE-active creatinine probe 12.90 As shown 
in Scheme 4, this probe was designed using the iminodiacetic 
acid to modify the TPE core. Thanks to this special structure, 
probe 12 was able to easily coordinate with creatinine via 
hydrogen bond interactions between the amine groups of 
creatinine and the carboxyl acid groups of 12. As a result of 
binding with a large group, the emission of probe 12 was 
enhanced due to the RIM mechanism. Therefore, this probe can 
be utilized for the detection of creatinine. In addition, the 
authors also applied probe 2 (Scheme 3) as the HSA probe and 
studied the mutual interference of creatinine and HSA during 
detection and quantitation in artificial urine.  
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Scheme 4. Chemical structures of creatinine probes 12, and 16-19. 

Recently, fluorescent noble metal nanoclusters have drawn 
considerable interest from biosensing area due to their strong 
luminescence, ultrafine size, good biocompatibility, etc.91 In 
2017, Joseph and Mathew reported gluten (a cysteine-rich 
protein) stabilized fluorescent gold nanoclusters (AuNCs) which 
can be applied in the detection of creatinine.92 The schematic of 
the synthesis and sensing mechanism of AuNCs (probe 13) is 
shown in Scheme 5A. By mixing gluten and AuCl4 under basic pH 
and stirring at 55 oC for 3h, probe 13 with an average diameter 
around 1.5 nm was formed exhibiting an emission peak centred 
at 680 nm when excited under 380 nm. The luminous 
mechanism of these nanoclusters was discussed by Tang and 
co-workers, suggesting that the fluorescence comes from a 
narrow band gap generated from inter-/intramolecular through 
space conjugation of protein ligands.93 In order to establish a 
fluorescence turn-on sensing process, picric acid (PA) was first 
added to quench the red fluorescence of probe 13. Afterwards, 
creatinine was introduced to form complexes with PA and 
restore the fluorescence of probe 13. Through the fluorescence 
titration, the authors obtained a very good linear relationship 
between the fluorescence intensity of 13-PA complex and the 
concentration of creatinine in the range of 20 to 520 μM. 
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Besides, the LOD of probe 13 was estimated to be 2 nM which 
is much lower than the normal level of creatinine in human 
blood. Finally, probe 13 was applied in blood samples spiked 
with various concentrations of creatinine and satisfying results 
were obtained, exemplifying its great potential for practical 
application. A similar study was reported by Rajamanikandan 
and Ilanchelian in 2018.94 The researchers developed BSA 
modified copper nanoclusters (14) which emits red 
fluorescence for the optical recognition of creatinine. According 
to the authors, the fluorescence of probe 14 was considerably 
decreased by the addition of creatinine due to the formation of 
non-emissive coordination. Therefore, this probe can be utilized 
for the detection of creatinine. Recently, Khataee’s group 
reported copper nanoclusters 15 which was capped with 
glutathione (GSH).95 As shown in Scheme 5C, probe 15 will 
aggregate and emit red light in the presence of Al3+ ions, 
showing the typical AIE characteristic. Afterwards, on the 
addition of creatinine, the strong coordination interaction 
between creatinine and Al3+ ions led to the disassembly of 
aggregates, thus resulted in the fluorescence quenching. The 
quenched emission intensity exhibited a linear dependence on 
the concentrations of creatinine in the range of 2.5 to 34 μg/L 
with a LOD of 0.63 μg/L. Finally, this probe was applied in spiked 
human serum samples and gave satisfying results. 

 

Scheme 5. Schematics of the sensing mechanism of A) probe 13, B) 
probe 14, C) probe 15 and D) probe 18 and 19. A) Adapted with 
permission from ref. 92. Copyright 2017 American Chemical Society. B) 
Adapted with permission from ref. 94. Copyright 2018 The Royal Society 
of Chemistry. C) Adapted with permission from ref. 95. Copyright 2018 
Springer-Verlag GmbH Austria, part of Springer Nature. D) Adapted with 
permission from ref. 96. Copyright 2020 American Chemical Society. 

Besides the AIEgens and nanoclusters, traditional organic 
fluorophores like fluorescein, dansyl, naphthalene, and pyrene 
can be applied as a fluorescent reporter for creatinine sensing. 
In 2015, Nanda et al. reported the measurement of creatinine 
in human plasma using a functional porous polymer together 
with 2’,7’-dichlorofluorescein diacetate (probe 16, Scheme 4).97 



ARTICLE Journal Name 

8 | J. Name., 2012, 00, 1-3  

Please do not adjust margins 

Please do not adjust margins 

This porous polymer was synthesized from two ionic liquids, 
poly-lactic-co-glycolic acid (PLGA) and 1-butyl-3-
methylimidazolium (BMIM) chloride. After mixing the porous 
polymer, probe 16 and creatinine together, the ester-containing 
pore of porous polymer and OH- produced from the hydrolysis 

of creatinine were able to convert probe 16 to ionized 2’,7’-
dichlorofluorescein. This product can emit green fluorescence 
in aqueous solution, which can therefore indicate the 
concentration of creatinine. Another work was presented by 
Chattopadhyay, Dhara and co-workers using a Pd2+-
naphthalimide based fluorescence light-up probe.98 As shown in 
Scheme 4, probe 17 consists of a naphthalimide moiety which 
acts as the fluorescent ligand, and an ethylenediamine moiety 
complexing with Pd2+. This probe exhibits very weak 
fluorescence due to the combination of heavy atom quenching 
effect, photoinduced electron transfer (PET) process, and the 
weakened ICT process caused by Pd2+. However, after being 
treated with creatinine, Pd2+ coordinates with creatinine due to 
the greater affinity of creatinine towards the Pd2+ ion and free 
naphthalimide will be released to turn-on the fluorescence. The 
result of fluorescence titration further demonstrated that probe 
17 could be employed in detecting creatinine with a wide range 
of linearity and a LOD of 0.30 µM. Furthermore, this assay has 
excellent selectivity over a variety of interfering metal ions, 
anions, and biologically species.  Lastly, Sierra et al. reported an 
example of optical supramolecular sensing of creatinine.96 Two 
strategies (Scheme 5D) were proposed based on the 
competitive Indicator Displacement Assay using Calix[4]pyrrole 
as the host molecule and pyridyl-N-oxide compounds as the 
guest molecules. In the first scenario, the highly emissive 
dansyl-modified calix[4]pyrrole (probe 18) will form a low 
fluorescent supramolecule when complexing with the para-
substituted pyridyl-N-oxide black-hole quencher (BHQ), which 
can quench the fluorescence of probe 18 through the Förster 
Resonance Energy Transfer (FRET) effect. Then the competitive 
displacement of the BHQ by creatinine can turn on the 
fluorescence of the host molecule. On the other hand, the 
unmodified calix[4]pyrrole phosphonate could be combined 
with the pyrene substituted pyridyl-N-oxide and form another 
low fluorescent complex (probe 19). Then the fluorescence of 
guest molecule would be restored when it was replaced by the 
later added creatinine. Both two strategies were proved to have 
the ability to measure creatinine levels in clinically important 
ranges. However, there are still several drawbacks of this assay 
including poor sensing selectivity and low compatibility with 
aqueous media. 
To summarize, much effort in developing novel fluorescent 
probes for sensing creatinine was motivated by the 
nonspecificity of Jaffe assay. The LOD of current fluorescent 
methods can be as low as 2 nM which is better than Jaffe assay. 
However, more clinical validations are necessary to further 
evaluate their performance in complex real clinical samples. 
 
2.3 Transferrin and Soluble Transferrin Receptor 
Transferrin (Tf) is a blood plasma glycoprotein with 679 amino 
residues and a molecular weight of ~80 kDa. It plays an 
important role in transporting ferric ions to various cells and 

tissues.99 Due to its high molecular weight, Tf rarely passes 
through the glomerular membrane. Therefore, very few Tfs 
exist in the urine of a healthy person. For patients with diabetes, 
the abnormally high amount of blood glucose may cause 
damages to renal capillaries, as well as the selective barrier of 
glomerular filtration membrane. As a result, there will be an 
obvious increase in the Tf concentration of urine from 
diabetics.16 Thus, urine Tf may be regarded as an early 
biomarker of glomerular injury. 
At present, the most popular method for protein detection is 
mass spectrometry. Although this method enjoys the merits of 
high sensitivity and detection efficiency, the cost is also very 
high. Besides, protein MS usually needs sample pretreatment 
which may cause proteins to be hydrolyzed or denatured.100 
Recently, the molecular imprinted technique (MIT) has drawn 
great attention from the area of protein detection.101 This 
technique usually applies a template molecule, functional 
monomer and crosslinking agent to prepare the molecular 
imprinted materials (MIM) which can form many cavities after 
removing the template molecules. These cavities have great 
selectivity towards the template molecules, thus can be used as 
a probe for certain kinds of analytes. In 2018, Zhang and co-
workers reported a magnetic fluorescent molecular imprinted 
nanoparticle for the detection of Tf.102 The synthesis of Tf probe 
20 is shown in Scheme 6A. Firstly, the Fe3O4 nanoparticles were 
modified using 3-carboxybenzeneboronic acid in order to 
introduce the boronic acid moiety which can then bind with Tf. 
Then Tf was used as template molecule and ethylsilicate (TEOS) 
served as both functional monomer and crosslinker. After the 
completion of crosslinking reaction of TEOS, Tf molecules will be 
confined inside. Followed by removal of Tf and electrostatic 
adsorption of a semi-cyanine fluorogen CyA, probe 20 was 
finally obtained. This probe showed a strong near infrared (NIR) 
fluorescence emission at 730 nm while excited at 690 nm. After 
adding Tf, an obvious fluorescence quenching will occur due to 
the PET effect between electron-rich Tf and N+ moiety of CyA. 
Therefore, the concentration of Tf can be determined by 
measuring the degree of decrease in the fluorescent signal. 
After optimizing experimental conditions, probe 20 exhibited 
excellent performance in detecting Tf, giving a lower relative 
standard deviation (7.7%), a good analytical range (0.025–0.175 
mg/mL, R2 = 0.998), and a low LOD (7.5 µg/mL). Furthermore, 
this method was also proved to have good selectivity towards 
Tf and can be applied to real sample analysis. Nevertheless, the 
non-linear curve obtained from the fluorescence quenching 
process remains a limitation of this method. 
Transferrin receptor (TfR) is a membrane protein for Tf. The 
extracellular portion of TfR can be cleaved and released into 
serum producing the soluble Transferrin receptor (sTfR). In 
2013, Delanghe et al. reported that urinary sTfR level might 
allow distinguishing IgA nephropathy and Henoch−Schönlein 
Purpura Nephritis (HSPN) from other causes of proteinuria. 
Hence, sTfR could be a potential biomarker to monitor IgA 
nephropathy and HSPN.103 Recently, Tang, Liu and co-workers 
reported an example of AIEgen for the specific light-up sensing 
of sTfR.104 As shown in Scheme 6B, the probe 21 mainly consists 
of three elements, a TPE core as the fluorescence reporter 
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emitting green light, a peptide T7 (His-Ala-Ile-Tyr-Pro-Arg-His, 
HAIYPRH) moiety allowing specific binding with sTfR, and alkyne 
and azide groups facilitating the covalent conjugation between 
the TPE and peptide. Thanks to the peptide moiety, probe 21 
displays good water solubility which makes it almost non-
emissive in aqueous solution. In contrast, the fluorescence of 
probe 21 was enhanced dramatically upon interaction with 
sTfR. Therefore, this probe can be used for the light-up 
detection of sTfR. The sensing mechanism of this probe can be 
attributed to the RIM process of TPE upon binding to sTfR. After 
measuring fluorescence intensity change of probe 21 in the 
presence of sTfR, the LDR and LOD were calculated as 0-80 
µg/mL and 0.27 µg/mL, respectively. In addition, the excellent 
selectivity of probe 21 was also examined by incubating it with 
other proteins including pepsin, lysozyme, HSA, and Tf. Finally, 
application to urine samples further demonstrated the 
potential of probe 21 for the diagnosis of IgA nephropathy and 
HSPN.  

 
Scheme 6. A) Synthetic route to probe 20. Adapted with permission 
from ref. 102. Copyright 2018 Elsevier B.V. B) Schematics of the sensing 
mechanism and chemical structure of probe 21. Adapted with 
permission from ref. 104. Copyright 2018 American Chemical Society. 

Both MIT and specific recognition peptide make the sensing 
process highly specific. Moreover, the fluorescent ‘turn-on’ 

probe 21 is more favourable for its merits of low background 
noise, good linear correlation, and broad detection range. Thus, 
the AIE probe 21 has great potential to be used for the diagnosis 
of IgA nephropathy and HSPN. 

3. Application of Fluorescence Technologies in the 
Detection of Novel KDBs 
Currently, sCr is the most used biomarker of renal function. 
However, it is far from an ideal biomarker for the early and 
accurate diagnosis of kidney diseases. Given the limitations of 
traditional KDBs, different urinary and serum proteins, 
molecules, or even microRNAs have been investigated in the 
past decade as potential novel biomarkers for kidney diseases. 
Since space is limited, we will only briefly introduce several 
selected novel biomarkers in this section. 

3.1 N-acetyl-β-D-glucosaminidase 
N-acetyl-β-D-glucosaminidase (NAG) is a type of hydrolytic 
lysosomal enzyme present in many tissues of our bodies. It 
presents a high concentration in the lysosomes of proximal 
tubular cells. Due to its high molecular weight (130 kDa), NAG 
cannot be filtered through the glomerulus. Therefore, it is 
usually excreted in very low amount in urine as the 
consequence of normal exocytosis. However, during proximal 
tubule injury, the secretion of NAG in urine will increase 
significantly. Thus, NAG can serve as a biomarker of renal tubule 
related disease such as nephritic syndrome, drug-induced acute 
kidney injury (DIAKI), diabetes, etc.105 
In recent years, NAG has drawn more and more attention due 
to its early and accurate diagnosis of kidney injury. Up to now, 
a colorimetric assay kit has been developed for measuring NAG 
activity in clinical.106 However, this method requires a laborious 
procedure, and exhibits low sensitivity and high background 
noise in many cases. In 2019, Yan, Tian et al. reported an 
enzyme-activated fluorescent probe (22) for the selective 
detection of NAG activity in a DIAKI mice model and NAG level 
in human urine.107 As can be seen in Scheme 7, resorufin (7-
hydroxy-3H-phenoxazin-3-one) was selected as the 
fluorescence reporter due to its long wavelength emission and 
high quantum yield, and N-acetyl-β-D-glucosaminide acts as the 
NAG reactive group. After the alkylation of the 7-hydroxy group, 
the fluorescence intensity of resorufin was effectively quenched 
due to the weaken ICT effect. However, once the reactive 
substituent cleaved by NAG, the fluorescence of resorufin was 
restored. Therefore, probe 22 displays extremely low 
background, high sensitivity, and good specificity towards NAG.  
Most recently, Pu’s group successfully developed a series of 
fluorescent probes for real-time imaging of early-stage 
biomarkers of DIAKI in murine models.108 The superoxide anion 
(O2•−), NAG and caspase-3 were selected as the target 
biomarkers because they can represent oxidative stress, 
lysosomal damage and cellular apoptosis, respectively. As 
shown in Scheme 7, the NAG probe 23 mainly contains three 
parts: (2-hydroxypropyl)-β-cyclodextrin as the renal clearance 
moiety, hemi-cyanine as the NIR fluorescence reporter, and N-
acetyl-β-D-glucosaminide as the NAG reactive moiety. Due to 
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the substitution of a NAG reactive group, the electron donating 
ability of the aromatic hydroxyl group was weakened, which 
greatly reduced the fluorescent of probe 23 in its intrinsic state. 
After reacting with NAG, the fluorescence of probe 23 was 
obviously enhanced with an emission peak at 720 nm. 
Moreover, only negligible fluorescence change of probe 23 can 
be found towards other enzyme interferents, manifesting its 
high specificity. Thanks to the prominent performance in NAG 
sensing, the authors further studied the probe’s applications in 
real-time NIR fluorescence imaging and in vitro diagnosis. The 
real-time imaging of living mice receiving cisplatin treatment at 
a nephrotoxic dosage showed that probe 23 could be lit up at 
16 h post-treatment. For the in vitro detection, two different 
methods were applied. In the online urinalysis, probe 23 was 
injected to mice at different timepoints, and the excreted urine 
with probe molecules inside was measured to check the 
existence of NAG. In the offline method, probe 23 was 
incubated in the urine from drug-treated mice to inspect the 
corresponding biomarker. The results indicated that probe 23 
can identified DIAKI approximately 24~72 h earlier than the 
clinical NGAL, Cystatin C and β2-microglobulin assays in a 
cisplatin-induced AKI mouse mode. Following this work, the 
authors reported one duplex reporter 24 based on the same 
design strategy.109 As shown in Scheme 7, this probe has a 
similar structure as probe 23 except for an additional O2•− 
activatable chemiluminescent moiety. After injecting probe 24 
into living mice, it specifically travels to the kidneys and sends 
chemiluminescent and photoluminescent signals to report real-
time O2•− and NAG levels, respectively. Such a design can be 
used to study the fundamental correlation between O2•− and 
NAG during the progression of DIAKI.  
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Scheme 7. Chemical structures of NAG probes 22-24. 

In summary, these three NAG probes all apply N-acetyl-β-D-
glucosaminide as the specific recognition group which can be 
selectively cleaved by NAG. Besides, the fluorescence of the 
fluorophores can be easily modulated by the removing of 
substituents from the hydroxyl group. As a result, all of them 
exhibits satisfying sensing results towards NAG. The 
development of novel easily accessible fluorescent probes with 
high sensitivity for NAG is still highly desired due the significant 
role of NAG. 
 
3.2 Cystatin C 
Cystatin C is a non-glycosylated protein with a low molecular 
weight of around 13.3 kDa. It can be produced by all nucleated 
cells in humans and exists in virtually all tissues and body fluids. 
As a potent inhibitor of cysteine protease, the major function of 
cystatin C is to prevent the breakdown of proteins and reduce 
the risk of diseases.110 Besides, since the production rate of 
cystatin C is relatively constant and it can only be removed 
through renal glomerular filtration, cystatin C can also be used 
as a marker for estimating the GFR. Compared with sCr, the 
serum level of cystatin C is less dependent on age, gender, race, 
muscle mass, and inflammation.111 Therefore, the serum 
cystatin C has been regarded as an ideal marker to evaluate 
renal glomerular injury. Unlike in serum, the concentration of 
cystatin C in urine is extremely low. This can be ascribed to the 
reabsorption and degradation of cystatin C in proximal tubules. 
Once the proximal tubules are injured due to certain diseases, 
the level of cystatin C in urine will increase accordingly. Thus, 
urine cystatin C can be applied to reflect the function of renal 
tubulars as well.112 
In the past decades, there have been many immunoassays 
reported for the measurement of cystatin C, such as particle 
enhanced turbidimetric immunoassay (PETIA), enzyme and 
fluorophore labelled heterogeneous immunoassays, etc.113 
Despite these methods are sensitive and selective, the 
immunoassays are usually very expensive and require 
sophisticated antibody preparation, which greatly limits their 
application. In 2013, Lin et al. reported an immune-independent 
assay based on fluorescent AuNCs for the detection of cystatin 
C.114 The working mechanism of this assay is elucidated in 
Scheme 8A. Initially, the BSA templated AuNCs (25) emit strong 
fluorescence at 680 nm when excited at 340 nm. After adding 
papain, a cysteine protease, the fluorescence was quenched 
due to the digestion of BSA. Moreover, as aforementioned, 
cystatin C is an efficient cysteine protease inhibitor, with which 
the fluorescence of 25-papain mixture would be restored. Thus, 
the concentration of cystatin C can be quantified by measuring 
the fluorescence intensity of 25-papain mixture. After 
performing this assay in buffer environment, an LDR of 0.025-
2.0 µg/mL and a LOD of 4.0 ng/mL were obtained with good 
specificity. The LOD is more than 40-fold lower than that of 
commercial immune-based methods such as PETIA (0.17 
mg/mL). Encouraged by these results, the authors further 
studied its performance in urinalysis. The results turned out that 
both the BSA-AuNCs assay and PETIA gave satisfactory recovery 
and precision. Moreover, due to the lower LOD and simpler 
synthesis, the BSA-AuNCs assay has the potential to be applied 
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in clinical detection of cystatin C.  In 2016, a similar work was 
reported by Zhao and co-workers.115 Instead of using AuNC, the 
researchers synthesized PbS semiconductor QDs employing BSA 
as the bio-template (Scheme 8B). The as prepared PbS@BSA 
QDs (probe 26) showed NIR emission at around 813 nm under 
the excitation at 450 nm. Since the Pb2+ was mainly bounded 
with the carboxyl groups and amino groups of BSA, BSA plays a 
critical role in maintaining the fluorescence of probe 26. 
Furthermore, by the introduction of papain, the concentration 
of cystatin C can be quantified through the same strategy of 
probe 25. Finally, probe 26 was shown to have excellent 
performance in practical detection of cystatin C in serum 
samples. 
 

 
Scheme 8. Schematics of the sensing mechanisms of A) probe 25 and B) 
probe 26. A) Adapted with permission from ref. 114. Copyright 2012 
Elsevier B.V. B) Adapted with permission from ref. 115. Copyright 2016 
The Royal Society of Chemistry. 

3.3 Neutrophil gelatinase-associated lipocalin, NGAL 
Neutrophil gelatinase-associated lipocalin (NGAL), also known 
as lipocalin-2, or siderocalin, is a secretory glycoprotein 
belonging to the lipocalin superfamily comprising of 178 amino 
acids with a total molecular weight of ~25 kDa. The physiological 
function of NGAL mainly includes transporting hydrophobic 
ligands across cell membranes, modulating immune responses, 
and promoting epithelial cell differentiation.116 Normally, NGAL 

from renal tissues is expressed in a low rate to stimulate the 
differentiation of kidney progenitor cells into renal tubular 
epithelial cells ensuring the normal growth of the kidney. 
However, in early AKI cases, both serum and urinary NGAL levels 
increase rapidly.117 According to previous research, NGAL 
elevation can be detected in 3 h after renal injury and reaches 
the maximum in 6-12 h.118 Therefore, NGAL can be used as a 
novel biomarker for early diagnosis of AKI.  
As one of the most promising KDBs under investigation, many 
detection methods for NGAL have been developed, for example 
Western Blot, polymerase chain reaction (PCR), enzyme linked 
immune sorbent assay (ELISA) and so on. However, due to their 
disadvantages of tedious operation and high cost, the clinical 
application of NGAL as a biomarker is limited. Therefore, it is 
necessary to establish a reliable detection method for NGAL. In 
2016, Sugawara and co-workers reported a giant unilamellar 
vesicles (GUVs) containing Rhodamine 6G (R6G-GUVs, probe 27, 
Scheme 9A) as a fluorescent marker for immunoassay of 
NGAL.119 Firstly, probe 27 was synthesized from a lipid mixture 
of 1,2-diphytanoyl-sn-glycero-3-phosphocholine, cholesterol, 
and 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine through 
the electro-formation method.120 Secondly, the GUV based 
probe was functionalized with NGAL antibody (anti-NGAL) 
through the bioconjugation reaction between amino groups 
from probe 27 and carboxyl acid groups from anti-NGAL. 
Afterwards, the substrate used for immobilizing antibody was 
prepared based on surface modification of cover slips followed 
by anti-NGAL conjugation. Finally, the fluorescence-based 
sandwich-type immunoassay was successfully established. In a 
regular test procedure, the anti-NGAL functionalized probe was 
linked to the anti-NGAL slip in the presence of NGAL. After 
adding Triton X-100, the liposome structure of probe 27 
decomposed immediately releasing Rhodamine 6G into the 
outer solution. Due to the ACQ effect, the fluorescence of 
Rhodamine 6G was quenched when encapsulated with a high 
concentration in the GUVs, while was lit up when comes to 
dilute solutions.  Therefore, the variation of fluorescence signal 
can be used for the detection of NGAL. From the data provided 
in this work, the detected fluorescence intensity increased 
linearly with NGAL concentration in the range from 0.1 to 10 
pg/mL. Moreover, the LOD of this method was 0.08 pg/mL 
which is far superior to those of the conventional ELISA 
methods, graphene-based immunoassay, and particle-
enhanced turbidimetric assay. After confirming the negligible 
interference effect from HSA, γ-globulin, Tf, and haptoglobin, 
probe 27 was further applied in detecting NGAL from human 
serum. Although the recovery value was acceptable, the 
detection result was larger than that obtained from the ELISA 
method. This may be explained by the various forms of NGAL 
and different configurations of the antibody. In summary, this 
assay with extremely low LOD may find some applications in 
detecting other biomarkers with low levels at the early stage of 
disease.  
Recently, Yu, Tian and co-workers developed a polydopamine 
nanosphere (PDANSs)/fluorescent aptamer nanocomplex for 
rapid and sensitive detection of NGAL.121 The aptamers used in 
this work are single-stranded DNA/RNA oligonucleotides which 
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have a high affinity to NGAL. A commercialized fluorescent dye 
5-carboxyfluorescein (5-FAM) was labelled to the aptamer 
generating the NGAL probe 28 (Scheme 9B). Due to the π–π 
interaction between aptamer and PDANSs, probe 28 was 
adsorbed onto the surface of PDANSs forming a nanocomplex 
and enabling the fluorescence quenching through the FRET 
principle. However, the weak π–π interaction can be easily 
broken down through adding NGAL which has a higher affinity 
towards the aptamer. As a result, the fluorescence of probe 28 
will be recovered accordingly. Furthermore, a higher recovery 
of probe 28 can be obtained via the introduction of DNase I 
which can digest the dissociated aptamers and release NGAL to 
bind to another probe on PDANSs. Hence, the sensitivity of 
probe 28 can be effectively increased. As proved by the authors, 
in the presence of 10 U DNase I, the fluorescence intensity of 
PDANSs/28 nanocomplex at 520 nm increased linearly with the 
concentration of NGAL, giving a LDR of 12.5 to 400 pg/mL and a 
LOD of 6.25 pg/mL which was 5 times lower than that obtained 
in the absence of DNase I. Finally, this simple and rapid assay 
was proved to detect urinary NGAL for the early prediction of 
AKI. 

 
Scheme 9. A) Schematic illustration for functionalizing R6G-GUVs 
(probe 27) with anti-NGAL. Adapted with permission from ref. 119. 
Copyright 2016 Elsevier Inc. B) Schematic illustration of the 
PDANSs/probe 28 nanocomplex coupled with a DNase I assisted 
recycling amplification strategy for the detection of NGAL during the 
process of AKI. Adapted with permission from ref. 121. Copyright 2020 
The Royal Society of Chemistry. 

3.4 Kidney injury molecule-1, KIM-1 
Kidney injury molecule-1 (KIM-1), also termed as Hepatitis A 
virus cellular receptor-1 (HAVCR-1) and T-cell immunoglobulin 
and mucin domain 1 (TIM-1), is a type 1 transmembrane protein 
comprised of an extracellular segment containing a mucin 
domain and immunoglobulin-like domains and a cytosolic 
segment containing a tyrosine kinase phosphorylation moiety. 
It has basal expression in a normal kidney but is significantly 

upregulated in renal tubular epithelial cells damaged during 
toxic or ischemic induced AKI. Meanwhile, the extracellular 
domain of KIM-1 will be released into urine shortly after the 
renal injury. Compared with other KDBs, KIM-1 has shown great 
superiority in the early prediction of AKI. Thus, KIM-1 is 
promising to become a useful tool for detection and treatment 
of AKI at early stage. 
Currently, the most commonly used method for KIM-1 
detection is ELISA. In 2016, a fluorescence-linked 
immunosorbent assay (FLISA) for KIM-1 expression detection 
was developed by Gaurer et al.122 Instead of using the biotin-
streptavidin-peroxidase complex method in ELISA, the FLISA 
applies fluorescent dye labelled antibodies to bind with KIM-1 
attached to the immobilized antibodies. After incubation and 
wash, the fluorescence signal can indicate the expression of 
KIM-1. Due to the use of KIM-1 antibody, both ELISA and FLISA 
methods are high-cost.  Most recently, Lee and co-workers 
reported a related work which applied a fluorescent dye 
labelled peptide for the detection of KIM-1.123 The specific 
peptide CNWMINKEC was firstly determined by the phage 
display technique. After this peptide was synthesized, it was 
further conjugated at the amino terminus with fluorescein 
isothiocyanate (FITC) or FPR675 NIR fluorescence dye, 
producing the KIM-1 fluorescent probe 29 and 30, respectively. 
In order to check the binding of peptide CNWMINKEC to KIM-1, 
probe 29 was incubated in a plate coated with KIM-1. After 
washing the plate, fluorescence intensity was measured using a 
fluorometer. The results indicated that peptide CNWMINKEC 
has a higher affinity towards KIM-1 than other control peptides. 
Therefore, probe 29 was further applied in the detection of 
KIM-1 high expressing tumor cells such as 769-P, A498, and 
ACHN renal tumor cells, and A549 lung tumor cells. Flow 
cytometry analysis demonstrated that the CNWMINKEC 
peptide has an excellent binding ability to KIM-1 high expressing 
tumor cells. In terms of cytotoxicity, CNWMINKEC peptide did 
not affect the viability of 769-P and HEK-293 cells significantly, 
suggesting its good biocompatibility. Besides, this peptide was 
stable in the serum for up to 24 h. Thus, probe 30 was further 
applied in the in vivo imaging and detection of KIM-1 
overexpressing tumors of a mouse model. These findings 
suggest that the peptide CNWMINKEC is a promising aptamer 
for designing KIM-1 probe for detection and imaging KIM-1 
protein or KIM-1 overexpressing tumors. 
 
3.5 Other novel biomarkers 
Except for the KDBs mentioned above, there are many other 
novel biomarkers emerged in the past decades. These 
biomarkers include liver fatty acid-binding protein (L-FABP), 
interleukin-18 (IL-18), retinol binding protein 4 (RBP4), Tamm-
Horsfall glycoprotein (THP), γ-glutamyl transpeptidase (GGT), 
glutathione S‑transferase (GST), asymmetric dimethylarginine 
(ADMA), microRNA, etc.124-128 Since very few fluorescent probes 
for the detection of these biomarkers were reported, a simple 
introduction of several selected biomarkers will be given in this 
section. 
IL-18 is a proinflammatory cytokine that was first characterized 
in the middle of 1990s.126 The level of IL-18 in the urine from 
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patients with ischemic acute tubular necrosis was 
demonstrated to be higher than that from patients with other 
renal diseases.129 Besides, elevated levels of urinary IL-18 can be 
detected 48 h before the diagnosis of ischemic AKI using serum 
creatinine as the biomarker.14 Therefore, IL-18 is a promising 
biomarker for early diagnosis of ischemic AKI. As previously 
demonstrated, immunoassays can provide good sensitivity and 
specificity for the detection of many proteins. However, due to 
its low abundance in plasma or urine, the levels of cytokine may 
be below the LOD of traditional immunoassay. Therefore, Hahm 
and co-workers proposed a novel zinc oxide nanorods (ZnONRs) 
platform for the ultrasensitive detection of cytokines in urine.130 
In this work, IL-18 and tumor necrosis factor-α (TNFα) were 
used as cytokine models. A sandwich immunoassay was 
adopted using ZnONRs modified Si plate as the substrate and 
fluorescent dye labelled antibodies (probe 31) as the reporter. 
The overall procedures for IL-18 and TNFα detection were 
illustrated in Scheme 10A. Identical assays were also performed 
on substrates made from PS, PMMA and PS-b-PVP. 
Subsequently, fluorescence signals were measured, showing 
that the detection sensitivity of ZnONRs modified substrates 
was higher than those of the polymeric substrates. The authors 
explained that this result can be ascribed to the fluorescence 
enhancing effect of ZnONRs on vicinal fluorophores. 
Furthermore, this ZnONRs platform was applied in the 
detection of IL-18 in both PBS buffer and urine. Finally, the LOD 
was found to be in the 1-10 fg/mL range, which exceeded that 
of conventional assays by 3-4 orders of magnitude. This ultralow 
LOD makes the ZnONRs assay beneficial for the sensitive 
detection of protein biomarkers at extremely low 
concentrations. 
Retinol binding protein 4 (RBP4), is a small molecular (21 kDa) 
transporter protein for retinol (vitamin A alcohol). After 
delivering the retinol to target tissues, RBP4 will be filtered by 
the renal glomerulus, and reabsorbed and decomposed by 
proximal renal tubules, excreting very small amount into the 
urine. However, in the disease of proximal tubule, a large 
amount of RBP4 together with other small molecular proteins 
will exist in urine resulting in the ‘tubular proteinuria’. Especially 
in the renal Fanconi Syndrome (FS), a high level of RBP4 can be 
found in the tubular proteinuria.131 Therefore, urinary RBP4 
(uRBP4) appears to be a robust biomarker for proximal renal 
tubular diseases. Currently, measurement of urinary RBP4 is 
very difficult due to the various forms of RBP4 and non-linearity 
between patient samples and assay standards. In order to solve 
this problem, Norden and coworkers firstly applied a ‘top-down’ 
MS approach which determined that uRBP4 in FS contains intact 
plasma RBP4 and C-terminal truncated RBP4, desL-RBP4 and 
desLL-RBP4 in molar ratio of 2:2:1.132 Afterwards, a 
Dissociation-Enhanced Lanthanide Fluorescent Immunoassay 
(DELFIA®) was developed using a capture monoclonal antibody 
(mAb), a biotinylated detection mAb, a streptavidin conjugated 
europium, and a free plasma RBP4 standard. Due to the 
replacement of polyclone antibody (pAb) with mAb, the new 
DELFIA® technique fully overcame the problem of non-linearity, 
providing good sensitivity (LOD = 1 µg/L) and LDR of 1 to 500 
µg/L. Finally, clinical application of the mAb-based DELFIA® 

assay was validated in 3 groups of patients and improved 
discrimination was obtained than the original pAb assay.  
Glutathione S‑transferase (GST) is an important phase II 
metabolic enzyme which plays a critical role in toxicity 
reduction. It is broadly distributed in all organs of human’s 
body, especially in the cytosol. In kidney, GST has a specific 
distribution with α form presented only in the proximal tubules, 
and π from presented in the distal tubules and collecting ducts. 
In 1995, Sundberg et al. reported that GST may serve as a 
diagnostic marker for renal disease.133 Under normal health 
conditions, the urinary level of GST is extremely low, while in 
renal tubular diseases, the amount of GST in urine will increase 
remarkedly. Consequently, it is highly desired to develop an 
effective GST detection assay for the early diagnosis of related 
diseases. In 2019, Xiao and co-workers reported fluorescent 
conjugated polymer nanoparticles (FCPNPs) for the detection of 
GST.134 The principle of their design is illustrated in Scheme 10B. 
Firstly, water-soluble FCPNPs were synthesized from 
fluorescent conjugated polymer poly[(9,9-dioctylfluorenyl-2,7-
diyl)-alt-co-1,4-benzo-2,1’-3-thiadiazole] (PFBT) and 
amphiphilic copolymer poly(styrene-co-maleic anhydride) 
(PSMA), according to a reported nanoprecipitation method. 
After modified with GSH through hydrogen bonding, the 
produced FCPNPs-GSH (probe 32) behaved as an energy donor. 
Meanwhile, polyethylenimine (PEI) capped gold nanoparticles 
(GNPs) were synthesized via a one-pot reaction, producing 
positively charged GNPs@PEI which served as an energy 
receptor. Due to electrostatic interaction, GNPs@PEI can bind 
to FCPNPs-GSH and cause fluorescence quenching through the 
FRET effect. Afterwards, the particles of FCPNPs-GSH + 
GNPs@PEI complex were applied for sensing GST. When GST 
was introduced, due to its high binding affinity towards GSH, the 
GNPs@PEI on the surface of FCPNPs-GSH would be replaced by 
GST. Consequently, the fluorescence of FCPNPs-GSH will be 
recovered, indicating the presence of GST. It is noteworthy that 
the concentration of GST was quantified using the Single-
Particle Enumeration (SPE) assay which monitored the number 
of fluorescent particles by the total internal reflection 
fluorescence (TIRF) microscopy imaging technique. With this 
assay, a good LDR of 0.01 to 6 μg/mL and a low LOD of 1.03 
ng/mL were obtained for GST detection. Finally, application of 
this approach in real urine samples was performed and 
satisfying recoveries (97.5 to 106.5%) was obtained 
demonstrating its potential in clinical application. 
The last novel KDB discussed here is γ-glutamyl transpeptidase 
(GGT), also known as γ-glutamyl transferase, a transferase that 
transfers the γ-glutamyl groups from molecules such as GSH to 
an acceptor which can be an amino acid, a peptide or water.135 
GGT is involved in several important physiological processes 
such as GSH metabolism and xenobiotic detoxification. GGT 
levels can also be applied to indicate many diseases including 
diabetes, asthma, and cancer.136 As a brush border enzyme 
present in the proximal renal tubules, GGT can also be used as 
a KDB. The increased levels of GGT in urine reflect the loss of 
brush border integrity which is caused by kidney injury. In 2016, 
Hou et al. reported a turn-on fluorescent probe for GGT 
detection based on the AIE effect.137 As shown in Scheme 10C, 
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the AIE probe 33 comprises a TPE core and two γ-glutamyl 
amide groups. The γ-glutamyl amide groups not only provided 
probe 33 with good water solubility, but also functioned as 
recognition units for GGT. As a result, probe 33 displayed good 
solubility in aqueous media with no aggregates formed and no  

 
Scheme 10. A) Schematic illustration showing the overall assay scheme 
for the detection of cytokines. Adapted with permission from ref. 130. 

Copyright 2008 American Chemical Society. B) Schematic diagram of the 
light path for single-particle imaging and the principle of SPE assay for 
GST detection. Adapted with permission from ref. 134. Copyright 2019 
American Chemical Society. C) Chemical structure of probe 33 and 
schematic illustration of its fluorescent detection for GGT. Adapted with 
permission from ref. 137. Copyright 2016 Elsevier B.V. 

fluorescence emitted. However, when GGT was added, the γ-
glutamyl amides were cleaved through enzymatic reaction, and 
hydrophobic TPE derivatives were generated, forming 
aggregates with strong blue fluorescence. Thus, probe 33 was 
applied in the detection of GGT in both buffer media and human 
serum samples. The results showed that probe 33 has good 
photostability, selectivity, and sensitivity (LOD 0.59 U/L in PBS 
buffer) in GGT test. Finally, due to its low cytotoxicity, probe 33 
was further used for fluorescence imaging of GGT in living 
A2780 cells.  

4. Conclusion and outlook 
In this review, recent advances of fluorescence technologies in 
the detection of KDBs were summarized. Through selecting 
representative biomarkers, the chemical structure designs of 
probe molecules and ingenious detection process have been 
thoroughly introduced. It can be observed from the examples 
that fluorescent materials including novel AIEgens and metal 
nanoclusters, and classical organic fluorophores have been 
extensively applied in the detection of traditional KDBs such as 
albumin, creatinine, Tf, and sTfR. However, for novel KDBs, only 
a few examples of fluorescence technique have been reported. 
The novel biomarkers discussed in this paper include NAG, 
Cystatin C, NGAL, KIM-1, IL-18, RBP4, GST, and GGT. Among 
them, antibodies are indispensable for the detection of IL-18 
and RBP4, which makes the corresponding assays tedious and 
costly. For the other novel KDBs, satisfying detection 
performance can be realized through analytes’ specific binding 
to or cleavage of recognition groups from probe molecules, 
which can turn on fluorescent signal as a response. These 
results display a promising potential of fluorescence technology 
in the detection of novel KDBs. 
To date, many different fluorescence techniques have been 
applied to the detection of KDBs. However, there are still many 
crucial aspects to be considered for further development of 
fluorescence technology in KDB sensing. These challenges 
include but not limited to the followings: 1) Since some of the 
fluorescent probes appear to be promising in clinical 
application, further studies are needed to validate their 
competence in clinical tests; 2) Recognition units for KIM-1, IL-
18 and RBP4 are in high demand for the design of relevant 
fluorescent probes; 3) Due to outstanding advances over 
conventional ACQ dye, AIEgens merit more attention in 
developing new fluorescent probes for novel KDBs; 4) Current 
test methods are either conducted in solution or need complex 
procedures. An easy to operate test mode, such as paper strips, 
needs to be established for personal use. In conclusion, 
advanced fluorescence detection technologies combined with 
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novel KDBs will bring us great benefit in the early diagnosis of 
kidney diseases and contribute to human health. 
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